Model-Based Design of an Ultra High Performance Concrete
Support Structure for a Wind Turbine
By
Zheng Wang
B.S. Structural Engineering (2001)
M.S. Civil Engineering (2004)
Tsinghua University, Beijing, China

SUBMITTED TO THE DEPARTMENT OF CIVIL AND ENVIRONMENTAL ENGINEERING IN
PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF ENGINEERING
IN CIVIL AND ENVIRONMENTAL ENGINEERING
AT THE
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
JUNE 2007

©2007 Massachusetts Institute of Technology
All rights reserved

...... ...... .. . . . . . . . . . . . .. . . . . . . . . . . .. .
Aepartment of i
nd Environmental Engineering

Signature of Author...........

May
Certified by..........................................................................

11, 2007

-...- ---- -- *....
Franz-Josef Ulm

Professor, Department of Civil and Environmental Engineering

Thesis Supervisor
---.-------------------------Jerome Connor
Professor, Department of Civil and Environmental Engineering
Thesis Reader

C e rtified by ......................................

Accepted by..............................................................

Daniele Veneziano
Chairman, Departmental Committee for Graduate Students

MASSACHUSETTS !NSTITUTE
OF TECHNOLOGY

JUN 0 7 2007

......

SARKEW

Model-Based Design of an Ultra High Performance Concrete

Support Structure for a Wind Turbine
By
Zheng Wang

Submitted to the Department of Civil and Environmental Engineering
on May 11, 2007 in Partial Fulfillment of the Requirements for the Degree of
Master of Engineering in Civil and Environmental Engineering

Abstract
A support tower is the main structure which would support rotor, power transmission and
control systems, and elevates the rotating blades above the earth boundary layer. A
successful design should ensure safe, efficient and economic design for the whole wind
turbine system. It should provide easy construction and easy access for maintenance of
the rotor components and sub-components.
UHPC materials have been used in various structural applications, such as highway
bridge girders. There is no much research about its application in support structures of
wind turbines. After meeting the requirements for loads, minimizing cost is the next most
important design driver. Here at MIT, Chuang and Professor Ulm developed a new
constitutive model for fiber reinforced cementitious composite materials, which is
particularly suitable for high performance cementitious composites including UHPC.
On the basis of UHPC material model and the load requirements for wind turbines, the
objective of this work is to carry out a tentative design of the UHPC support tower for a
prototype wind turbine. Two tube-type cross sections are examined. The 3-d analysis
reveals a sufficient flexural performance of the UHPC support tower when subjected to
the extreme wind loads.
Since this work only focuses on the extreme wind load case, other load cases, such as
aerodynamic and operational cases, should be considered before it can be safely
employed.
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Chapter 1

INTRODUCTION

1.1 Industrial Background
During the last decades the demand for sustainable energy production has led to a lot of
innovative technological solutions. The forecast of the fuel shortage in the near future and
the negative environmental impacts caused by the use of fossil fuel compelled all those
related to energy production field to start the exploration of clear and sustainable energy
resources (e.g. the wind and the sun energy). Many wind energy research and
development programs have been initiated and different configurations of wind turbines
have been installed in many countries.
The first wind turbines for electricity generation were developed at the beginning of the
twentieth century. The technology was improved step by step since the early 1970s. By
the end of the 1990s, wind energy has re-emerged as one of the most important
sustainable energy resources. During the last decade of the twentieth century, world-wide
wind capacity has doubled approximately every three years. Costs of electricity from
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wind power have fallen to about one-sixth since the early 1980s. And the trend seems to
continue [1].

Wind energy technologies have been developed very fast towards new dimensions. Table
1-1 [1] shows the development of wind turbine size between 1985 and 2002.

Table 1-1 Development of wind turbine size between 1985 and 2002
Year

Capacity

1985
50 kW
1989
300 kW
1992
500 kW
1994
600 kW
1998
1500 kW
2002*
3500-4500 kW
*These were estimated values.

Rotor Diameter
15 m
30 m
37 m
46 m
70 m
88-112 m

In general, wind turbine systems consist of five physical components: rotor, transmission,
generator, support structure, and control system. Figure 1-1 shows the components of a
typical horizontal axis wind turbine [2]. Both steel and concrete can be used as the
structural materials for support structures of wind turbines. People have made a lot of
research on the design of steel wind turbine towers [3, 4]. Recently developed ultra-high
performance concrete (UHPC) can potentially replace steel as the material for some lowrise support structures of wind turbines because of its low cost and high performance.
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Figure 1-1 Components of horizontal axis wind turbine
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UHPC is one of high performance cementitious composites which are a new generation
of fiber reinforced cementitious composite materials and are based upon the optimization
of both the packing density of the cementitious matrix and the length-diameter spectrum
of the reinforcing fibers.

