


8.2. Results from Horizontal Set-Up

8.2.4 Conclusion & Discussion

The results presented in this section are many. The response from horizontal
earthquake excitation was presented in terms of horizontal acceleration along
the turbine height. The tendency was clear for all soil strengths: high
response in the upper and middle joints, but somewhat lower response in
the nacelle. This indicates by far that earthquakes mostly will excite the
higher order mode shapes and not so much the fundamental mode shapes in
regards to wind turbines of this size. In fact, the amplification of response
was very severe for the upper joint, indicating a motivation for investigating
individual sections of the tower during design. Extreme care should be taken
when codes and guidelines indicates that a given number of mode shapes is
sufficient for analysing wind turbines.

The difference in response from static wind, or the (equal or less) simulated
turbulent wind-induced load was investigated. Both in terms of displacement
of the nacelle and base moment demand, the dynamic wind yielded larger
responses than the static wind. These results may motivate to show much care
during structural design when applying wind-induced loads using structural
based software

Lastly, the combined response from simulated turbulent wind-induced load
and horizontal earthquake excitation was presented. Overall, the earthquake
proved to be very dominant in terms of horizontal acceleration – even at
the lowest PGA of 0,05 [g]. On the contrary, earthquake did not affect the
displacement as much, as it was highly dominated by wind. In terms of base
moment demand, the earthquake showed some contribution, especially for
the softest soil. As such, the base moment demand from earthquake may
very well be design driving in softer soils.

Even though the problem is not directly presented in this section, the major
weakness of the numerical model not including radiation damping should be
noted also for the horizontal set-up. This extra damping could yield lower
responses for the wind turbine in the horizontal direction, and should be
assessed more correctly in further research.

Even though the horizontal component used for seismic analysis in this section
matches the response spectra from EC8-1 [2004] quite well (as presented in
Chapter 7.2.1), other earthquake records may produce different results.
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8.3 Static Wind-Induced Response & Effect of Earth-
quake

A quick investigation of the effect from earthquake compared to the statically
applied wind was investigated. Both the displacement along the turbine
(relative to its base) and base moment demand were studied. Essentially, the
objective was to determine (if) when the response from earthquake would
become equal, or greater than the response from static wind, by increasing
the PGA (0,05 - 0,85 [g]).

As explained before, the analysis conducted in this thesis are all purely linear
elastic. As such, the matter of investigating this subject was fairly easy, as it
was just a matter of scaling the obtained responses from previous responses.

8.3.1 Displacement

The displacement in the nacelle is (logically) where the largest displacement
from static wind will be present. On the contrary, responses presented in
Chapter 8.2.1 and Figure 8.21 showed that the nacelle did not experience
that much response from earthquake excitation. Figure 8.26 presents the
investigation for displacement in nacelle:

(a) Vs = 1000 m/s. (b) Vs = 500 m/s. (c) Vs = 300 m/s.

Figure 8.26: Effect of earthquake compared to static wind in nacelle dis-
placement, for different Vs (II-H).

Clearly, the earthquake does not begin to match with the displacement
caused by static wind, for any Vs.
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On the contrary, displacement caused by earthquake in both the upper and
lower joint, proved to de more dominant (as observed in Chapter 8.2.1 and
Figure 8.21). Furthermore, the displacement from static wind is much less
in these lower joints, as the turbine with applied static wind load resembles
a cantilever beam with a point load at the end.

Figure 8.27 and Figure 8.28 presents the investigation for displacement in
upper and lower joint, respectively:

(a) Vs = 1000 m/s. (b) Vs = 500 m/s. (c) Vs = 300 m/s.

Figure 8.27: Effect of earthquake compared to static wind in upper joint
displacement, for different Vs (II-H).

(a) Vs = 1000 m/s. (b) Vs = 500 m/s. (c) Vs = 300 m/s.

Figure 8.28: Effect of earthquake compared to static wind in lower joint
displacement, for different Vs (II-H).

It is evident that earthquake excitation can reach the same level of response
as the static wind, in the upper and lower joints. In fact, for the model with
Vs = 300 m/s, earthquake dramatically exceeds the response from static wind
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at rather low values for PGA; approximately 0,40 [g] for the upper joint, and
0,20 [g] for the lower joint. This fact may lead to the belief that earthquake
can be a design driving factor for shear forces in the lower parts of the tower
– somewhat different than the conclusion in Chapter 8.2.3:Displacement.

8.3.2 Base Moment Demand

The base moment demand (i.e. vertical forces in the lower parts of the tower)
is a key component in the wind turbine structure and its foundation. The
moment demand from static wind proved to be (more or less) independent
of the strength of soil (Chapter 8.2.2). However, the moment demand
from earthquake proved to be very much dependent of the strength of soil
(Chapter 8.2.1).

The investigation of earthquake compared to static wind load is presented
in Figure 8.29:

(a) Vs = 1000 m/s. (b) Vs = 500 m/s. (c) Vs = 300 m/s.

Figure 8.29: Effect of earthquake compared to static wind in base moment
demand, for different Vs (II-H).

As for the displacement for upper and lower joint, the earthquake can
definitively match the response from static wind. It even exceeds the wind
response for the stiffer soils of Vs = 1000 and 500 m/s. These results
are somewhat similar as the conclusion from Chapter 8.2.3:Base Moment
Demand from Earthquake & Dynamic Wind.
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8.3.3 Conclusion & Discussion

Comparison between earthquake induced response to statical applied wind
was presented in this section, in terms of displacement and base moment
demand. The results for what PGA (if any up to 0,85 [g]) earthquake can
match static wind response are summarized in Table 8.12:

Table 8.12: Summary of response from static wind and earthquake

Vs PGA, unac PGA, umid PGA, ulow PGA,MEd

[m/s] [g] [g] [g] [g]
1000 - - - 0,71
500 - - 0,83 0,71
300 - 0,41 0,20 0,19

As presented in previous sections within this chapter, earthquake responses
in the upper and lower joint are quite large, indicating mainly excitation of
higher order mode shapes. The responses at these locations proved to be
able to match static wind in displacement, as presented in Table 8.12. In
particular for weaker soils, earthquake may very well become design driving
for shear forces in the middle and lower parts of the tower.

