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TUNED-MASS DAMPER DESIGN AND PERFORMANCE 
FOR AN ELEVATED CONTROL ROOM 

EXECUTIVE SUMMARY 

A 28-ft high structural steel frame at a chemical processing plant 
supports a 20-ton prefabricated control room with a 3.5-Hz sway mode that 
magnifies ground-borne vibration at the site to 0.015 g in the control room. 
The commonly-accepted vibration limit for offices is 0.005 g. Three 1400-lbm 
tuned-mass dampers (TMDs) are designed to reduce the vibration near 3.5 Hz 
and added structural bracing to a support platform to reduce the vibration 
caused by a mechanical agitator. A prototype of the TMD is tested to 
investigate the effect of bolted joints and constrained-layer damping materials 
on the internal damping. Two sheets of Neoprene, DYAD 601, or SBR rubber 
are alternately placed between mating steel surfaces to evaluate their energy 
dissipation characteristics. The SBR rubber gives the best combination of high 
shear stiffness and damping and is selected for the final design. Data collected 
after installation show that the TMDs successfully reduce the building’s motion 
to less than 0.004 g. The agitator platform bracing raises the platform’s 
resonance frequencies and significantly reduces the vibration for frequencies 
greater than 10 Hz and is expected to prolong the operational life of the 
agitator shaft. The vibration in the control room has been reduced by 75% to 
80% of its original level. 
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Section 1 

BACKGROUND 

The cause and mitigation options for the lateral sway vibration of an elevated control room was 
investigated in an earlier effort. The control room is supported on a 28-ft-high structural steel frame at the site. 
Ground and structure vibration data were acquired near and inside the control room. The data show relatively 
high-amplitude east/west sway motion at 3.5 Hz and less annoying, but perceptible vibration between 11 Hz and 
22 Hz. Structural dynamics analyses show that the lateral sway mode of the steel frame amplifies the ambient 
ground-borne vibration at 3.5 Hz. The resulting motion falls in the frequency range where people are most 
sensitive to vibration and is about three times higher than the limit typically used for office spaces. 
Recommendations for either stiffening the frame to raise the sway mode frequency beyond 8 Hz or employing 
tuned-mass dampers to extract energy from the frame’s motion were provided to plant management. The 11-
22 Hz vibration is associated with the calcite tank agitator and its support platform on the east side of the frame. 
Stiffening of the support platform to raise its resonance frequency beyond 30 Hz and to prevent excessive agitator-
induced contact between the shaft and the tank below was recommended. Plant management selected the tuned-
mass damper option for the frame and agreed to stiffen the agitator support platform. 

The original agitator support platform was added to the east side of the structural frame after 
initial plant operations began. The platform supports the weight of the agitator and shaft as well as a motor-
induced torque and bending moment. The as-built platform structure is very flexible about the east/west axis, 
which allows it to vibrate and deflect appreciably about this axis in response to motor operation and shaft forces. 
There is some anecdotal information suggesting that this motion is allows high shaft-to-tank contact forces. A 
crack has developed in the top of the fiberglass tank and shaft failures are relatively common. The primary goal of 
the agitator platform stiffening effort is to significantly increase the rotational stiffness about the east/west axis 
and the vertical stiffness and to allow removal of a secondary tie-rod support. The stiffened structure should 
dramatically reduce the vibration observed in the 11-22 Hz range and may also prevent further damage of the 
shaft and tank. 