In comparison with ordinary fiber reinforced cementitious composites, UHPC materials
have improved microstructural material properties and an enhanced material ductility
obtained by incorporating steel fibers. A typical UHPC mix composition gives a mean 28
days cylinder compressive strength of f',=200 MPa, and a ductile tensile strength of

f',=10-15 MPa. UHPC structures are ductile in behavior and are able to carry loads even
after first cracking.
Despite the fact that wind energy has already been utilized for three thousand years, it is a
very complex technology. The technology involves technical disciplines such as
aerodynamics, structure-dynamics, and mechanical as well as electrical engineering. Due
to the complexity of the wind energy technology this thesis is not able to cover all related
topics in great detail. This thesis aims to apply UHPC in the low-rise support structures of
wind turbines.

1.2 Research Significance
UHPC materials have been used in various structural applications, such as highway
bridge girders. There is no much research about its application in support structures of
wind turbines. After meeting the requirements for loads, minimizing cost is the next most
important design driver. If the cost of energy could be cut by an additional 30%-50%,
then wind energy would be globally competitive [5]. UHPC is one such potential material
capable of meeting the loading requirements and reducing the cost.
Here at MIT, Chuang and Ulm developed a new constitutive model for fiber reinforced
cementitious composite materials, which is particularly suitable for high performance
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cementitious composites including UHPC. This model is a two-phase composite model,
one phase presenting the matrix, the other the composite fibers. And the matrix-fiber
interaction is taken into account as internal cross effects (i.e., thermodynamic couplings)
between the irreversible deformations of the composite constituents. That is, matrix and
fibers are considered as separate phases, described by the same kinematics, but with
distinct irreversible deformation and couplings in between them.

Using this model and an appropriate finite element analysis tool, preliminary design of
UHPC support structures of wind turbines becomes possible.

1.3 Thesis Objective and Approach
A support tower is the main structure which would support rotor, power transmission and
control systems, and elevates the rotating blades above the earth boundary layer. A
successful design should ensure safe, efficient and economic design for the whole wind
turbine system. It should provide easy construction and easy access for maintenance of
the rotor components and sub-components.
On the basis of UHPC material model and the load requirements for wind turbines, the
objective of this work is to carry out a tentative design of the UHPC support tower for a
prototype wind turbine.
To verify structural safety, investigation of the strength with regard to ultimate loads and
fatigue loads is needed. IEC 61400-1, one of the recognized standards for wind turbine
loads and safety, requires that the ultimate and fatigue strength of structural members be
verified by calculations and/or tests to demonstrate the structural integrity of a wind
turbine with an appropriate safety level. For a prototype wind turbine, the extreme loads
from the revised IEC 61400-1 wind turbine standard on safety requirements were
calculated for the turbine and loads from the gust models and the properly extrapolated
simulation extremes were provided.
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The tube-type cross-section of a reinforced concrete support tower was optimized, in
which an approximate concept was applied for finding the optimal bending stiffness
distribution to minimize the total structural weight under a specified fundamental natural
frequency.

By replacing the reinforced concrete with UHPC for the support tower while using the
similar dimension, then applying the provided ultimate loads to the structure, the
maximum stress and strain will be analyzed for strength verification.

1.4 Thesis Outline
This report is divided into five chapters. Chapter 2 is an introduction of the UHPC model;
how the model is developed, what parameters are used in the model and what
performance we can learn for a typical UHPC from the model. Chapter 3 describes the
design requirements; what are the external conditions for wind turbine, what are the
design situations and load cases, and ultimate limit state analysis. Chapter 4 describes the
3-d simulations performed to determine the structural performance in ultimate limit state.
Chapter 5 summarizes the results of analysis and structural feasibility using UHPC.
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Chapter 2

MODEL OF THE UHPC MATERIAL BEHAVIOR

2.1 Introduction
UHPC is one kind of high performance cementitious composites which are a new
generation of fiber reinforced cementitious composite materials. Among the first high
performance cementitious composites products that entered industrial application are
reactive powder concretes, which are now know as DUCTALTm materials. Chuang and
Ulm [6] proposed a 1D model to capture the various characteristics of a composite UHPC
material. The following description of the model with elastic-brittle matrix and the model
with brittle-plastic matrix is based on the research of Chuang and Ulm. For more detailed
information about these two models please refer to reference [6].
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2.2 Model with Elastic-Brittle Matrix
The preliminary model (not an UHPC model) is a 1D two-phase rheological device,
which can capture the three stage composite material tensile behaviors: initial elasticity
with a modulus KO, post cracking behavior with a modulus KI, then yield and failure. The
simplified stress-strain relation is shown in Figure 2-1.
The illustration of the device is shown in Figure 2-2. The device is composed of two
parallel sub devices, which represent the macroscopic behaviors of the composite
constituents, matrix, and fibers. An elastic spring (stiffness Cm) and a fragile crack device
(strength

ft)

model the elastic-brittle behavior of the composite matrix. The composite

fiber behavior is governed by an elastoplastic material law, described by an elastic spring
(stiffness Cf) in series with a friction element (strength fy). Additionally, the two parallel
elements are coupled by an elastic spring of modulus M, which links the irreversible
matrix behavior (strain EP) with the irreversible fiber reinforcement behavior (strain e).
These five model parameters (Cm, Cf, M, f,, f,) govern the material's macroscopic
behavior.