For the bottom joint (base), the earthquake may be design driving factors
when considering base moment demand, connection to foundation, and
buckling of the lower parts of the tower, especially for weaker soils.

These conclusions further shows the importance of careful considerations of
soil-structure interaction early in the design stage. However, remember that
the dynamic wind produced larger response – both in displacement and base
moment demand – than the static wind. If a dynamic, turbulent wind is
proved to be a more correct approach, earthquake may not have that large
effect on wind turbines of this size.
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8.4 Comparison to Existing Work

This section presents a brief comparison to previous work, for some of the
most important results and finding introduced in the previous sections.

8.4.1 Comparison for Vertical Response

Not much research and recommendations exists on the vertical response from
earthquake excitation on wind turbines. Ritschel et al. [2003] performed
various analysis and compared responses to design loads for earthquake
in IEC [2005]. The main focus was horizontal response, but vertical force
components was reported to be above the design quantities. Ritschel et al.
[2003] further discussed that vertical excitation may be important for wind
turbines, even for weak earthquakes.

In Prowell et al. [2010b], the reader can be observe a rather large amplification
of vertical excitation from bedrock to the top of the modelled 200 m deep soil,
due to the vertical component of the 1994 Northridge earthquake. However,
further discussion or presentation of vertical response of the wind turbine
(same 5-MW reference wind turbine as in this thesis) is not performed.

8.4.2 Comparison for Horizontal Response

Overall, existing research and guidelines concerning wind turbines subject
to earthquakes have been focusing on the horizontal response (similar as
normal practice in general for earthquake engineering).

In Prowell et al. [2010b] it was concluded that SSI could be of importance
in design of base moment demand. Prowell et al. [2010b] further urged for
considerations of site-specific soil conditions and for carefully performing
seismic analysis for the given site. It was also reported of highest responses
near the 2nd order mode shape, suggesting the 2nd mode shapes to be
dominant. The general importance of higher order modes of wind turbines
in a megawatt-scale has been stated in some amount of research, e.g. Nuta
[2010]; Ishihara and Sarwar [2008].

The displacement of the wind turbine due to wind-induced loads was observed
(naturally) highest in the nacelle, and with a value ≈ 1/100 of the turbine
height. This result is similar as previous research [Bazeos et al., 2002]. Also,
the general importance of carefully and accurately assessing the buckling
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analysis for the turbine tower has been stated previously [Lavassas et al.,
2003; Bazeos et al., 2002]. In fact, Lavassas et al. [2003] reported special
importance of buckling for the upper parts of the turbine tower on a general
basis.

Prowell et al. [2010c] conducted independent simulations (i.e. only earthquake
or wind) and coupled simulation (i.e. both earthquake and wind, including
aerodynamic effects). However, this was done in the aerodynamic software
FAST, and was not a direct study of when (and if) earthquake can match
the response from wind. Kiyomiya et al. [2002] conducted some comparison
between (static) wind and earthquake, and reported base moment demand
exceeding allowable moment for input acceleration of ≈ 0,6[g]. This is not
dissimilar for some of the results presented in this thesis.

8.4.3 Comparison for Soil-Structure Interaction

A fair amount of previous research has concluded similar to this thesis of
the importance of SSI when designing wind turbines, especially for weaker
soils as this thesis has stressed [Zhao and Maißer, 2006; Prowell et al., 2010b;
Prowell, 2011].
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9. Concluding Remarks &
Further Research

Throughout the thesis, detailed summary and discussions are provided in
each corresponding section. Thus, this chapter is an overview of results
relative to the objectives and research questions, and recommendations for
further work. For details, the reader is urged to study the Conclusion &
Discussion within chapters and sections of interest.

9.1 Concluding Remarks

The objectives outlined in Chapter 1.2 were by and large fulfilled. A study
of a modern sized wind turbine, interacting with a modelled soil, has yielded
results to answer the research questions.

1) Vertical Acceleration: The vertical response of the wind turbine was
thoroughly studied. Results were severe accelerations and forces in
the upper part of the turbine tower. The acceleration would imply
more than doubling the nacelle weight upon the tower, and the nacelle
acting weightless.

The importance of vertical acceleration near the nacelle also becomes
evident when remembering the fine-tuned equipment in the nacelle,
and the large mass from the nacelle, rotor and blades combined.

The study of vertical acceleration exhibited the extreme importance of
soil-structure interaction effects, as some soils produced much higher
responses than other soils. Careful considerations must be taken when
the natural frequencies of the structure itself and the soil coincides.
However, the reader must take note of the precarious weakness within
the combined model of soil and wind turbine as it does not take into
account radiation damping.

2) General Seismic Response of Wind Turbines: The results in this
thesis can produce two main conclusions for the horizontal excitation
of wind turbines. Firstly – similar as for the results from vertical
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accelerations – soil-structure interaction was extremely important.
Careful considerations must be taken when the natural frequencies of
the structure itself and the soil coincides. Amplification of the input
motion was severe when natural frequencies of the wind turbine and
the modelled soil were close.

Secondly, the importance of recognising that mainly the 2nd and higher
order mode shapes are excited when addressing wind turbines of this
size, was clear. In general, the highest magnitude of response of
horizontal excitation was found in the middle parts of the turbine
tower. These results can motivate of careful considerations for the
different connections along the tower height. Further, these results
should provoke acknowledgement of the importance of critical thinking
for the dynamic behaviour of wind turbines – by not simply studying
the fundamental frequency and the corresponding mode shape.

3) Effect of Wind & Earthquake: In contrast to the conclusions drawn
above, soil-structure interaction did not seem to have as much effect
on the wind-induced loads alone. However, it proved important when
assessing the level of effect an earthquake can have on a wind turbine,
compared to a statically applied wind. Of course, this is related to the
extreme importance of soil-structure interaction on seismic loading in
general (as explained above).

