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TUNED-MASS DAMPER CONCEPT FOR VORTEX-INDUCED 
VIBRATION MITIGATION OF A CYLINDRICAL TOWER  

EXECUTIVE SUMMARY 

A 150-ft tall cylindrical tower at a test facility has experienced several instances of highly 
magnified (×35) wind-induced base bending moments that have raised concerns for the 
tower’s structural integrity. Anemometer and tower base load cell data recorded during 
two of those instances are analyzed as a precursor for the development of tuned-mass 
damper (TMD) concept designs for two tower configurations intended to reduce the 
maximum-observed base bending moment by 80%. Analyses confirm that the peak base 
bending moments resulted from turbulent vortex shedding-induced resonant excitation 
of the tower’s fundamental sway mode at 0.94 Hz, which occurs at a sustained 
north/south wind speed of 30.8 mph. The tower, configured with the Low-Mass Head, is 
most susceptible to vortex-induced excitation during the colder winter months when the 
kinematic viscosity of air is lowest and in an east/west wind where the resonance 
frequency is slightly higher. Vortex shedding at the lower sway resonance frequency when 
the High-Mass Head is attached may not occur at all as experimental studies have not 
observed vortex street formation in this Reynold’s number regime. A 1250-lbm 
pendulum-type TMD is recommend for the Low-Mass Head configuration and should 
reduce the base bending moment by 85% to 90%. A 500-lbm water-filled (or solid mass) 
pendulum-type TMD is recommended for the High-Mass Head configuration; however, 
the TMD is not required for this configuration.  
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1. BACKGROUND 

The 150-ft-tall tower at the test facility is illustrated in Figure 1. The tower is restrained to the base 
by four shear pins and the base is supported on four flexures (1000 kip/in). The weight of the tower and the base 
are measured via four instrumented shear pins located just above the flexures. The tower is capped by a Low-Mass 
Head or a High-Mass Head depending on facility operational requirements. There have been several occasions when 
the tower experienced severe wind-induced excitation resulting in large base bending moments in the 12-ft-
diameter tower (with the Low-Mass Head). Facility personnel have attributed these events to vortex-induced 
resonant motion of the tower and are concerned that the magnitude of the generated base moment can exceed the 
structural capability of the tower. Two of the more significant events occurred in December 2015 and produced peak 
bending moments five times higher than the preferred upper limit. 

 
Figure 1 Depiction of Base, Tower, Low-Mass Head, and High-Mass Head  

Facility personnel currently install guy wires extending down from the top of the tower to the 
ground as a stop-gap means of restraining the tower for the relatively long periods of time. The process of installing 
the guy wires is lengthy; hence, facility management is considering other hands-off options for providing protection 
against wind-induced excitation of the tower, including the installation of tuned-mass dampers for each tower 
configuration. 

A Tuned-mass damper (TMD) is effective when a resonant mode of the structure is responsible for 
magnifying the structural response. The TMD consists of a mass, a spring, and a damper that is attached to the 
structure. The TMD stiffness is “tuned” (i.e., selected) to a specific resonance frequency based on the TMD sprung 
mass. If the TMD mass is small compared to the modal mass of the tower’s resonant mode, then the tuning frequency 
is very close to the tower’s resonance frequency. If the TMD mass is relatively large (say 10% of the modal mass), 
then the tuning frequency drops to 80% to 90% of the host structure’s resonance frequency. Damping levels for the 
TMD damper range from 2% critical damping for low-mass applications to higher than 25% for high-mass 
applications. The mitigation provided by the TMD depends directly on the TMD mass. A relatively small TMD can 
provide significant mitigation, but the incremental improvement in mitigation lessens as the mass increases.  

High-Mass Head

Low-Mass Head

Tower

Base
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Two TMD configurations are of interest: (1) A TMD mounted inside the Low-Mass Head when there 
is no High-Mass Head present and (2) a TMD mounted inside the High-Mass Head, when the Low-Mass Head is 
removed. Each configuration has a different tower resonance frequency because of the mass difference at the top 
of the tower. 

2. ENVIRONMENTAL DATA ANALYSIS—VORTEX SHEDDING ASSESSMENT 

Several instances where significant wind-induced motions of the tower have occurred and the data 
acquired from the support pins and anemometers during the two events in December 2015 have been provided for 
this study. The tower base is supported on four (4) flexures with a measured vertical stiffness of 1000 kip/in. The 
flexures are separated by 11 ft in the east/west direction and 23.5 ft in the north/south direction. The mean-deleted 
force pin data at the flexures obtained during the December 27 event are plotted in Figure 2. The force pin data 
show an elevated wind-induced dynamic response that lasts for about 5 minutes and reaches a peak at about 
1200 sec into the record.  A similar elevated response was observed during the December 13 event. 