F2m

K,

Figure 2-1 Simplified stress-strain relation for composite material
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WI
M

Figure 2-2 Model with elastic-brittle matrix
The total macroscopic stress E is composed of the resulting stresses acting on the crack
element (Om) and the frictional device (cy1).

I=

1
,
07,

C, +C,

C,

(2.1)

a, + af

-C,
-(Cm + M)
Mm
M

C,

-Cf
M

E

<Cf
-(C, +M

EP

(2.2)

2.3 Model with Brittle-Plastic Matrix
A fiber-reinforced matrix may exhibit obvious residual frictional strength after cracking,
due to, e.g., plastic anchorage effects at the matrix-fiber interface. The stress-strain
relation for brittle-plastic composite matrix behavior is shown in Figure 2-3. The sixth
model parameter km is introduced in the preliminary model, which denotes the residual
friction strength of the composite matrix after the brittle fracture. This model is referred
as high performance cementitious composites model (Figure 2-4). The failure of the
matrix is now governed by the strengthf,+km at first cracking.
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Figure 2-3 Stress-strain relation for brittle-plastic composite matrix behavior

CM

Cr

fkm

M

Figure 2-4 High Performance Cementitious Composites Model

2.4 Model Parameters
Table 2-1 [7] lists the model input parameters for the UHPC material provided by
Lafarge for DUCTALIm. acm and amb represent the initial compressive strength of the
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matrix and initial biaxial compressive strength of the matrix respectively. Other
parameters (CM, CF, M, kn) are known parameters of the UHPC material.

Table 2-1 Values of UHPC model parameters
Model
Parameters
CM
CF
M
v

UHPC Only
SI
IU
7,820 ksi
53.9 GPa
0
0
1.65 GPa
240 ksi
0.17
0.1 ksi
0.7 MPa
6.9 MPa
1.0 ksi
28 ksi
190 MPa
32 ksi
220 MPa
0.67 ksi
4.6 MPa
1.5 ksi
10 MPa

ft
km
aMc
UMb

fy
UFc

UHPC-1,000
SI
IU
7,820 ksi
53.9 GPa
640 ksi
4.4 GPa
1.65 GPa
240 ksi
0.17
0.1 ksi
0.7 MPa
6.9 MPa
1.0 ksi
28 ksi
MPa
190
32 ksi
220 MPa
1.85 ksi
12.7 MPa
4.4 ksi
30 MPa

2.5 Ultimate Limit State for UHPC
The ultimate limit is the state where the structure is subjected to the maximum loads that
it can sustain, which ensures the mechanical composite performance of the UHPC
material. Surpassing the limit state would lead to the failure of the structure. The strength
of UHPC materials depends on the development of cracks. UHPC-guidelines by the
French Association of Civil Engineering (AFGC, French abbreviation) recommend a
crack opening width as a design criterion for this limit state [7]:

for unreinforced sections
= 0.3mm
,,f
i.e=Lf h
.
for reinfroced sections
mim = mm --- ;(4 '100)

Wf

max[w( Fous!

I

(2.3)

where [[w]]Iim represents the total cumulative crack opening measured over a
characteristic length, le=(2/3)h. L=l3mm, is the length of fibers employed in the specific
UHPC material, DUCTALTM, and h is the height of the cross section.
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The non-dimension form is,

,P.,"

max (e'F

)P<'"I I w

1C

3L_

=1

for unreinforced sections

= 1.5[[w]]u /h
p're
im = min(
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3

- 3)

8h '200

for reinforced sections

(2.4)

Chapter 3

DESIGN REQUIREMENTS FOR WIND TURBINES

3.1 Wind Turbine Types
The design of wind turbines has evolved and matured during the 20t century. The
selection of a configuration for a wind turbine could be made for a variety of reasons, like
the characteristics and availability of innovative materials. There are three basic and
conventional philosophies for handling wind loads during the design of wind turbines [5]:
withstanding the loads, shedding or avoiding loads and managing loads mechanically
and/or electrically.
Here are three corresponding historical examples for purposes of comparison [5]:

A. Turbines designed to withstand high wind loads
Optimize for reliability
High solidity but non-optimum blade pitch
Three or more blades
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Lower rotor tip-speed ratio
Sample: Gedser mill

B. Turbines designed to be compliant and shed loads
Optimize for performance
Low solidity, optimum blade pitch
One or two blades
Higher rotor tip-speed ratio
Example: Hutter turbine

C. Turbines designed to manage loads mechanically and/or electrically
Optimize for control
Mechanical and electrical innovations
Two or three blades
Moderate rotor tip-speed ratio
Example: Smith-Putnam turbine

The blade number for modem wind turbines is narrowed to two or three blades. Table 3-1
and Table 3-2 [5] present a summary of the historical design.
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Table 3-1 Three-bladed system evolution
Time

Typical Characteristics
. Structurally stiff
. 3 bladed-upwind yaw-driven
. Constant speed

Early

prototype
1950s

. Stall regulated

.
.
.
.
.