The dynamic wind-induced load mainly produced large displacements
– larger than most of the displacements from earthquake. Also, the
dynamic wind-induced load proved to yield larger response than the
statically applied wind. This result shows the importance of either;
1) make sure to use sufficient conservative static load, or 2) apply
turbulent wind-induce load. However, the aspects on wind-induced
load approaches the limit of this thesis, and was not discussed in much
detail.

In addition to the results presented above, the utilization of a structural
software like SAP2000 was thoroughly validated in modelling wind turbines,
with comparison to research involving a model of an actual wind turbine at
University of California, San Diego. This validation was important to obtain
confidence in the results presented for the wind turbine of main interest in
this thesis.
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9.2 Further Research

The need for further research may seem endless. Directly related to the main
results presented here and the research questions, suggestions for further
research can be:

1) Vertical Acceleration: Further investigation of vertical response due
to seismic excitation in general should be recommended. This would
include utilization of different time-series, and more detailed modelling
of the upper parts of the turbine tower – including the nacelle, rotor
and blades. Furthermore, detailed FEM-models including details of
the connection between tower and nacelle could be created in order
to check buckling capacity of the upper part of the tower. Also, it
is important to remember the tension and compression force already
present in the tower due to wind-induced loads.

In addition, the mechanical and electrical equipment within the nacelle
and rotor should be checked for the severe vertical acceleration from
seismic excitation.

2) General Seismic Response of Wind Turbines: In general, further
investigation of soil-structure interaction effects is preferred. This
includes (among other aspects) layered soils, better assessment of
damping and different foundation types. This could include comparing
models containing modelled soil with models utilizing springs and
dampers.

Detailed investigation of the local responses due to earthquake excita-
tion of the turbine tower along its height may prove interesting. The
higher order mode shapes may imply critical points of interest that
may differ from typical practice in earthquake engineering (which is
traditionally at the base of a structure). This could also include the
shadowing effect of the passing blades and the possibility of vortex
induced vibrations surrounding the wind turbine.

A (more or less) detailed literature study of guidelines, and how (if) they
only utilize a given number of natural frequencies with corresponding
mode shapes could prove interesting – especially for structures similar
to megawatt-sized wind turbines, that is more likely to excite higher
order mode shapes than the fundamental mode shapes. The guidelines
could prove to under-estimate and use unfortunate assumptions.

3) Effect of Wind & Earthquake: A thorough study of how to apply
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wind-induced loads and aerodynamic effects in structural based soft-
ware could prove beneficial. This would include detailed study of how
to correctly apply aerodynamic damping, either by modal, Rayleigh,
Caughey or other damping algorithms. Some level of accuracy is easier
to obtain by the use of modal damping (as within this thesis). But
this advantage is lost when direct integration is needed.

All in all, a better approach in total should be an objective when studying
dynamic response of wind turbines. Correctly including aerodynamics, oper-
ational states, modelled soil and earthquake excitation would be beneficial.
This should also include correctly assessing the radiation damping in the
model, e.g. either by infinite” region of modelled soil, or correct and careful
considerations of boundary conditions.

Also, detailed study on the non-linear behaviour of wind turbines would
serve the industry. Structures like wind turbines does not normally have
much plastic capacity due to its geometry and low ductility.

108 Master Thesis 2013



Bibliography
L.V. Andersen, M.J. Vahdatirad, M.T. Sichani, and J.D. Sørensen. ”Natural

Freequencies of Wind Turbines on Monopile Foundations in Clayey Soils –
A Probabilistic Approach”. Computers and Geotechnics, 43:1–11, June
2012.

H. Bachman. Seismic Conceptual Design of Buildings – Basic Principles
for Engineers, Architects, Building Owners and Authorities. Swiss Fed-
eral Office for Water and Geology Swiss Agency for Development and
Cooperation. BBL, Vertrieb Publikationen, 2003.

N. Bazeos, G.D. Hatzigeorgiou, I.D. Hondros, H. Karamaneas, D.L. Karablis,
and D.E. Beskos. ”Static, Seismic and Stability Analyses of a Prototype
Wind Turbine Steel Tower”. Engineering Structures, 24(8):1015–1025,
2002.

P.G. Bergan, P.K. Larsen, and E. Mollestad. Svingning av Konstruksjoner.
Tapir Forlag, 2nd edition, 1993.

V.V. Bertero, F.M. Bendimerad, and H.C. Shah. Fundamental Period of
Reinforced Concrete Moment-Resisting Frame Structure. The John A.
Blume Earthquake Engineering Center, 1988.

E. Booth and D. Key. Earthquake Design Practice for Buildings. Thomas
Telford Publishing, 2nd edition, 2006.

M. Bruneau, C.-M. Uang, and S.E. Rafael Sabelli. Ductile Design of Steel
Structures. McGraw-Hill Professional, 2nd edition, 2011.

H. Bungum, C.D. Lindholm, A. Dahle, E. Hicks, H. Høgden, F. Nadim, J.K.
Holme, and C. Harbitxz. Development of a Seismic Zonation for Norway,
Report for Norwegian Council for Building Standardization. NORSAR
and Norwegian Geotechnical Institue, 1998.

T. Burton, N. Jenkins, D. Sharpe, and Bossanyi E. Wind Energy Handbook.
John Wiley & Sons, Ltd, 2nd edition, 2011.

T.G. Carne and A.R. Nord. ”Modal Testing of a Rotating Wind Turbine”.
Technical Report No. SAND82-0631, Sandia National Laboratories, 1983.

Master Thesis 2013 I



BIBLIOGRAPHY

A.K. Chopra. Dynamics of Structures – Theory & Applications to Earthquake
Engineering. Prentice-Hall, Inc., 4th edition, 2012.

R.W. Clough and J. Penzien. Dynamics of Structures. Computers and
Structures, Inc., 3rd edition, 2003.

R.D. Cook, D.S. Malkus, M.E. Plesha, and R.J. Witt. Concepts and Appli-
cations of Finite Element Analysis. John Wiley & Sons. Inc., 4th edition,
2002.