 
Figure 2 Base Force Pin Data 

Wind speed data obtained from on-site anemometers are plotted in Figure 3 for the December 13 
event on the left-hand side and for the December 27 event on the right-hand side based on a 20-sec average. The 
“Low” anemometer is located about 30 ft above the ground and 300 ft from the tower. The “High” anemometer is 
260 ft above the ground and 600 ft from the tower. The top of the tower is about 170 ft above the ground. 

Facility personnel have attributed the heightened dynamic response to vortex-induced vibration. 
Vortex shedding from long circular cylindrical bodies is well documented and the tower is a long (150 ft) circular 
cylindrical (12-ft diameter) body; hence, vortex shedding is a logical hypothesis. The vortex shedding phenomenon 
is illustrated in Figure 41. This top-down view shows fluid flow impinging on a cylindrical body. For certain flow 
regimes defined by the Reynolds number, vortices can form and alternately release from each side of the body. Each 

                                                 
1  Lienhard, J.H., “Synopsis of Lift, Drag, and Vortex Frequency Data for Rigid Circular Cylinders,” Washington State University, 

Bulletin 300, 1966. 
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vortex is accompanied by a build-up of forces, followed by the abrupt decrease in those forces as the vortex releases 
from the structure. 

 
Figure 3 Anemometer Data from December 13, 2015 (Left) and December 27, 2015 (Right) 

 
Figure 4 Vortex Shedding Phenomenon and Associated Forces 

The vortex shedding frequency, fvortex, is determined from the free stream velocity, the diameter 
of the body, and a characteristic number known as the Strouhal number, S, per: 

 
D

SV
fvortex 

 (1) 

The transverse force time history exhibits a fundamental frequency of fvortex, whereas the in-line force time history 
will have a fundamental frequency of 2fvortex because the forces act in the same downstream direction for the in-line 
case. The line of action for the transverse forces alternate from side to side. Hence, if vortex shedding is a viable 
explanation for the observed elevated force pin response shown in Figure 2, the force pin time history should exhibit 
a dominate frequency. 

A time-frequency spectrogram computed from the F3 pin data is shown in the left-hand side of 
Figure 5. The spectrogram shows the frequency content in a signal at successive small time intervals. Persistent 
vertical features (i.e., constant frequency) are associated with oscillatory response at that frequency. The magnitude 
for the response is color coded with red/maroon representing high response and blue/black representing low 
response. The F3 data show a strong and persistent response at 0.94 Hz, which reaches a maximum between 900 sec 
and 1300 sec that corresponds to the heightened response shown in Figure 2.  
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Power spectra for all four force pin channels are plotted on the right-hand side of Figure 5. The 
power spectra show the frequency content averaged over the total 3000-sec time record. The variable magnitude 
of the response for a given frequency evident in the spectrogram implies that the magnitude of the power spectra 
are not representative of the response; however, the frequencies at which the heightened response occurs are 
accurate. In this case, the fundamental frequency, f0, is 0.94 Hz with heightened response at integer multiples of the 
fundamental (the harmonics at 2×f0, 3×f0, 4×f0, …). The presence of a strong response at a fundamental frequency 
and lower-amplitude responses at the harmonics are consistent with vortex shedding. The abrupt release of vortices 
at fvortex also create harmonics at 2×fvortex, 3×fvortex, 4×fvortex, etc. 

 
Figure 5 Force Pin Time-Frequency Spectrogram for F3 (Left) and Power Spectra (Right) 

The flow regime as defined by the Reynolds number must also be consistent with the vortex 
shedding phenomenon. Vortex shedding is known to occur for 40 < Re < 3×105 (for laminar and transition to 
turbulent flow) and for 3.5×106 < Re for a fully turbulent vortex street. Vortex formation is not observed for the flow 
regime defined by 3×105 < Re < 3.5×106. The non-dimensional Reynolds number depends upon the kinematic 

viscosity, , of the fluid: 
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where the kinematic viscosity applies for an air temperature between 40 F and 50 F. The computed Reynolds 
number is consistent with the formation of a turbulent vortex street where the Strouhal number, S, is about 0.25 
according to Figure 6. If the lower bound for the Reynolds number range for turbulent vortex shedding is taken 
literally (which may not be strictly appropriate), vortex shedding from the tower is more likely during the winter than 

the summer because of the temperature dependence of the kinematic viscosity. For example, at 80 F the Reynolds 
number drops to 3.2×106, which is just below the onset of turbulent vortex street formation. On the other hand, an 

air temperature of 30 F raises the Reynolds number to 3.8×106, which is well within the turbulent vortex shedding 
flow regime. 