Overspeed tip brakes
Blade-steel spar, wood ribs and aluminum skin
Chain transmission
Asynchronous generator
Stiff concrete tower

.
.
.
.

Structurally stiff
3 bladed-upwind yaw-driven
Constant speed and 2 speed
Stall regulated/tip brakes or full-span pitch
controlled
Fiberglass blades
Geared transmission
Induction generator
Steel truss or tube tower

1980s
.
.
.
.

1990s

. Structurally stiff
. 3 bladed-upwind yaw-driven
* Variable speed and constant speed
. Tall tubular towers
. Special airfoils
. Stall regulated and pitch controlled
. Planetary transmission
. Induction generator
. Large size to reduce COE

. Scale to larger size
. Advanced blade materials and manufacturing
. Low speed direct drive generators
Future
innovations * Custom power electronics (high efficiency)
* Feedback control of drive train and rotor loads
. More flexible structurally
. O&M reduction features
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Typical Configuration

Table 3-2 Two-bladed system evolution
Time

Typical Characteristics
. Structurally stiff
. 2 bladed-variable coning/downwind

Early

. Servo yaw positioning

prototype
1940s

1950s

1980s and
1990s

.

.
.
.
.
.
.

Typical Configuration

Constant rotor speed
Synchronous generator-fluid coupling
Parallel shaft transmission
Blades-stainless steel/no twist or taper
Stiff truss tower
Structurally flexible
2 bladed-teetered/high tip speed
Constant rotor speed

. Induction generator

.
.
.
.
.
.
.
.
.
.
.
.
.
.

Geared transmission
Lightweight guyed tower
Yaw-driven
Fiberglass blades
Structurally very flexible
2 bladed-structural coning hinge
Downwind-free yaw
Nacelle pitch hinge
Constant rotor speed
Induction generator
Planetary transmission
Tall, lightweight guyed tower
Fiberglass/epoxy blades
Stall regulated/brakes: full blade pitch to
stall

. Scale to megawatt size
. Advanced blade materials and
manufacturing
Future

. Variable speed

innovations . Low speed direct drive generators
- Custom power electronics (high efficiency)
. Feedback control of drive train and rotor
loads

The prototype wind turbine used in this work has a rotor diameter of 10 m and nominal
rotor speed of 72 rpm. It is a three bladed turbine with a hub height of 17m and operates
in free yaw downwind of the tower.
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3.2 Design Methods
In the conventional load and resistance factor design (LRFD), a design equation is used
to describe what is required for safety against a specified limit state and to guarantee that
the reliability will be greater than some specified target minimum level. When using a
design equation, the scaling of a nominal resistance or capacity by a resistance factor and
the scaling of a nominal load by a separate load factor are needed. The nominal load is
related to a certain return period (e.g. a 50-year return period wind speed).

For wind turbine generator system, a similar reliability-based design format is applied in
the IEC 61400-1 guidelines in which the resistance and load factors are combined into a
single factor to represent a safety factor. During the application of probabilistic models to
design wind turbines, many practical challenges remain. Due to the complex dynamic
behavior of a wind turbine, a set of limited-duration load histories, either from
measurements on prototype machines or from numerical simulation, are needed.
The standard [8] requires the use of a structural dynamics model to predict design loads.
Such a model shall be used to determine the loads over a range of wind speeds, using the
turbulence conditions and other wind conditions and design situations. All relevant
combinations of external conditions and design situations shall be analyzed. A minimum
set of such combinations has been defined as load cases in the standard.

According to the standard [8], the external conditions are divided into normal and
extreme categories. The normal external conditions generally concern recurrent structural
loading conditions, while the extreme external conditions represent rare external design
conditions. The design load cases shall consist of potentially critical combinations of
these external conditions with wind turbine operational modes and other design situations.

The basic loads considered for the design of the support tower were the gravity loads (i.e.
self-weight of the structural elements), the wind pressure and the earthquake loading. The
wind loading is critical to the dimension of the structure.

23

3.3 Design Load Assumptions
3.3.1 Wind Turbine Classes
Wind turbine classes are defined in terms of wind speed and turbulence parameters. Table
3-3 specifies the basic parameters, which define the wind turbine classes [8].
Table 3-3 Wind Turbine Classes
Wind turbine class
Vref (m/s)

I

II

III

S

50

42.5

37.5

Values

A

Iref()

0.16

specified
by the

B

Iref (-)

0.14

designer

C

IrefC()

0.12

In Table 3-3, the parameter values apply at hub height.
Vref is the reference wind speed average over 10 min,
A designates the category for higher turbulence characteristics,
B designates the category for medium turbulence characteristics,
C designates the category for lower turbulence characteristics and
Iref is the expected value of the turbulence intensity2 at 15 m/s.
The commercial wind turbines are designed and certified in accordance with these three
classes. In addition, there is special class S for special wind conditions.