CSI. Computers & Structures Inc. CSI Knowledge Base. University of
California., 2013. URL https://wiki.csiberkeley.com/display/kb/
Home.

M. Damgaard, J.K.F Andersen, L.B. Ibsen, and L.V. Andersen. ”Natural
Frequency and Damping Estimation of an Offshore Wind Turbine Struc-
ture”. Proceedings of the Twenty-second (2012) International Offshore
and Polar Engineering Conference. Rhodes, Greece., June 2012.

M. Damgaard, L.B. Ibsen, L.V. Andersen, and Andersen J.K.F. ”Cross-
Wind Modal Properties of Offshore Wind Turbines Identified by Full Scale
Testing”. Journal of Wind Engineering and Industrial Aerodynamics, 116:
94–108, 2013.

DNV. Design of Offshore Wind Turbine Structures. Det Norske Veritas AS,
January 2013.

EC0. Eurocode 0: Basis of Structural Design. European Committee for
Standarization, 2002.

EC1-4. Eurocode 1: Actions on Structures – Part 1–4: General Actions,
Wind Actions. European Committee for Standarization, 2004.

EC8-1. Eurocode 8: Design of Structures for Earthquake Resistance – Part
1: General Rules Seismic Actions and Rules for Buildings. European
Committee for Standarization, 2004.

EC8-6. Eurocode 8: Design of Structures for Earthquake Resistance – Part
6: Towers, Masts and Chimneys. European Committee for Standarization,
2005.

D.N. Egglezos and G.D. Bouckovalas. ”Analytical Relationships for Earth-
quake Induced Pore Pressure in Sand, Clay and Silt”. 11th European
Conference on Earthquake Engineering, Balkema, Rotterdam., 1998.

K. Fujii, Y. Tamura, T. Sato, and T. Wakahara. ”Wind-Induced Vibration

II Master Thesis 2013

https:// wiki.csiberkeley.com/display/kb/Home
https:// wiki.csiberkeley.com/display/kb/Home


of Tower and Practical Applications of Tuned Sloshing Damper”. Journal
of Wind Engineering and Industrail Aerodynamics, 33:263–272, 1990.

M. Ghaffar-Zadech and F. Chapel. ”Frequency-Independent Impedances of
Soil-Structure Systems in Horizontal and Rocking Modes”. Earthquake
Engineering & Structural Dynamics, 11(4):532–540, 1983.

GL. Guideline for the Certification of Wind Turbines. Germanischer Lloyd,
Hamburg, Germany, 2010.

GL. Guideline for the Certification of Offshore Wind Turbines. Germanischer
Lloyd, Hamburg, Germany, 2012.

O.T. Gudmestad. ”Seismic Design of Facilities for the Oil and Gas Industry,
Risk Based Seismic Design Criteria & Upgrading of Existing Facilities”.
Journal of Seismology and Earthquake Engineering, 5(3):55–62, 2003.

M. Hänler, U. Ritschel, and I. Warnke. ”Systematic Modelling of Wind Tur-
bine Dynamics and Earthquake Loads on Wind Turbines”. European Wind
Energy Conference and Exhibition, European Wind Energy Association,
Athens, Greece, 2006.

B.O. Hardin and V.P. Drnevich. ”Shear Modulus and Damping in Soils;
Design Equations and Curves”. Journal of Soil Mechanics and Foundation
Engineering, Proceedings of ASCE, 98(7):667–692, 1972.

E. Hau. Wind Turbines. Springer-Verlag Berlin & Heidelberg, 2006.

H.M. Hilber, T.J.R. Hughes, and R.L. Taylor. ”Improved Numerical Dissipa-
tion for Time Integration Algorithms in Structural Dynamics. Earthquake
Engineering and Structural Dynamics, 5(3):283–292, 1977.

T.J.R. Hughes. The Finite Element Method: Linear Static and Dynamic
Finite Element Analysis. Prentice-Hall, Inc., 1987.

J. L. Humar. Dynamics of Structures. CRC Press, 2nd edition, 2005.

IBC. International Building Code 2006 - Section 1613 Earthquake Loads.
International Code Council, 2006.

IEC. IEC 61400-1: Wind Turbines – Part 1: Design Requirements. Interna-
tional Electronical Commission, 3rd edition, 2005.

IEC. IEC 61400-3: Wind Turbines – Part 3: Design Requirements for
Offshore Wind Turbines. International Electronical Commission, 3rd
edition, 2009.

Master Thesis 2013 III



BIBLIOGRAPHY

F. Irgens. Continuum Mechanics. Springer-Verlag Berlin & Heidelberg, 2008.

I. Ishibashi and X. Zhang. ”Unified Dynamic Shear Moduli and Damping
Rations of Sands and Clay”. Soils & Foundations, 33(1):182–191, 1993.

T. Ishihara and M.W. Sarwar. ”Numerical and Theoretical Study on Seismic
Response of Wind Turbines”. Department of Civil Engineering, The
University of Tokyo, 2008.

B.J. Jonkman. ”TurbSim User’s Guide: Version 1.50”. Technical Report No.
NREL/TP-500-46198, National Renewable Energy Laboratory, September
2009.

J. Jonkman and M.L. Buhl Jr. ”FAST Users Guide”. Technical Report No.
NREL/EL-500-38230, National Renewable Energy Laboratory, August
2005.

J. Jonkman, S. Butterfield, W. Musial, and G. Scott. ”Definition of a 5-MW
Reference Wind Turbine for Offshore System Development”. Technical
Report No. NREL/TP-500-38060, National Renewable Energy Laboratory,
February 2009.

O. Kiyomiya, T. Rikiji, and P.H.A.J.M. van Gelder. ”Dynamic Response
Analysis of Onshore Wind Energy Power Units During Earthquakes and
Wind”. Proceedings of the Twelfth International Offshore and Polar
Engineering Conference, Kitakyushu, Japan, 2002.

R.A. Kjørlaug. Earthquake Engineering – Analysis & Design of Typical
Norwegian Buildings. Norwegian University of Science & Technology,
2012.