The flow regime for a wind speed of 45 ft/sec (30.8 mph) is consistent with vortex shedding from 
the 12-ft diameter tower and this wind speed is consistent with that measured at the site during the observed events 
as shown in Figure 3. Air temperature is a critical factor and historical weather conditions obtained from the 
timeanddate.com website for December 13 and 27, 2015 shown in Figure 7 confirm that the air temperature was at 

or below 50 F. Both of the observed dynamic events occurred following the passage of a cold front that dropped 

Channel: F3
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the ambient air temperature from 73 F to about 50 F and was accompanied by gusty wind conditions that reached 
the 30-mph mark during an early-morning thunderstorm. On December 13, the 30-mph wind speeds were recorded 
around 2 AM. 

 
Figure 6 Strouhal Number for Vortex Shedding Flow Regimes 

 

Figure 7 Weather Data for December 13 (Left) and December 27 (Right), 2015 from the Nearby Airport 

The diameter of the tower, the frequency-domain characteristics of the force pin data, measured 
wind speeds at the site, and air temperature are all consistent with the formation of a turbulent vortex street and 
the resulting vortex-induced vibration of the tower. The oscillations observed during the December 27 event 
occurred in the east/west direction, which implies that the prevailing wind direction was from the north or south 
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which also agrees with the wind direction shown in the right-hand side of Figure 7. Vortex shedding is confirmed for 
the dates identified.  

3. STRUCTURAL DYNAMICS MODEL 

The onset of vortex shedding at the shedding frequency, fvortex = 0.94 Hz, merely implies the 
presence of harmonic, rather than quasi-static or random, excitation. The greatly magnified response seen in the 
force pin response of Figure 2 requires dynamic magnification by a resonant mode of the structure with the same 
resonance frequency as the vortex shedding. The structural dynamics (modal) characteristics of the tower are 
therefore also a critical contributor to the observed response. 

Facility staff provided the weight distribution of the tower as shown in Figure 8 starting at the base 
pin support (Position = 160 in. at locations 5, 6, 7, and 8 shown in Figure 2)  and extending up to the top of the tower. 
The weight above a given position on the horizontal axis is plotted in the figure and goes to zero at the top of the 
tower. The tower weight distribution is shown as the blue line with dot symbols. The red line is the weight 
distribution as implemented in the dynamics model. Vertical steps in the weight profile correspond to concentrated 
masses at the position where the step occurs. The total weight of the Low-Mass Head is 1.22 kips and the High-Mass 
Head is 36 kips. 

  
Figure 8 Tower Mass Distribution 

The structural dynamics model developed for this study is illustrated in Figure 9. A six-degree-of-
freedom (6-DOF) model is developed for this study. The degrees of freedom include rotation of the base relative to 

the inertial frame (), rotation of the tower relative to the base (), three assumed modes describing the elastic 
bending deformation of the tower (with time-dependent magnitudes q1, q2, and q3), and the displacement of the 
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tuned-mass damper relative to its attachment point on the tower (q4). The three assumed mode shapes are the first 
three theoretical mode shapes for a uniform fixed-free beam given by: 

 00078.1,98187.0,36222.1and85476.7,69411.4,87509.1

coshsinhcossin)(
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and the mode-dependent constants ai and bi are determined numerically for the beam of length, L. 

The three assumed modes are not intended to accurately capture the second and third flexural 
modes of the tower; rather, the inclusion of three assumed mode shapes is intended to provide a more accurate 
description of the first bending mode by accounting for the nonuniformities such as the point masses and change in 
mass and stiffness distribution that occurs at x = 650 in. 

 
Figure 9 6-DOF Structural Dynamics Model 

The equations of motion for the 6-DOF model are derived using LaGrange’s equations. Expressions 
for the kinetic and potential energy and the virtual work are provided in Equation (4). The expressions for the kinetic 
energy, potential energy, and the virtual work are substituted into Lagrange’s Equations to obtain the six (6) 
governing equations of motion. 
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where  represents one of the generalized time-dependent coordinates: , , q1, q2, q3, or q4. 

The client performed a modal analysis with the tower pinned at each of its four support pins 
(thereby preventing participation of the tower base and flexures). The same boundary conditions are also 
implemented in a supporting SAP2000 model and the 6-DOF model2. The first three elastic mode resonance 
frequencies for the three models are summarized in Table 1. There is very good agreement for the first and second 
modes for the three models showing that the mass and stiffness distribution of the simplified models is sufficiently 
accurate.  