Tuned-mass dampers (TMDs) cannot eliminate the vibration near 3.5 Hz, but they can 
significantly reduce the amplitude so that it is much less annoying to those who work in the control room. A TMD is 
a mass-spring-damper system where the total mass is about 5%-10% of the structure’s effective mass for the 
targeted mode, and the TMD resonance frequency is tuned slightly lower than the frequency of the targeted 
resonant mode of the structure. There is also an optimal level of internal damping that maximizes the vibration 
mitigation performance of the TMD. The most critical factor in the design of a TMD is its resonance frequency for a 
given TMD mass. Vibration mitigation improves with increasing TMD mass; however, the increment of 
improvement diminishes with each increment of mass. A properly designed TMD alters the modal characteristics 
of the original structure by introducing a second mode that vibrates out of phase with the original mode, thereby 
extracting energy from the motion. Three identical TMDs are designed for the three columns that support the 
control room on the west side. 
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Section 2 

AGITATOR SUPPORT PLATFORM MODIFICATION 

Vibration data acquired in September 2011 show that the agitator and its platform are 
responsible for noticeable vibration at 11 Hz and 22 Hz in the control room. The agitator weighs about 2500 lbf and 
is bolted to a platform that cantilevers off the east side of the main north/south frame. Analyses indicate that the 
two observed frequencies may be associated with a vibration mode of the platform (11 Hz) and several closely-
spaced modes of the frame around 22 Hz. In addition to the potential discomfort to personnel in the control room 
caused by the vibration, the vibration may also contribute to several problems associated with the agitator’s 
reliability. The agitator shaft has broken on one or more occasions in the past two years and, recently, a crack has 
developed in the top of the fiberglass tank, which indicates the shaft is applying unintended forces to the tank.  

The agitator support platform structure is more than adequate to resist the vertical gravity load 
imposed by the agitator. The observed problems are caused by the operating dynamics. The support platform has 
very little rotational stiffness about the east/west axis. A recommendation to stiffen the platform, with the primary 
goal of substantially increasing its rotational stiffness and increasing the platform’s primary resonance frequencies 
beyond 30 Hz was provided. 

2.1 EXISTING AGITATOR SUPPORT FRAME 

The existing agitator support frame structural drawing is shown in Figure 2-1. Measurements of 
the as-built structure revealed some differences. The two W8×21s are in fact located an equal distance from the 
central W8×15. The overall length and width of the platform are as shown in the drawing. The L-shaped plate and 
tension rod were added later and, according to plant personnel, were added after the agitator was mounted on 
the platform. Hence, the plate and tension rod have essentially no structural function.   

Structural dynamics analyses are performed with the finite element program. The finite element 
model (FEM) of the platform including the plate/rod assembly is shown in the left-hand side of Figure 2-21. The 
mass of the agitator is present, but not shown in the model. The 1st mode resonance frequency is estimated to be 
4 Hz and the mode shape is shown in the right-hand side of Figure 2-2 and is characterized by a twisting motion 
about the x-axis (the east/west axis of the platform). There is very little stiffness about this axis to resist the 
twisting motion. One source of potential stiffness is the 3-in diameter agitator shaft which passes through the top 
of the tank below the platform. The shaft is 13 ft long and its three blades stir the slurry mixture at the bottom of 
the tank. The pass-through interface at the top of the tank is acting as an unintentional support, which stiffens the 
platform and puts undesirable stress on the tank and shaft. An analysis was performed with the shaft and tank 
support 12 in. below the platform. The platform twisting mode increased to about 11 Hz, which corresponds to the 
dominant vibration measured during the original site visit.  

                                                                 
1  All images of finite element models, mode shapes, and technical plots of finite element model analysis results were 

generated using SciLab. 
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Figure 2-1 Original Structural Plan for the Agitator Support Platform 

 

Figure 2-2 Finite Element Model of As-Built Platform (Left) and 1st Mode Shape (Right) 

A follow-up site visit was conducted on February 7, 2012. The crack shown in Figure 2-3 has since 
developed in the fiberglass tank and plant personnel expressed concerns whether the shaft was still straight. The 
platform twists back and forth at the 1.1 Hz shaft rotation rate with an approximate displacement at the free end 
of the W8×21 of about 1 in. Operating information provided by plant management claims the agitator produces a 
bending moment of no more than 101,000 lbf∙in. It is not clear whether the documented bending moment 
reverses sign as would be required to produce the observed motion. A bent shaft—the more likely cause—would  
also explain oscillatory bending moment. An oscillatory bending moment of about 180,000 lbf∙in is required to 
produce the 1-in. deflection based on finite element analysis. 
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Figure 2-3 Agitator Platform and Crack in Tank Top 