3.3.2 Normal Wind Conditions
The primary external conditions which affect structural integrity are the wind conditions
including normal wind conditions and extreme wind conditions. Normal wind conditions

24

will occur frequently during normal operation of a wind turbine. The extreme wind
conditions have a 1-year or 50 year recurrence period.

The wind conditions include a constant mean flow combined, in many cases, with either a
varying deterministic gust profile or with turbulence. "Turbulence" denotes random
variations in the wind velocity from 10 min averages. IEC 61400-1 [8] gives normal wind
conditions as follows.

1. Wind speed distribution

The wind speed distribution is significant fro wind turbine design because it determines
the frequency of occurrence of individual load conditions for the normal design situations.
The mean value of the wind speed over a time period of 10 min shall be assumed to
follow a Rayleigh distribution at hub height given by

PR (Vhub

) = 1u-exp-r(Vhub

2(3.1)

where, in the standard wind turbine classes, Vv shall be chosen as
2
Vave = 0. Vref

(3.2)

2. The normal wind profile model (NWP)

The wind profile, V(z), denotes the average wind speed as a function of height, z, above
the ground.

V(Z)=Vuh(Z/Zha )",

a = 0.2

(3.3)

The assumed wind profile is used to define the average vertical wind shear across the
rotor swept area.
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3. Normal turbulence model (NTM)

For the normal turbulence model, the representative value of the turbulence standard
deviation:
al = ref (0.75Vh, + b); b = 5.6 m/s

(3.4)

3.3.3 Extreme Wind Conditions
IEC 61400-1 [8] gives extreme wind conditions as follows.
Extreme wind speed model (EWM)

This is either a steady or a turbulent wind model, based on the reference wind speed, Vref,
and a fixed turbulence standard deviation, 01. For the steady extreme wind model, the
extreme wind speed, Ve5O (with a recurrence period 50 years) and Vei (with a recurrence
period 1 year) can be computed using the following equations:

Ve50 (z) =1AVref (z/zhu,)

Vei

).

(z)= 0.8Ve5 O (z)

(3.5)

(3.6)

Allowance for short-term deviations from the mean wind direction shall be made by
assuming constant yaw misalignment in the range of ±15*.

For the turbulent extreme wind model, the 10 min average wind speeds as functions of z
with recurrence periods of 50 years and 1 year, respectively, can be calculated by

V50 (z) = Vef (Z/Zhub )O"

(3.7)

V (z) = 0.8V50 (z)

(3.8)
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The longitudinal turbulence standard deviation is a, = 0.1 lhu.

Extreme operating gust (EOG)

The hub height gust magnitude Vgust is given by:

VgUst =Min

1.35(Vei

-

Vh

1+

.1

j

(3.9)

where,
a, is given by a, = Iref (0.75Vh, + b); b = 5.6 m/s;

A1 is the turbulence scale parameter, according to AI = {0.7z

42m

z 5 60
z > 60

D is the rotor diameter.

The wind speed is defined by:

V(z, t)=

{V(z)
-0.37V,

sin(3m / T)(1 - cos(2m / T))

for 05 t 5 T

otherwise

V(Z)

where, T=10.5s, is gust characteristic time.

Extreme turbulence model (ETM)

This model uses the normal wind profile model and turbulence with longitudinal
component standard deviation given by
= c Iref

0.072 Vav +3

Vhub

c

41+10c=2m/s

c

Extreme directionchange (EDC)

The extreme direction change magnitude is given by
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(3.10)

a

6 = ±4 arctan

(3.11)

V (1+0.1(D))

where

o1 is given by a, = Iref (0.75Vhb + b); b =5.6 m/s;
00 is limited to the interval ±180;
A =
A 1 is the turbulence scale parameter, according to

-

.7z

z 60

42m

z > 60

D is the rotor diameter.

The extreme direction change transient, 6(t) is given by

0

for t < 0

0(t)= ±0.50,(1- cos(M/T))
1

for 0 ! t

T

(3.12)

for t > T

00

where,
T=6s is the duration of the extreme direction change. The sign is chosen so that the worst
transient loading occurs. At the end of the direction change transient, the direction is
assumed to remain unchanged. The wind speed follows the normal wind profile model.
Extreme coherent gust with direction change (ECD)

The magnitude of the extreme coherent gust with direction change is
Vc, =15 m/s

The wind speed is defined by

V(z, t)

V(z)
V(z)+ 0.5Vcg (1 - cos(m / T))

fort <0

V (Z)+V Cg

for t > T

The magnitude Ocg is defined by
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for 0!5 t5 T, T=10s

(3.13)

1800
cg (Vhub)= 7200 m/s

1

for Vh <4ms
"b

for4m/s

Vhb
Thv

< Vhub <

(3.14)
ref

The simultaneous direction change is given by

00
9(t) = I0.5cg

for t < 0

(1- cos(

for 0

/ T))

t!5 T, T=10s

(3.15)

for t > T

k6,

where T=10s is the rise time.