Table 1 Comparison of Pinned-Base Elastic Modes (No High-Mass Head or Low-Mass Head) 

Mode Client FEM SAP2000 6-DOF 

1 1.18 Hz 1.15 Hz 1.16 Hz 

2 6.80 Hz 6.40 Hz 6.80 Hz 

3 18.4 Hz 16.4 Hz 19.3 Hz 

 

The first lateral sway resonance frequency drops to 0.94 Hz when the Low-Mass Head mass is 
added to the top of the tower, stiffness of the flexures (1000 kip/in at four locations), and stiffness between the 
tower and the base (7500 kip/in at each of the four support pins) are included. The only unknown parameter that is 
adjusted to achieve agreement between the tower’s resonance frequency and the measured frequency in the force 
pin data is the tower-to-base stiffness of 7500 kip/in. This is the final piece in the puzzle: vortex-induced vibration 
occurred on December 13 and 27, 2015 and drove a resonant response of the tower that greatly magnified the 
response. 

The force pin data are used to compute the base moment during the vortex-induced vibration 
period for the December 27 event and is plotted in Figure 10. The most intense 5-min period of the 3000-sec time 
history is shown in the superimposed plot. Two curves are plotted in the figure. The “Average” curve is the mean 
bending moment computed from a moving 1-sec-long window. The “Envelope” curve is the maximum bending 
moment that occurred in each 1-sec window. A maximum base bending moment of about 1880 kip·ft occurred on 
December 27 and about 1350 kip·ft on December 13. These are also the maximum bending moments that the base 
of the tower experienced. In principle, the maximum bending moment should not vary significantly from event to 
event because the wind velocity that causes the vortex shedding frequency to coincide with the tower’s resonance 
frequency falls in a narrow range; hence the dynamic pressure also falls in a narrow range. The magnification of the 
bending moment is determined by the tower structural damping and the period over which the excitation is 
essentially harmonic.    

The distribution of the vortex shedding along the length of the tower is not known. A triangular, 
harmonic force distribution, defined as 

                                                 
2  Only three of the degrees of freedom are active in this analysis with no base flexibility or TMD. 
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is shown in Figure 9 based on the assumption that nearby structures interfere with coherent flow and vortex street 
formation near the base. The assumed distribution is not critical because the maximum moment is known and is 
used to determine the structural damping factor required to magnify the static base moment to the observed peak 
moment. A uniform distribution of vortex shedding produces a larger static moment and, therefore results in a 
higher damping factor than the triangular distribution. The static and resonant base bending moments are given by 
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 (7) 

The unsteady lift coefficient, CL ≈ 0.25, is estimated from Figure 11, which yields a very reasonable structural 

critical damping factor, , of 1.45%. 

 
Figure 10 Tower Base Moment VS Time from December 27, 2015 

The baseline structural dynamics model developed for this TMD study agrees with the critical 
features of the detailed FEM developed and validated by the client. The vortex-induced excitation and structural 
damping factor are consistent with the measured force pin data. These structural and vortex excitation models are 
used to predict the fundamental tower resonance frequency and the maximum base moment when the High-Mass 
Head is attached. The Low-Mass Head will be removed in this configuration; however, there are future plans to 
retain the Low-Mass Head with the High-Mass Head. The High-Mass Head adds significant mass (36 klbm) and 
increases the height of the tower by about 150 in.  

1880 kipft

1-sec average
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Figure 11 Unsteady Lift Coefficient for a Circular Cylinder VS Reynolds Number 

The fundamental resonance frequency of the tower drops from 0.94 Hz (flexural motion in the 
east/west plane) to 0.45 Hz (flexural motion in the north/south plane) when the High-Mass Head is attached. The 
wind speed at which vortices would be shed at the 0.45 Hz drops to 20 ft/sec (13.7 mph). The Reynolds number 

computed for 20 F decreases accordingly to 1.92×106, which falls within the flow regime where eddy shedding (see 
Figure 12), rather than vortex shedding, is expected per Figure 6. The coherent formation of vortices and attendant 
resonant excitation of the tower may therefore not occur when the High-Mass Head is attached. The more random 
turbulent wake will excite the tower and the fundamental sway mode will magnify the turbulence-induced base 
moment, but not to the extent that the fully correlated vortex street. It is conservative to assume that vortex 
shedding does occur at 0.45 Hz, in which case the maximum base moment is expected to be about 505 kip·ft under 
sustained vortex shedding and resonant mode amplification conditions.   

 
Figure 12 Expected Flowfield When the High-Mass Head is Attached 

4. PRELIMINARY TUNED-MASS DAMPER DESIGN 

The TMD is incorporated into the structural dynamics model as a point mass, spring, and viscous 
damper located where the TMD will be attached within the Low-Mass Head frame at the top of the tower and/or 
within the High-Mass Head3. The tuned-mass damper is intended to reduce the peak base bending moment by 80% 

                                                 
3  The assumed TMD attachment points are located at 1800 in. and 1937 in. above the tower pin restraints for the Low-Mass 

Head and High-Mass Head configurations.  
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relative to the maximum observed bending moment per discussions with client personnel; i.e., from 1880 kip·ft to 
375 kip·ft. The maximum permissible base bending moment is therefore taken as 375 kip·ft.  