The problems the plant has experienced with the agitator (bent or broken shafts and cracks in 
the tank) probably stem from the flexibility of the agitator support platform about the x-axis. A pair of diagonal 
braces as shown in Figure 2-4 was recommended. The braces provide rotational stiffness, which will reduce the 
stress in the shaft and in the tank. The L-shaped plate and tension rod will be removed. While the diagonal braces 
may marginally interfere with access to the platform, removal of the L-shaped plate and tension rod will improve 
crane access to the agitator. 

 

Figure 2-4 Recommended Bracing for the Agitator Support Platform 
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2.2 EFFECT OF STRUCTURAL STIFFENING 

The primary role of the bracing is to prevent the twisting motion of the platform and, hence, to 
raise the primary resonance frequencies of the platform. The platform FEM is modified as shown in left-hand side 
of Figure 2-5. The mode shapes of the platform that tend to generate stress in the shaft and tank are shown in 
Figure 2-5 as well. These resonance frequencies are significantly higher with this modification: 39 Hz and 47 Hz. A 
static analysis with the inferred 180,000 lbf∙in applied moment yields a platform deflection of 0.016 in., which is 
much lower than the observed deflection of almost 1 in. The platform is 60 times stiffer with the added bracing.  

The brace members must be capable of resisting the compressive force generated by the applied 
moment on the platform without buckling. The compression force predicted by the finite element analysis is about 
5000 lbf based on the 180,000 lbf∙in moment. The braces are limited by their buckling strength. For slender 
members, 
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where  is the strength reduction factor ( = 0.9), E is Young’s modulus, L is the length of the member (L = 13.6 ft), 
K is the effective length factor (K = 1.0), A is the cross-sectional area of the brace member, and r is its minimum 
radius of gyration. The factored load used here is conservatively taken as PU = (1.6)(5000) = 8000 lbf. Suitable 
structural members must therefore satisfy Ar2 > 0.94.  

 

Figure 2-5 Finite Element Model of Modified Platform and Platform Mode Shapes 

Many members satisfy the buckling requirement. Some of the sections are provided in Table 2-1. 
The bending moment used to design the brace is assumed to be oscillatory, which implies that the force of 5000 lbf 
induced in the members can cause fatigue. The manufacturer refers to the 101,000 lbf∙in bending moment (but 
not the axis it applies to), a torque of 27,416 lbf∙in, and a downward gravity load of 4760 lbf. These loads are 
assumed to be static and are larger than the actual loads. Fatigue is not considered here because no is information 
provided to define the time-varying component of the loads and the inferred time-varying load of 5000 lbf is 
caused by an atypical operating condition of the agitator (i.e., a bent shaft).  
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Table 2-1 Acceptable Agitator Brace Members 

Member Ar2 

L4×3×1/2 2.08 

L4×3×3/8 1.00 

L3½×3×7/16 1.02 

HSS2½×2½×1/8 1.00 

HSS3×2½×1/8 1.17 

 

Aside from minimizing the weight of the member, the shorter dimension is limited to 3 in. to 
minimize potential interference when the agitator is removed from or placed back on the platform. The fabricator 
had immediate access to L4×3×1/2 members (shaded in Table 2-1), so these are used in the final design. 

Both ends of each brace are designed to resist the estimated service live load of 5000 lbf and 
essentially no dead load because the agitator was present on the platform when the bracing was installed. The 
connection of the brace to the platform involves the eccentric welded geometry illustrated in Figure 2-6. The 
strength of this weld group: 

       Un TDlCCR  kip1.2363857.00.275.01  (2-2) 

where C is 2.0 based on the geometry of the weld group. The C1 coefficient is determined from the electrode used 
and the E60 electrode is conservatively assumed here. The weld size is assumed to be 3/16 in. The available 
strength of 23,100 lbf far exceeds the factored load, TU = 8000 lbf. 