Extreme wind shear (EWS)

Transient vertical shear:
Z-

V(z,t)

=

Z "

D

u

2.5 + 0.2,a

D
AI

(1 - cos(27a/ T))

for 0

t< T

otherwise

VhubZ

(3.16)

Transient horizontal shear;

Vhub ( Z
V(y, z,t)=

D

2.5 + 0.2/ 0

(1 -cos(279 / T ))

for 0

t<T

Zhub

\J

Vhub ( Z

otherwise
(3.17)

where for both vertical and horizontal shear:
a=0.2; 8=6.4; T=12s is the gust characteristic time;
a, is given by o, = Irf (0.75Vh, + b); b = 5.6 m/s;
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A1 is the turbulence scale parameter, according to A

_

r.7z

0.7z
42m

z i60
z 60
z >60

D is the rotor diameter.
The two extreme wind shears are not applied simultaneously.

3.3.4 Other Environmental Influences
There are some environmental conditions such as thermal, corrosive, mechanical and
electrical action. They also can affect the integrity and safety of wind turbines. Especially
their combination can increase the effects.

3.4 Load Cases
The load cases contain the conditions for the causes of the load situation, such as wind
speed, as well as the corresponding parameters of the operational status of the turbine.
The maximum loads on the various structural components occur during different load
cases.
The range of wind speeds within which the turbine is operated can be described by the
following terms [2].
.

Cut-in wind speed

.

Partial-load wind speed

.

Rated wind speed

.

Full-load wind speed

.

Cut-out wind speed

For each of these characteristic wind speeds a load case group is formed. The extreme
loads mainly occur under extreme external conditions, that means extreme wind speeds.
In addition, technical faults and defects can subject the wind turbine to additional loads
not covered by the other load cases.
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3.5 Model Loading
The extreme loads according to IEC 61400-1 wind turbine standard on safety
requirements were calculated for a wind turbine and were compared with the loads using
turbulence response simulations [9].

In the calculation of the extreme loads, a model of the NRIJNWTC unsteady
aerodynamics experiment phase III turbine was used. The turbine has a rotor diameter of
10m and nominal rotor speed of 72 rpm [10]. It is a three bladed turbine with a hub
height of 17m and operates in free yaw downwind (in the direction of the main wind
vector) of the tower (Figure 3-1, Figure 3-2).

Two design conditions of the IEC 61400-1 have been considered: power production and
parked situation (standing still or idling). Under the power production condition, the wind
turbine was modeled as operating in its natural mode. For the parked situation the wind
turbine was modeled with free yaw and a fixed rotor with one blade pointing vertically
upwards.

Here three wind speed cases are used:

1. V=14 m/s, typical of nominal or rated wind conditions;
2. V=20 m/s, the maximum or cut-out wind speed at which the turbine operates;
3. V=45 m/s, an extreme wind speed (e.g., 50-year level) during which the turbine is
parked.

Rated wind speed is the minimum wind speed at hub height at which a wind turbine's
rated power is achieved in the case of steady wind without turbulence.
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Cut-out wind speed is the highest wind speed at hub height at which the wind turbine is
designed to produce power in the case of steady wind without turbulence.

According to the standard, the parked load case is associated with Vf, which is the 10minute average wind speed with a 50-year recurrence interval.

E

E

Ii

E

c2.

Figure 3-1 Dimension of the Wind Turbine

tower shadow

vertiu4
wind shear

downwind rotors

Figure 3-2 Downwind Rotor
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The wind turbine was assumed to be Class IA. The scaled extreme loads from turbulence
response simulation, IEC power production load cases and IEC parked load case were
given in table 3-4 and table 3-5 [9]. We can see that the loads during parked situation are
more critical. In table 3-5 all loads based on the turbulence response simulations, except
for the rolling moment, are larger than those obtained from the IEC requirements.
Therefore, the loads from the turbulence response simulations for parked load case are
used in the next chapter.