S.L. Kramer. Geotechnical Earthquake Engineering. Prentice-Hall, Inc., 1st
edition, 1996.
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A. Global Wind Power
Rankings

A.1 Global Wind Power Rankings of 2011

From 2005 through 2008 the U.S. was the leading nation in annual wind
power capacity. However, from 2008 through 2011 the U.S. has been second
to China [Wiser and Bolinger, 2012].

Table A.1: International rankings of wind power capacity [Wiser and
Bolinger, 2012].

Annual Capacity Cumulative Capacity
(2011, MW) (end of 2011, MW)

China 17 631 China 62 412
U.S. 6 816 U.S. 46 916
India 3 300 Germany 29 248
Germany 2 007 Spain 21 350
U.K. 1 293 India 16 266
Canada 1 267 U.K. 7 155
Spain 1 050 France 6 836
Italy 950 Italy 6 733
France 875 Canada 5 278
Sweden 763 Portugal 4 214
Rest of World 5 766 Rest of World 34 453
TOTAL 41 718 TOTAL 240 861
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B. Additional Theoretical
Aspects

B.1 Vandermonde System for Deciding Damping
Ratios

If M modal damping ratios are prescribed, the process of obtaining ξ =
ξ1, ..., ξM includes solving Equation (B.1):


1 ω2

1 ω4
1 . . . ω2M−2

1
1 ω2

2 ω4
2 . . . ω2M−2

2
...

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

1 ω2
N ω4

N ... ω2M−2
N




a0
a1
...

aM−1

 =


2ω1ξ1
2ω2ξ2

...
2ωMξM

 (B.1)

(N = M = Nmod)

The matrix in Equation (B.1) is a Vandermonde matrix. Under certain con-
ditions the numerical solution of Equation (B.1) may become ill-conditioned
[Luco, 2008b].

B.2 Definitions of Some Earthquake Quantities

Definitions of different magnitudes [Kramer, 1996]:

• Moment magnitude:

Mw = logM0
1.5 − 10.7 (B.2)

M0 = µAD (B.3)

where µ is the rupture strength of the material along the fault, A the
rupture area, and D the average amount of slip.
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• Surface wave magnitude:

Ms = logA+ 1.66log∆+ 2.0 (B.4)

Here, A is the maximum ground displacements in micrometers and ∆
is the epicentral distance in degrees of the seismometer.

• Body wave magnitude:

mb = logA− logT + 0.01∆+ 5.9 (B.5)

For this magnitude, A is the p-wave amplitude in micrometers. T is
the period of the p-wave.

• Richter local magnitude: This is defined as the logarithm of the max-
imum trace amplitude recorded on a Wood-Anderson seismometer
located 100 km from the epicentre of the earthquake.

Definitions of some ground motion parameters [Kramer, 1996]:

• RMS Acceleration:

aRMS =
√

1
Td

∫ Td

0
[a(t)]2dt =

√
λ0 (B.6)

Td is the duration of the strong motion. λ0 is the average intensity
(mean-squared acceleration).

• Arias Intensity:

Ia = π

2g

∫ ∞
0

[a(t)]2dt (B.7)

B.3 Transform Functions

The Fourier Spectra in this thesis is obtained through Fourier Amplitude
Spectrum:

Any periodic function that meets certain conditions can be expressed as
the sum of a series of sinusoids of different amplitude, frequency and phase.
Thus, e.g. an earthquake time series or response time series can be expressed
as:

üg(t) ≈ c0 +
∞∑

n=1
cnsin(ωnt+ φn) (B.8)
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Normally, for earthquakes c0 = 0, as this represent the average value of the
input function from t = [0, tend]. Further, cn is the amplitude of the different
Fourier coefficients:

cn =
√
a2

n + b2
n (B.9)

an = 2
tend

∫ tend

0
üg(t)cos ωnt dt (B.10)

bn = 2
tend

∫ tend

0
üg(t)sin ωnt dt (B.11)

It is the amplitude which is utilized throughout this thesis. For further
reading, see Kramer [1996]; Chopra [2012]; Humar [2005]. Matlab-script for
discrete Fourier transform is presented below:

function [f,FFourT,fend] = ffourier_trans(A,dt)
% Fast Fourier Transform by Power Spectrum
% Input:
% A = Vector to be performed FFT on [various]
% dt = Size of timestep [s]
% NOT IN USE: freq_end = Last frequency of interest [Hz]
%
% Output:
% f = Frequency-vector of interest [Hz]
% FFourT = Fourier transformed vector
%
% Written by Remi A. Kjoerlaug, March 2013
% Master Thesis on Wind Turbines.

fs = 1/dt;
nyqf = fs/2;
fend = nyqf;
f = linspace(0,fend,round(length(A)/2));
aVf = A - mean(A);
fftaVf = 2*(fft(aVf))/round(length(A));
ak = (imag(fftaVf(1:round(length(A)/2))));
bk = (real(fftaVf(1:round(length(A)/2))));
ck = sqrt(ak.ˆ2+bk.ˆ2);
FFourT = ck;
% END

B.4 Matlab Script Resp Spec.m

The following script utilizes Newmarks’ method with linearly varying ac-
celeration to obtain maximums responses of a SDOF system with varying
natural frequency, in order to produce pseudo acceleration spectra [Chopra,
2012].
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function [T,Sd,Sa]=Respons_Spec(t,acc,dmp)
% Script that produces Sd and Sa.
% Input:
%
% t = Time vector, uniform timestep
% acc = Acceleration vector
% dmp = Damping [%]
%
% Output:
% T = Natural Periods
% Sd = Response Displacement Spectra
% Sa = Response Acceleration Spectra
%
% Written by Remi A. Kjoerlaug, May 2013
% Master Thesis on Wind Turbines.