The observed resonant conditions occurred for prevailing north/south winds, which excites vortex-
induced motion in the east/west plane where the tower’s fundamental sway mode resonance frequency is 0.94 Hz. 
Vortex shedding from east/west winds drive motion in the north/south plane where the fundamental sway mode is 
expected to be higher at 1.04 Hz. A higher wind speed is required to shed vortices at this frequency and the resulting 
increase in the dynamics pressure increases the maximum-expected base moment from 1880 kip·ft to 2300 kip·ft. 
Hence, a greater mitigation of 84% is required for the east/west wind scenario to reduce the base moment to 
375 kip·ft. 

If vortex shedding can occur for the lower wind speeds required to drive a resonant response in 
the tower when the High-Mass Head is attached, the TMD is required to reduce the base moment from the maximum 
resonant-magnified 505 kip·ft to 375 kip·ft (26% mitigation). In this scenario, the TMD is mounted within the High-
Mass Head. Future versions of the High-Mass Head and Low-Mass Head will permit both assemblies to be attached 
to the tower simultaneously; however, at present, the Low-Mass Head must be removed before the High-Mass Head 
is attached.  

The formal design of TMDs for this application is performed in three steps: (1) identification of the 
fundamental TMD parameters (mass, stiffness, and damping), (2) translation of the design parameters into a 
practical physical form, the concept design, that is compatible with the various geometric constraints, and (3) 
refinement of the concept design into a final design that satisfies all geometric and operational requirements and 
the mechanical drawings required for fabrication. The first two steps are addressed in this section. Final design is 
reserved for a follow-on phase as discussed in Section 5. 

4.1 PARAMETRIC PERFORMANCE ANALYSIS 

The effect of a tuned-mass damper is confined to the frequency range close to the resonance 
frequency it is tuned to address as shown in the base bending moment frequency response plotted in Figure 13 for 
the Low-Mass Head configuration (north/south winds) and various TMD mass options. The horizontal axis is the 
vortex shedding frequency (assuming vortices can be shed at that frequency) and the vertical axis is the base bending 
moment in tower based on a dynamic pressure computed for the critical velocity of 45 ft/sec. If the tower had a 
much higher fundamental resonance frequency (i.e., nearly rigid), the base bending moment would be a little over 
50 kip·ft; however, the flexible bending mode amplifies this static moment by a factor of about 35 to the maximum-
observed 1880 kip·ft when the lightly-damped elastic tower mode is driven at its resonance frequency of 0.94 Hz. A 
TMD dramatically increases the effective damping in this mode which greatly limits the magnification. 

A TMD effectively truncates the sharp resonant peak in the frequency response and replaces it 
with a more or less constant-amplitude plateau. The maximum base moment on the plateau decreases and the 
bandwidth of the plateau increases with increasing TMD mass. A zoomed-in portion of Figure 13 is provided in Figure 
14 that focuses on the effect that various mass TMDs have on the maximum response at the critical vortex shedding 
frequency of 0.94 Hz. A 1250-lbm TMD, for example, reduces the resonant-magnified bending moment from 
1880 kip·ft to 185 kip·ft—an 89% reduction in the vortex-induced resonant response. If the experimentally-observed 
limit on vortex street development for much smaller circular cylindrical bodies is valid for this structure, the 
minimum frequency for which vortices form and can be shed from the 12-ft-diameter tower is about 0.8 Hz. 
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Figure 13 Base Bending Moment Frequency Response for Various Low-Mass Head TMDs (North/South Wind)  

  
Figure 14 Base Bending Moment Frequency Response Near Tower Resonance Frequency  

A parametric study of the tower’s response to vortex-induced vibration with TMD’s of varying mass 
is shown in Figure 15 for the configuration with the Low-Mass Head and when the tower is configured with the High-
Mass Head. The TMD mass is plotted along the horizontal axis and the vertical axis provides the corresponding 
maximum possible mitigation for a properly-tuned (stiffness and damping) TMD. A value of 1.0 implies no mitigation 
(i.e., no or very poorly tuned TMD) and a value of 0.0 implies that the dynamic component of the bending moment 
is eliminated. As a general rule, a small-mass TMD provides a disproportionate level of mitigation compared to a 
high-mass TMD; however, low-mass TMD designs are more susceptible to analysis assumptions and manufacturing 
tolerance. As the mitigation-VS-mass curve approaches horizontal, very little benefit is obtained by increasing the 
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mass. The “knee” in the curve is the optimal cost effective design space as long as the mitigation objective is 
achieved.  