Table 3-4 Scaled Extreme Loads from Turbulence Response Simulations and
IEC Power Production Load Cases

Load
B 1Moop (kNm)
B1_Mip (kNm)
YBFdw (kN)
YBFcw (kN)
YBMpitch (kNm)
YBMroll (kNm)

Scaled simulation
extreme - 14 m/s
10-min mean
4.32
3.01
4.66
0.82
9.73
4.64

Scaled simulation
extreme - 20 m/s
10-min mean
5.12
3.34
6.19
1.09
10.15
5.19

IEC extreme
3.90
2.83
5.74
0.33
7.49
5.54

Table 3-5 Scaled Extreme Loads from Turbulence Response Simulations and
IEC Parked Load Case
IEC
Scaled simulation
Load
extreme
extreme
B1_Moop (kNm)
17.51
14.97
BiMip (kNm)
3.63
3.03
YBFdw (kN)
21.46
17.93
YB Fcw (kN)
2.39
0.27
YB Mpitch (kNm)
19.28
14.83
YB Mroll (kNm)
10.30
10.67
where,
B 1_Moop, blade root out-of-plane bending moment,
B 1_Mip, blade root in-plane bending moment,
YBFdw, yaw bearing force in longitudinal direction (thrust),
YB_Fcw, yaw bearing force in lateral direction,
YBMpitch, yaw bearing pitching moment,
YBMroll, yaw bearing rolling moment.
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For the extreme wind load on the support tower, here present the extreme wind speed.
The wind pressure is given in next chapter.
Figure 3-3 shows the gradually varied extreme wind speed from the bottom to the top of
the tower. For conservative assumption, the maximum wind speed at the top is used
uniformly for the whole tower.

807060 50040-

30
20
10
0
15

10

5

0

20

tower height (m)

Figure 3-3 Mean Extreme wind speed along the Tower Height

Ve5 O(top) =

1. 4 Vef (Z,

/Zh)"

~ 1.4

x 50 x1 = 70 m/s
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Chapter 4

3D MODEL BASED DESIGN

4.1 Cross-Section Selection
Cross-section selection is based on the optimal design of structures for specified
fundamental natural frequency, which has a practical significance in seismic stiffness
design of such structures subjected to a set of design spectrum compatible earthquakes.
Most of the various theories and numerical methods of structural design optimization can
be classified into two groups: the mathematical programming approach and the
optimality criteria approach.
Takewaki considered optimization of a concrete tower structure with round tubular cross
section [11]. He developed a new numerical method via an approximation concept for
finding the optimal bending stiffness distribution of a one-dimensional distributedparameter structure under a fundamental natural frequency constraint.

35

During his sample analysis, only bending deformation is considered in each element, and
both structural masses and non-structural masses are taken into consideration. The
maximum error was found to be smaller than 3%, and the error can be reduced
significantly by increasing the number of finite elements. A reinforced concrete tower of
the total height 35m was studied. The tower has a tube-type cross-section and is to be
divided into 10 finite elements of the equal element length 3.5 m. Figure 4-1 [11] shows
the distribution of optimal mean radius of tube-type cross sections. The distribution of
optimal thickness of tube-type cross sections was given in Figure 4-2 [11].
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element-end

LE

.1
I
0.5

0

&;*of

-
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4
2
mean radius of tube-type
cross-section (m)

Figure 4-1 Distribution of Optimal Mean Radius of Tube-type Cross Sections

No
*t7*

e ment-end

so

i0,5

element-end

0

0.4
0.2
thickness of tube-type
cross-section (m)

Figure 4-2 Distribution of Optimal Thickness of Tube-type Cross Sections
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The model is going to be built in GTSTRUDL. Considering the 17m height of the
prototype and the optimal cross-section design example provided by Takewaki, the model
height is 17.5m and the tube-type cross section is linearly changed, with the mean radius
1.555m and thickness 0.11m at the bottom, and the mean radius 0.788m and thickness
0.075m at the top.

Figure 4-3 Tube-type cross section

4.2 Basic Assumptions
The basic structural model of the support tower is described by a long, slender cantilever
beam, that is, the tower is cantilevered to the ground. The tower consists of linearly
changed cross-section but with uniform properties. The tower carries a concentrated mass,
which is approximating the inertia properties of the nacelle/rotor unit and assumed to be
rigidly attached to the free end. Material of construction is homogeneous and the density
of UHPC is, p = 2500 kg/M 3.
The weight of nacelle and rotor was referred to a similar wind turbine mentioned in the
reference [4]. The mass is 2547kg, so the weight is about 25 kN.
The wind pressure on the support tower can be calculated by velocity pressure.Velocity
pressure, qz, evaluated at height z shall be calculated by the following equation [12]:

q = 0.613KZKZKd V 2I (N/M 2 ); V in m/s
where,
Kd is the wind directionality factor, here Kd = 0.95,

Kz is the velocity pressure exposure coefficient, here Kz = 1.31 (exposure D),
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(4.1)

-.

K,, is the topographic factor, here Kz, = 1.0,
I is importance factor, here I = 1.0,
V =Ve50 (tOP)=70 m/s .

Then q, = 0.613KZKztKdV 2 I = 0.613 x1.31x1.0 x 0.95 x 70 2 x1.0 = 3.738 (kN/m 2 )

Uniform extreme wind pressure was used from the top to the bottom of the support tower.