%Newmark constants etc.
gamma=1/2; beta=1/6; Tend=5;
xi = dmp/100; dt=t(2)-t(1); T(1)=0;

for i =1:round(Tend/dt); %For every natural period
m=1;
omega(i)=2*pi/T(i) ;
k=omega(i)ˆ2*m;
c=2*xi*omega(i)*m;
km=k+gamma/beta/dt*c+1/beta/dtˆ2*m;
a=1/beta/dt*m+gamma/beta*c ;
b=1/2/beta*m+dt*(gamma/2/beta-1)*c ;

for j =1:(length(acc)-1); %Perform Newmark to obtain dyn. response
u(1)=0;
v(1)=0;
ac(1)=0;
dpm=(acc(j+1)-acc(j))*m+a*(v(j))+b*ac(j);
du=dpm/km;
dv=gamma/beta/dt*du-gamma/beta*v(j)+dt*(1-gamma/2/beta)*ac(j);
dac=1/beta/dtˆ2*du-1/beta/dt*v(j)-1/2/beta*ac(j);
u(j+1)=u(j)+du;
v(j+1)=v(j)+dv;
ac(j+1)=ac(j)+dac;

end
Sd(i)=max(u); %Maximum displacement for each natural period
Sa(i)=omega(i)ˆ2*Sd(i); %Pseudo acceleration response spectra
T(i+1)=T(i)+dt;
end
Sa(1)=max(abs(acc));
Sa(2)=Sa(1);
Sd=Sd’;
Sa=Sa’;
T=T’;
T(end)=[];

% End
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C. Elaborated 65-kW Wind
Turbine

C.1 Existing Wind Turbine

Figure C.1 shows the 65-kW wind turbine installed at LHPOST@UCSD,
and indicates direction of shaking.

Figure C.1: Actual 65-kW wind turbine at LHPOST@UCSD [Prowell et al.,
2009].
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C.2 2004 Shake Table Test at UCSD

Figure C.2 shows a schematic set-up of the 65-KW wind turbine and the
accelerometers used in Prowell et al. [2009]. It also reflects the acceleration
output from the SAP2000 analysis conducted in this study.

Figure C.2: Schematic of 65-kW wind turbine [Prowell et al., 2009].

C.3 Modal Participation Table from this Study

Table C.1 shows modal participation factors for the numerical model of the
65-kW wind turbine, developed in this study. Only the ten first modes is
showed in Table C.1, as only ten modes is utilized in the modal analysis (as
explained in Chapter 4.4.2).
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Table C.1: Modal participation factors for the 65-kW wind in SAP2000.

Mode # fn Ux Uy Uz Rx Ry Rz
[-] [Hz] [-] [-] [-] [-] [-] [-]
1 1,66 0,0000 0,6527 0,0003 0,9653 0,0000 0,0000
2 1,68 0,6569 0,0000 0,0000 0,0000 0,9672 0,0602
3 9,16 0,0000 0,0228 0,0001 0,0058 0,0000 0,0000
4 11,85 0,0086 0,1319 0,0078 0,0227 0,0015 0,0014
5 11,87 0,1538 0,0074 0,0004 0,0013 0,0267 0,0216
6 18,20 0,0031 0,0000 0,0000 0,0000 0,0003 0,5773
7 26,20 0,0000 0,0298 0,3553 0,0019 0,0000 0,0000
8 32,19 0,0678 0,0002 0,0009 0,0000 0,0033 0,0015
9 32,41 0,0002 0,0377 0,3049 0,0018 0,0000 0,0000
10 46,60 0,0000 0,0135 0,0999 0,0004 0,0000 0,0000

C.4 Meteorological Data from Extended Shake Ta-
ble Test (2010)

Table C.2 shows gathered meteorological data from Prowell et al. [2013]; the
extended shake table test. The wind speed was measured from four local
weather stations, and approximated using basic wind theory to the height of
the nacelle. Wind direction is relative to the north, and for the configuration
for side-side shaking, the turbine itself was 0° from the north. Also, the
temperature and relative humidity was measured. Index refers to different
tests.

Table C.2: Meteorological Data from Prowell et al. [2013].

Index Nacelle Wind Speed Wind Direction Temp. Rel. Hum.
[-] [m/s] [°] [°C] [%]
1 2,5 209 17 50
2 2,7 195 17 50
3 2,4 203 17 50
4 2,0 211 17 51
5 3,3 262 25 29
6 3,1 268 25 29
7 3,5 197 17 48
8 3,9 198 17 44
9 4,5 203 17 49
10 4,5 203 16 49
11 5,1 207 16 50
12 4,5 204 16 52
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D. Elaborated 5-MW Wind
Turbine

D.1 Natural Frequencies of Soils & Further Vali-
dation of Modelled Soil

Table D.1 presents the first six natural frequencies of a uniform, damped
soil on rigid rock based on theory from Kramer [1996], using Equation (5.6)
with n = [0, 5].

Table D.1: Theoretical natural frequencies of soil.

Vs Frequency n [Hz]
[m/s] 0 1 2 3 4 5

Horizontal, X

1000 8,33 25,00 41,67 58,33 75,00 91,67
900 7,50 22,50 37,50 52,50 67,50 82,50
800 6,67 20,00 33,33 46,67 60,00 73,33
700 5,83 17,50 29,17 40,83 52,50 64,17
600 5,00 15,00 25,00 35,00 45,00 55,00
500 4,17 12,50 20,83 29,17 37,50 45,83
400 3,33 10,00 16,67 23,33 30,00 36,67
300 2,50 7,50 12,50 17,50 22,50 27,50
200 1,67 5,00 8,33 11,67 15,00 18,33
100 0,83 2,50 4,17 5,83 7,50 9,17

Vertical, Z

1000 14,43 43,30 72,17 101,04 129,90 158,77
900 12,99 38,97 64,95 90,93 116,91 142,89
800 11,55 34,64 57,74 80,83 103,92 127,02
700 10,10 30,31 50,52 70,73 90,93 111,14
600 8,66 25,98 43,30 60,62 77,94 95,26
500 7,22 21,65 36,08 50,52 64,95 79,39
400 5,77 17,32 28,87 40,41 51,96 63,51
300 4,33 12,99 21,65 30,31 38,97 47,63
200 2,89 8,66 14,43 20,21 25,98 31,75
100 1,44 4,33 7,22 10,10 12,99 15,88
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D. Elaborated 5-MW Wind Turbine

Figure D.1 presents validation for the modelled soil for Vs 800, 700 and 600
m/s. This soil was utilized for the vertical set-up.