The TMD must be tuned to a specific resonance frequency to achieve the optimal performance. 
Similarly, the TMD also includes a damper to dissipate energy that must also be adjusted to achieve optimal 
performance. TMD performance is most sensitive to the tuning frequency and somewhat less sensitive to the 
damping level. The optimal tuning frequency ratio (resonance frequency of the TMD divided by the resonance 
frequency of the baseline structure) and the optimal critical damping factor for each of the TMD sprung-mass 
configurations are plotted in Figure 16. As the TMD mass increases, the tuning frequency decreases and the required 
critical damping coefficient increases. The performance, mass, stiffness, and damping relationships presented in 
Figure 15 and Figure 16 represent viable combinations of TMD parameters for a range of performance.   

 
Figure 15 Base Bending Moment Mitigation VS TMD Mass  

 
Figure 16 Optimal TMD Frequency Tuning Ratio and Critical Damping Ratio for Low-Mass Head Configuration  
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4.2 TMD CONCEPT DESIGNS 

The objective of the concept design phase is to identify a set of TMD parameters that provide 
acceptable performance and then convert those parameter sets into a physical form that is compatible with the 
various geometric constraints. The mitigation objective for the Low-Mass Head configuration is shown in Figure 15. 
In theory, a 450-lbm TMD attached to the Low-Mass Head will provide the desired level of mitigation for the worst-
case wind direction; however, there are other practical considerations that must be taken into account. First, the 
optimal mitigation is seldom achieved in reality. Second, it is possible that the tower will be exposed to more 
prolonged and more correlated vortex-induced vibration in a future storm event than either of the two documented 
conditions investigated for this study; hence, it is wise to provide some margin in the TMD design, and in this context, 
margin means a higher-mass TMD.  

The relative sway requirement for various TMD masses is plotted in Figure 17. Practical ranges of 
motion for off-the-shelf viscous dampers fall in the range of 1” to 6”, or TMD masses in the range of 500 lbm to 
2500 lbm. A 1250-lbm TMD appears to be a practical size for the Low-Mass Head TMD configuration. A much lower-
mass TMD, say 500 lbm, may be used for the High-Mass Head application. Given the more confined space within the 
Low-Mass Head frame, an annular-shaped steel mass is most appropriate. In the case of the High-Mass Head, a 
watertight container may be used and filled with water once the High-Mass Head is in place. Cost and complexity 
are also considerations at this stage. The Low-Mass Head TMD is needed to reduce the vortex-induced base bending 
moment whereas the High-Mass Head TMD may not be required, so that concept design is aimed at minimizing the 
cost and mechanical complexity. A summary of TMD parameters for the two tower configurations is provided in 
Table 2.   

Table 2 Summary of Optimal TMD Parameters for East/West Wind Direction 

TMD Low-Mass Head Response 

Option Mass fTMD TMD MBase TMD 

1 1250 lbm 0.92 Hz 0.21 249 kip·ft 2.7 in 

2 1500 lbm 0.90 Hz 0.23 233 kip·ft 2.4 in 

3 2000 lbm 0.86 Hz 0.26 205 kip·ft 1.9 in 

TMD High-Mass Head Response 
Option Mass fTMD TMD MBase TMD 

1 500 lbm 0.45 Hz 0.07 142 kip·ft 5.2 in 

2 1500 lbm 0.44 Hz 0.12 93 kip·ft 2.0 in 

3 2000 lbm 0.43 Hz 0.14 83 kip·ft 1.6 in 

 

Specially-designed constrained-layer dampers are used for those TMD systems where the mass 
undergoes a very small range of motion (fractions of an inch). As the sway distance increases, fluid viscous dampers 
become a more viable option. Extremely large motions may preclude the straightforward use of viscous dampers 
because of the excessive stroke required and a system that relies on mechanical levers (to reduce the stroke at the 
damper) or fluidic drag may be required. The concept designs presented here rely on off-the-shelf viscous dampers 
for the Low-Mass Head TMD and fluidic drag for the High-Mass Head TMD.  
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Three 1.5×8D D-Series viscous dampers manufactured by Taylor Devices provide the required 
damping coefficient and stroke (±4”) for the Low-Mass Head TMD. A kinematics assessment of the configured system 
confirms that ±3.5” sway in any direction is possible without over-extending the dampers. The D-Series dampers 
cannot be used with the low-mass TMD identified for the High-Mass Head configuration because of the much higher 
stroke required. Other off-the-shelf dampers may be appropriate for this application, or the TMD mass may be 
increased to reduce the sway per Figure 17. In fact, the Low-Mass Head TMD can be removed from the Low-Mass 
Head and used in the High-Mass Head since the Low-Mass Head and High-Mass Head are mutually exclusive from 
an operational perspective. The 1250-lbm Low-Mass Head mass reduces the sway motion to about 3”, which is 
consistent with the D-Series dampers.  