4.3 Modeling Process
4.3.1 Mesh
Eight-node elements (IPLS) were employed to create the mesh. There is only one layer to
model the thickness of the tube (radius direction). The circumference is divided by 30
and the height is divided by 100. So the tower model consists of 3,000 8-node threedimensional elements (Figure 4-4). The units used in the model are m (length) and kW
(force).

Figure 4-4 3-d Mesh
38

mad

4.3.2 Boundary Conditions
The tower foundation is not considered here. For simplicity, we fixed the bottom of the
tower. This is modeled by fixed joints (Figure 4-5).

0

Figure 4-5 Fixed Boundary Conditions
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FIXED JOIN

4.4 Structural Analysis
4.4.1 Deflection
Here the lateral deflection is mainly caused by the extreme wind load. It deflects along
the global X direction as depicted in Figure 4-6. The lateral loads acting on the tower
include the one directly from the extreme wind speed and the one from the wind turbine.
The largest deflections recorded under the extreme wind loading conditions occurred at
the top of the tower (0.005m), shown in Figure 4-7. If the support tower be under the
operational wind loading conditions, the deflection should be lower.

Figure 4-6 Deflected Shape under Extreme Wind Loading
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Figure 4-7 Displacement of Different Part of the Tower (meter)

4.4.2 Flexural Resistance
Figure 4-8 shows the principal strain when the tower is subjected to the extreme wind
loads. Maximum plastic strain occurs at the bottom of the tower where the maximum
bending moment occurs. The maximum strain is 0.000091. From figure 4-9 we can see
that the maximum tensional stress occurs at the bottom with the value 3.78 MPa, which is
smaller than the sum of

fi and

km (0.7+6.9=7.6 MPa). This indicates that the UHPC

material is still in the elastic state and no crack happens. The maximum compressive
stress is only 4.46 MPa. It is much less than the ultimate compressive strength 190 MPa.
This indicates that under the extreme wind load cases, the design is controlled by the
deflection of the tower.
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Figure 4-8 Principal Strain under Extreme Wind Loads
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Figure 4-9 The Compressive and Tensional Stresses (kN/m )
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4.4.3 Analysis of an Alternative Cross Section
Since the previous support tower is still in the elastic state under the extreme wind loads.
A smaller cross section is used. The alternative model is 17.5m high with linearly
changed tube-type cross section. The mean radius is 1.0 m and the thickness is 0.10m at
the bottom. The mean radius is 0.51m and the thickness is 0.07m at the top.

0109
3

oo3o

0 0045

3 000

Figure 4-10 Displacement of the Second Model (meter)
The maximum deflection of the second model increases obviously to 0.016m because of
the reduction of stiffness when decreasing the cross section.
The maximum tensional stress is 8.02 MPa (Figure 4-11), which is bigger than the sum of
ft and km (0.7+6.9=7.6 MPa). This indicates that the UHPC material begins to crack under
the extreme wind load cases. The maximum tensional strain (principal strain) is 0.000163
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(Figure 4-12). This is within acceptable limits of cumulative crack, a criterion suggested
by the French Association of Civil Engineering.

1.5[[w]]' /h = 0.000205 for unreinforced sections
= min( 3 Lf 0.0022 for reinforced sections
min( 8h '200

E ""1 1=

max

W]]u

L

(Fus )

=

e

0.3mm

Lf = 13 mm, the length of fibers employed in the specific UHPC material,
h = the height of the cross section, here h = 2.2m (outer diameter at the bottom).
And we use the value for unreinforced sections.
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Figure 4-11 Tensional Stresses of the Second Model (kN/m2
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Figure 4-12 Principal Strain of the Second Model
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Chapter 5

CONCLUSIONS AND OUTLOOK

5.1 Conclusions
The motivation of the work is to find alternative support tower of innovative materials for
low-rise wind turbines to reduce the cost. Because of the complexity of the load cases for
wind turbines, a support tower of UHPC material is proposed as an alternative design to
meet the requirements. This study is only under the extreme wind loads.
Two tube-type cross sections are examined. Both models are 17.5m high with linearly
changed tube-type cross section. One has the mean radius 1.555m and thickness 0.1 1m at
the bottom, and the mean radius 0.788m and thickness 0.075m at the top. Another has the
mean radius 1.0 m and the thickness 0.1Om at the bottom, and the mean radius 0.51m and
the thickness 0.07m at the top. The 3-d analysis reveals a sufficient flexural performance
of the UHPC support tower when subjected to the extreme wind loads. It was found that
the tower satisfied the crack opening criterion under ultimate limit state, which is set
forth by the AFGC. And the design should be controlled by the deflection of the tower.
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5.2 Outlook
Our findings indicate that the UHPC material has a potential application in the support
tower of wind turbines. Since this work only focuses on the extreme wind load case,
other load cases, such as aerodynamic and operational cases, should be considered before
it can be safely employed.
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