Figure D.1: Validation for soil with Vs = 800, 700 & 600 [m/s] in SAP2000
in vertical set-up.

D.2 Matlab Script wind simulation.m

The following script simulates a turbulent wind field, with a given average
wind velocity. Mainly, theory from Strømmen [2010] and recommendations
from EC1-4 [2004] is applied.

% Wind Simulation:
%
% wind_simulation.m:
% simulates a mean wind velocity + turbulent wind
% component and scales the wind to equivalent thrust force.
%
% Written by Remi André Kjørlaug, May 2013
% Master Thesis on Wind Turbines.

clear all
close all
clc

fs = 18; l = 2; % Fontsize, linewidth
Size = [100 50 800 500]; % place x, place y, width, height

% Start
t0 = 0; tend = 60; dt = 0.01; t = t0:dt:tend;
u = zeros(size(t));
V = 11.4; %Mean wind velocity at operational power

omega0 = 0; omegaend = 20; domega = 0.01; Omega = omega0:domega:omegaend;
N = length(Omega);

XX Master Thesis 2013



type = input(’Simulate new wind, [y] = 1, [n] = 2: ’);
if type == 1; % If simulate new wind

zf = 90; % Height of turbine
xfLu0 = 100;
zf0 = 10;
z0 = 0.3; % Friction length
Au = 6.8/(2*pi);

xfLu = xfLu0*(zf/zf0)ˆ0.3;
Iu = 1/log(zf/z0);

dOmega = domega*ones(size(Omega));
dOmega(1) = dOmega(1)/2; dOmega(N) = dOmega(N)/2;

Su = (Iuˆ2)*V*Au*xfLu*ones(size(Omega))./(1+1.5*Au*Omega*xfLu/V).ˆ(5/3);

for k = 1:N
u = u + sqrt(2*Su(k)*dOmega(k))*cos(Omega(k)*t+2*pi*rand);

end

U = V + u;
sigmau = std(u);

%Scale to equivalent thrust force
fid = fopen(’D:\01. Remi\Dokumenter\00. Master\Matlab\
[......]
WindSpeedRelationships.txt’,’r’);
data = textscan(fid,’%f %*d %*d %*d %f %*d %*d %*d %*d %*d %*d %*d %*d %*d’ [......]
,’Delimiter’,’,’,’headerLines’,2);
fclose(fid);
wind_ref = data{1};
Thrust_ref = data{2};
Utemp = round(U);
T = zeros(size(Utemp));

for i = 1:length(Utemp);
flag = 0;
for j = 1:length(wind_ref)-1

while flag == 0;
if Utemp(i) ˜= wind_ref(j)

flag = 0;
else

flag = 1;
T(i) = Thrust_ref(j);

end
j = j + 1;

end
end
i = i + 1;

end

T = smooth(T,100);

%Save thrust force file
WindSim = fopen(’D:\01. Remi\Dokumenter\00. Master\Modell\EarthQuakes\ [......]
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wind_simulation_force_matlab.txt’,’w’);
fprintf(WindSim,’%2.6f\n’,T’);
fclose(WindSim);
%Save wind velocity file
WindSimVel = fopen(’D:\01. Remi\Dokumenter\00. Master\Modell\EarthQuakes\
[......]
wind_simulation_vel_matlab.txt’,’w’);
fprintf(WindSimVel,’%2.6f\n’,U’);
fclose(WindSimVel);

elseif type == 2; %Use old simulation

% Wind Vel
fid = fopen(’D:\01. Remi\Dokumenter\00. Master\Modell\EarthQuakes\
[......]
wind_simulation_vel_matlab.txt’,’r’);
data = textscan(fid,’%f’);
fclose(fid);
U = data{1};

% Wind Force
fid = fopen(’D:\01. Remi\Dokumenter\00. Master\Modell\EarthQuakes\
[......]
wind_simulation_force_matlab.txt’,’r’);
data = textscan(fid,’%f’);
fclose(fid);
T = data{1};

end

%
%Plotting

% Wind velocity
WindSimulSpeed = figure(’color’,’w’); plot(t,U,’color’,’k’,’linewidth’,l); hold on;
line_rated = line([0 60],[V V]);
set(line_rated,’Linewidth’,3,’Color’,’k’,’linestyle’,’:’);
title(’A Time Domain Simulation of Wind Velocity at Hub Height’,’fontsize’,fs);
legend(’Wind velocity’,’Rated wind velocity’,’fontsize’,fs-2);
ylabel(’V+u [m/s]’,’fontsize’,fs-1);
xlabel(’Time [s]’,’fontsize’,fs-1);
set(WindSimulSpeed,’Position’,Size);
set(WindSimulSpeed,’Paperposition’,[0 0 25 8]);
saveas(gcf,[’D:\01. Remi\Dokumenter\00. Master\LaTeX\grafer\
[......]
wind_simulation_speed.png’],’png’)

% Force
WindSimulForce = figure(’color’,’w’); plot(t,T,’color’,’k’,’linewidth’,l);
title(’A Time Domain Simulation of Wind Induced Thrust Force’,’fontsize’,fs);
ylabel(’Thrust Force [kN]’,’fontsize’,fs-1);
xlabel(’Time [s]’,’fontsize’,fs-1);
set(gca,’YTick’,[200:200:800]);
set(WindSimulForce,’Position’,Size);
set(WindSimulForce,’Paperposition’,[0 0 25 8]);
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saveas(gcf,[’D:\01. Remi\Dokumenter\00. Master\LaTeX\grafer\
[......]
wind_simulation_force.png’],’png’)

% Fourier Transform
fend = omegaend/(2*pi);
[f,WindF] = ffourier_trans(U,dt);

WindSimSpec = figure(’color’,’w’); plot(f,smooth(WindF,1),’k’,’linewidth’,l);
axis ([0 fend 0 max(WindF+0.1*max(WindF))]);
title(’Frequency Power Spectra of Wind’,’fontsize’,fs);
xlabel(’Freq [Hz]’,’fontsize’,fs-1); ylabel(’Ck [gˆ{2} \cdot s]’,’fontsize’,fs-1);
set(WindSimSpec,’Position’,Size);
set(WindSimSpec,’Paperposition’,[0 0 10 10]);
saveas(gcf,[’D:\01. Remi\Dokumenter\00. Master\LaTeX\grafer\
[......]
wind_simulation_spectra.png’],’png’)

% END

D.3 Discretized Wind Turbine Tower

Figure D.2 shows the principle of the discretized turbine tower.
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Figure D.2: Discretized wind turbine tower.