 
Figure 17 Relative TMD Mass Sway Requirement VS TMD Mass  

Incorporation of viscous dampers into the TMD system provides confidence in the damper 
properties and its performance in the system; however, these precision-manufactured components increase costs 
and design complexity because their mechanical limits require greater attention to the range of sway motion and 
incidental twist motion. A mechanically-simpler approach is adopted for the High-Mass Head TMD because the 
criticality of the TMD in the High-Mass Head configuration is much lower than the Low-Mass Head configuration. 
The damping element for the High-Mass Head TMD is envisioned as a simple orifice plate or tailored drag structure 
(e.g., tubes projecting into the fluid) that will remain stationary as the TMD sways relative to it. The velocity-
dependent damping force as the fluid in the TMD volume flows around the drag elements and/or through the 
orifices. The initial sizing of the orifice plate and/or drag structures will be based on expected flow velocity and then 
refined during the prototype test effort. The advantage of the stationary drag structure is mechanical simplicity and 
the resulting cost savings and lack of sensitivity to incidental twist motions. 

Tuned-mass dampers must be tuned to the appropriate frequency to provide optimal mitigation. 
Some error in tuning the TMD resonance frequency is permissible; however, the mitigation provided decreases with 
the difference between the ideal and achieved resonance frequency. Higher-mass TMDs are less susceptible to 
mistuning error than are low-mass TMDs because of the larger operating bandwidth. A comparison of the effect of 
mistuning on base moment mitigation provided by 1250-lbm, 1500-lbm, and 2000-lbm Low-Mass Head TMDs is 
plotted in the left-hand side of Figure 18. The lower-mass TMD satisfies the mitigation objective as long as the 
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resonance frequency is tuned within ±15% of the ideal frequency. The 1250-lbm TMD provides more margin with a 
permissible mistuning of ±12% for east/west winds, and the 1500-lbm TMD permits ±16% variation while still 
satisfying the mitigation requirement. A wider range of permissible mistuning is available for north/south winds.  

A similar tuning sensitivity plot is provided for the High-Mass Head configuration in the right-hand 
side of Figure 18. The mitigation requirement is much lower for the High-Mass Head configuration. The 500-lbm 
TMD can be mistuned by ±20% for the worst-case east/west winds and ±28% for the north/south winds. The very 
high mass TMDs (1500 lbm and 2000 lbm) can be mistuned to a very significant degree. 

 
Figure 18 Effect of TMD Mistuning on Base Moment Mitigation 

Different resonance frequencies for the two flexural sway modes can be mitigated with a single 
TMD design as long as the ratio of the resonance frequency to the ideal tuning frequency falls within the range 
indicated in Figure 18. For example, the Low-Mass Head TMD (1250 lbm) can be tuned to the optimal tuning 
frequency for the east/west wind (0.92 Hz) and the TMD will provide adequate mitigation for north/south winds 
because the ratio of the tuning frequencies of 0.84/0.92 = 0.91, which is well within the permissible tuning range 
shown in Figure 18. In the final design, environmental statistics should also be considered when determining the 
ideal TMD tuning frequency. For example, a review of the historical climate data may reveal that high winds in the 
winter months come predominantly from the north rather than the west; hence, one may want to bias the selection 
to address the north/south condition.  

The TMD will sway side-to-side during worst-case vortex shedding conditions by about ±3” (Low-
Mass Head) or ±6” (High-Mass Head). The spring element of both TMDs is most conveniently provided by suspending 
the mass on 1/4-in-diameter steel cables of the appropriate length to permit the mass to sway in any direction. The 
Low-Mass Head mass requires 12-inch-long cables and the High-Mass Head mass requires 49-in-long cables. Longer 
cables will be used in the design and an adjustable-height yoke will permit the TMDs’ resonance frequencies to be 
fine-tuned to achieve optimal performance. Three viscous dampers, such the Taylor Devices D-Series dampers, can 
be configured to provide the required damping for the Low-Mass Head configuration. A center-post-mounted orifice 
plate may be incorporated into the High-Mass Head to provide the required damping for the fluid-filled TMD. 
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The Low-Mass Head TMD has the shortest cables because of the higher sway mode resonance 
frequency. A 3-inch lateral maximum-expected sway corresponds to a cable angle of about 12 degrees, which is large 
enough to consider nonlinear effects that are ignored in the linearized model. A separate analysis is conducted with 
a 2-DOF system where the nonlinear terms included. There is no discernable difference in the TMD performance 
between the linear and nonlinear models; hence, nonlinear effects—which could alter the tuning frequency for 
different magnitudes of motion—do not impair the performance of the proposed concept.  