 

Figure 2-6 Brace Connection at the Platform 

Assuming a 3/16-in fillet weld is used to attach the brace to the channel section (at the platform) 
and to the stiffener (at the beam above), the required length of the weld, L, is determined from 
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where the load angle, , is 0°, and the weld thickness, t = 3/16 in. The minimum length of weld required is 2.4 in. A 
3.5-in.-long weld is required for a 1/8-in-thick weld. The actual weld is 1/4 in. and much longer than the required 
minimum length. 
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Section 3 

TUNED-MASS DAMPER DESIGN 

Personnel working in the control room are subjected to a persistent 3.5-Hz sway motion with a 
peak amplitude of about 0.015 g based on data acquired in September 2011. Structural dynamics analyses show 
that the sway motion is caused by the frame’s primary sway mode amplifying the low-level ground-borne 
vibration. The motion in the control room is 85 times higher than the ground motion. The all-welded east/west 
moment frame has a very low critical damping factor of about 0.6% which is responsible for this high magnification 
factor. The problem is further exacerbated because the frequency of the motion falls in the frequency range where 
people tend to be most sensitive to vibration. 

Vibration mitigation options for this application fall into two main categories: (1) stiffen the 
frame to raise the resonance frequency of the sway mode beyond the high-sensitivity range or (2) employ some 
form of damping (energy dissipation) to extract energy from the 3.5-Hz motion. While raising the sway mode 
frequency above 8 or 9 Hz can be achieved, the internal damping would not be appreciably affected and motion at 
the present acceleration levels would remain, but at a less motion-sensitive frequency of 9 Hz to 10 Hz. Plant 
management opted to pursue the damping option because of concerns that the motion, if not reduced, might lead 
to other plant performance problems and that their employees might continue to find the motion (even at the 
higher frequency) objectionable. 

Several damping options were investigated for this particular application. The principal technical 
challenge is the relatively small range motion. Fluid viscous dampers have internal seals that merely deform when 
the stroke is too small. If the motion does not force the viscous fluid through the orifice, there is no damping, and 
this cannot occur if all of the motion is absorbed by seal deformation. Air viscous dampers do not have seals, but 
can be sensitive to wide external temperate variations (the current application is exposed to the environment) and 
cannot produce the required damping force for the expected stroke. The fluid viscous wall damper might find 
application at the site; however, the small motions are well below the typical application database. Also, the wall 
dampers tend to be relatively expensive and would interfere with personnel traffic in the north/south direction. 
The tuned-mass damper concept is the best damping option for this application.  

3.1 DAMPING PERFORMANCE OBJECTIVE 

There are clear requirements that govern the required strength for structures; however, there 
are no formal requirements where vibration performance is concerned. A variety of guidelines have been 
developed and used over the years that relate human comfort to vibration levels as a function of frequency. One 
of the frequently-used guidelines, AISC Design Guide 11, focuses on “human-induced motions” in the vertical 
direction; however, people are sensitive to the motion, not the cause. The Design Guide is applicable here and is 
used to establish a performance goal for the tuned-mass dampers. The allowable vibration as a function of 
frequency is provided in Figure 3-1. 
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Figure 3-1 Vibration Criteria from AISC Design Guide 11 

The preferred peak vibration limit at 3.5 Hz for an office environment is 0.005 g according to 
Figure 3-1. The measured peak vibration in the control room reaches 0.015 g—three times higher than the 
preferred limit. The current structural frame magnifies the ground-borne vibration by a factor of 85 at 3.5 Hz, 
which results in the 0.015 g acceleration in the control room. The design objective is to reduce the sway mode 
magnification by 1/3 of the current value. The TMDs should therefore be designed to yield a sway mode 
magnification no greater than 28 (i.e., 85/3) so that the resulting motion does not exceed 0.005 g. A lower 
magnification is desirable to accommodate differences that invariably exist between the response predicted by the 
analysis model and that of the real-world structure.  