The same number of shell-elements (16) were utilized for both the 65-kW
wind turbine, and the 5-MW wind turbine.

Master Thesis 2013 XXIII



D. Elaborated 5-MW Wind Turbine

D.4 Ground Types According to Eurocode 8

Table D.2: Ground types defined in EC8.

Ground
Type

Description of stratigraphic
profile

Vs,30 [ms−1] NSP T [blows/30
cm]

cu [kPa]

A Rock or other rock-like geological for-
mation, including at most 5 m of
weaker material at the surface.

> 800 - -

B Deposits of very dense sand, gravel,
or very stiff clay, at least several tens
of m in thickness, characterised by a
gradual increase of mechanical prop-
erties with depth.

360− 800 > 50 > 250

C Deep deposits of dense or medium-
dense sand, gravel or stiff clay with
thickness from several tens of many
hundreds of m.

180− 360 15− 50 70− 250

D Deposits of loose-to-medium cohe-
sionless soil (with or without some
soft cohesive layers), or of predomi-
nately soft-to-firm cohesive soil.

< 180 < 15 < 70

E A soil profile consisting of a sur-
face alluvium layer with Vs,30 val-
ues of type C or D and thickness
varying between about 5 m and 20
m, underlain by stiffer material with
Vs,30 > 800ms−1.

Vs,30 is the average value of propagation velocity of shear waves in the upper
30 m of the soil profile at a shear strain of 10−5 or less [EC8-1, 2004]. In
this project, Vs,30 (herein plainly Vs) is the parameter that has been varied
in order to study the effects of the different soils.
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E. Various Results from
Analysis

E.1 Additional Results from Vertical Set-Up

E.1.1 Vertical Acceleration in Turbine Tower

Vs = 1000 m/s:

Figure E.1: Vertical time serie response from SAP2000 for the Nahanni
earthquake, Vs = 1000 m/s (Modeltype: I-V & II-V)

Figure E.2: Vertical transform function for the Nahanni earthquake, Vs =
1000 m/s (Modeltype: I-V & II-V)
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Vs = 800 m/s:

Figure E.3: Vertical time serie response from SAP2000 for the Nahanni
earthquake, Vs = 800 m/s (Modeltype: I-V & II-V)

Figure E.4: Vertical transform function for the Nahanni earthquake, Vs =
800 m/s (Modeltype: I-V & II-V)
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Vs = 600 m/s:

Figure E.5: Vertical time serie response from SAP2000 for the Nahanni
earthquake, Vs = 600 m/s (Modeltype: I-V & II-V)

Figure E.6: Vertical transform function for the Nahanni earthquake, Vs =
600 m/s (Modeltype: I-V & II-V)
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E. Various Results from Analysis

Vs = 500 m/s:

Figure E.7: Vertical time serie response from SAP2000 for the Nahanni
earthquake, Vs = 500 m/s (Modeltype: I-V & II-V)

Figure E.8: Vertical transform function for the Nahanni earthquake, Vs =
500 m/s (Modeltype: I-V & II-V)
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Vs = 300 m/s:

Figure E.9: Vertical time serie response from SAP2000 for the Nahanni
earthquake, Vs = 300 m/s (Modeltype: I-V & II-V)

Figure E.10: Vertical transform function for the Nahanni earthquake, Vs

= 300 m/s (Modeltype: I-V & II-V)
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E.1.2 Procedure for Investigating Radiation Damping

If a model containing soil is excited with a frequency higher than the cut-off
frequency (Equation (5.6) with n = 0 and Vs/p = Vs), waves will propagate
by Rayleigh waves and shear waves.

Similar as Figure 6.8b, a dash-pot with a damping coefficient C (obtained by
Equation (8.2)) was added in addition to the already present spring. Further,
a ramp-force was applied vertically at the top of the wind turbine. This
force was released after 5 s in order to provoke free-vibration phase in the
vertical direction.

Figure E.11: Investigation of free-vibration phase and radiation damping
(Modeltype: I-V & II-V)

Further, the logarithmic decrement method [Chopra, 2012] was utilized on
the displacement plots in Figure E.11, in order to obtain some information
of the magnitude of radiation damping. Results were presented in Table 8.3.
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E.2 Additional Results from Horizontal Set-Up

E.2.1 Dynamic Response from Earthquake

Vs = 1000 m/s

Figure E.12: Horizontal time series response from SAP2000 for the Na-
hanni earthquake, Vs = 1000 m/s (Modeltype: I-H)

Figure E.13: Horizontal transform functions for the Nahanni earthquake,
Vs = 1000 m/s (Modeltype: I-H)
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E. Various Results from Analysis

Vs = 500 m/s

Figure E.14: Horizontal time series response from SAP2000 for the Na-
hanni earthquake, Vs = 500 m/s (Modeltype: I-H)

Figure E.15: Horizontal transform functions for the Nahanni earthquake,
Vs = 500 m/s (Modeltype: I-H)
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Base Moment Demand

Base moment demand from Configuration II:

(a) Vs = 1000 m/s. (b) Vs = 500 m/s. (c) Vs = 300 m/s.

Figure E.16: Moment demand at base for different Vs (II-H).

E.3 Further Attachments

For further attachments; script, results, various models, literature and tables,
direct contact with the author is preferred.

remi ak87@hotmail.com
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