Translational restraint for the Low-Mass Head TMD is provided by rubber bumpers that screw into 
the inner perimeter of the TMD mass. Under extreme or unforeseen conditions, the TMD mass may contact the 
center tube of the Low-Mass Head. The rubber bumpers prevent the viscous dampers from bottoming out and 
mitigate the contact force by distributing the transient over a period of time. Rotational restraint is also required. 
The TMD is free to swing in any direction and can also twist about the vertical axis. While there is no driving excitation 
that will cause the TMD to twist, some twisting will inevitably occur. Twisting is only of concern if it “uses up” a 
significant portion of the available stroke in the dampers (and therefore is not a concern for the High-Mass Head 
concept design). Anti-rotation resistance is provided by the cables themselves and the resistance torque is 
maximized by placing the cable attachment point at the maximum radius. Likewise, the rotational mass moment of 
inertia is minimized by concentrating the TMD mass near the minimum radius so that the anti-rotation torque can 
restore the non-rotated orientation as quickly as possible. The twist resonance frequency is given by 

 

xx

Twist
IL

MgR
f

2
  (8) 

where Ixx is the mass moment of inertia of the TMD about its central axis, M is the TMD mass, R is the radial distance 
to the cable support points, L is the length of the cables. Using the parameters for the Low-Mass Head TMD, the 
twist resonance frequency is 1.55 Hz. There is no specific objective for the twist resonance frequency except that it 
be distinct from the sway resonance frequencies because sway motion at these frequencies can drive the twist 
resonance if the center of mass or sway stiffness is slightly offset from the center. Based on this objective, the 
estimated twist resonance of 1.55 Hz is sufficiently distinct from the primary sway resonances at 0.94 Hz and 1.04 Hz 
to avoid indirect excitation during wind-induced sway motion. 

The various cable and damper support components for the two concept designs will be welded to 
the Low-Mass Head structural tubes and the High-Mass Head wide flanges. These components are shown as 
conceptual features for now as the final design and implementation requires input from the client. For the purpose 
of this effort, the illustrated features convey a physical form that is functionally effective. The resonance frequency 
of the TMD is adjusted by raising or lowering the Tuning Yoke. Increasing the cable length between the yoke and the 
TMD reduces the TMD resonance frequency. The Tuning Yoke can be bolted to three vertical stiffeners that are 
welded to the center Low-Mass Head tube where three of the original shorter gusset plates are currently located.  
The High-Mass Head Tuning Yoke is implemented simply as 4 stock angles with a slotted hole for the cable that are 
bolted to vertical angle supports that are welded to the webs of the wide flanges. In both designs, the vertical 
position of the yokes is adjustable with the ideal position determined during prototype testing of the TMDs. 

5. CONCLUSIONS AND RECOMMENDATIONS 

The tower experienced vortex-induced motions that were magnified by the fundamental lateral 
sway mode on at least two occasions where sustained wind speeds reached 30.8 mph following the passage of a 
cold front at the site. Vortex shedding is possible for sustained wind speeds that exceed 26.5 mph; however, the 
30.8-mph wind speed is critical because the vortex shedding frequency coincides with the tower’s fundamental 
east/west sway mode and drives the resonant response observed on December 15 and 27, 2015. The resonant 
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motion magnified the base bending moment from about 54 kip·ft to a measured maximum moment of 1880 kip·ft. 
A worse case could result for an east/west wind where the higher wind speed required to drive the slightly higher 
tower resonance frequency in that direction could produce a base bending moment of 2300 kip·ft. 

Resonant vortex shedding of the tower with the much heavier High-Mass Head may not be possible 
given that the lower wind speed required to shed vortices at the estimated resonance frequency of 0.42 Hz yields a 
Reynolds number where vortex street formation has not been observed in flow experiments with rigid (and much 
smaller) cylinders. It may be preferable to assume that resonant vortex shedding is possible rather than accept the 
risk that the experimental evidence is not applicable.  

A key contributor to the high magnification of the base bending moment is the low inherent 
structural damping in the fundamental tower sway mode, which is estimated at 1.45% of critical. A tuned-mass 
damper is proposed to increase the effective damping in the fundamental sway mode. Reasonable-size TMDs 
provide sufficient damping to reduce the maximum base bending moment from 1880 kip·ft (or 2300 kip·ft for east-
west winds) to the preferred maximum moment of 375 kip·ft. In the most critical case with the Low-Mass Head, an 
annular-shaped steel 1250-lbm TMD can be attached to Low-Mass head structural frame. A much smaller 500-lbm 
TMD can be used for the less critical case with the High-Mass Head is necessary.   