3.2 VIBRATION MITIGATION PERFORMANCE 

A TMD is essentially a single-degree-of-freedom (SDOF) spring-mass-damper system, where the 
mass is roughly 5%-10% of the “effective mass” of the target mode of vibration, and the spring constant is selected 
to give a SDOF resonance frequency slightly lower than the resonance frequency of the targeted mode. The 
damping in the TMD is then adjusted to maximize the effective damping of the modified structure with the TMD 
attached. In this application, three columns support the control room on the east and west sides. The columns on 
the west side are more easily accessible than those on the east side; hence, three identical TMDs are designed for  
the top of the three columns on Grid G (i.e., Columns G7, G8, and G9) as shown in Figure 3-2. The TMD mass is 
provided in the form of 1-in-thick steel plates. The spring is provided by flexure of long steel bars. While the mass 
and stiffness properties of a structure are relatively straightforward to predict, damping is not. An all-welded 
structure provides a critical damping factor near 1%. Bolted joints and the friction between the contacting surfaces 
provides somewhat increased energy dissipation.  
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Figure 3-2 Tuned-Mass Dampers Shown on Columns G7, G8, and G9 

The FEM of the relevant portion of the structure with the TMDs is shown in Figure 3-3. The FEM 
of the structure without the TMDs was developed and validated against measured vibration data. There is no need 
to model the entire structural frame because the east/west motion is most important and the moment frames act 
essentially independent of one another, except for the three that support the control room. The frame dynamics in 
the north/south direction is not critical in this study and no significant motion in that direction was measured. The 
superimposed weight of the control room building is a critical factor. The lifting drawing indicates that the empty 
building weighs 36,000 lbf. An additional 8,000 lbf is included to account for cables, equipment, furniture, and 
people. The actual weight is not known. 

 

Figure 3-3 Finite Element Model of the Structural Frame with TMDs Attached 
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The resonance frequency of the frame is determined from vibration data collected in the control 
room and verified via finite element analysis. In fact, the control room motion occurs at a range of frequencies 
near its resonance frequency. The 4 minutes of east/west time domain accelerometer data acquired from the 
control room are filtered to remove vibration below 1 Hz and above 6 Hz and then processed to identify successive 
cycles of the motion (see inset plot in Figure 3-4). The corresponding amplitudes and frequencies are identified for 
each of the nearly 800 recorded cycles and the amplitude/frequency pairs obtained from post-processing the data 
are plotted in Figure 3-4. The plot reveals significant acceleration amplitudes occur between 3.2 to 3.8 Hz. The 
maximum amplitude of 0.015 g occurs at 3.57 Hz, but the average frequency is closer to 3.5 Hz. The best TMD 
design strategy is to “aim high” for the design frequency so that any additional mass required to lower the TMD 
resonance frequency will lead to a heavier TMD mass and, therefore, better performance. The TMD design is 
targeted for a frame resonance frequency of 3.57 Hz, which is slightly higher than the average frequency of 
motion, but corresponds with the maximum amplitude of 0.015 g.  

 

Figure 3-4 Amplitudes and Frequencies of Dominant Control Room Motion  

Dynamic performance of the modified frame (i.e., with the three TMDs in place) is evaluated 
based on the frequency response characteristics of the frame. In this case, harmonic unit-level ground acceleration 
in the east/west direction is assumed and the acceleration response at the control room is computed using the 
finite element program. The frequency response is the ratio of the control room’s peak steady-state acceleration 
to the ground’s acceleration for a given frequency. Several frequency response curves are plotted in Figure 3-5. 
The frequency response for the current structure (no TMDs) is shown as the black line with a single sharp peak at 
3.57 Hz and a magnification factor of 85. The other frequency response curves plotted in Figure 3-5 show the 
effect of three 1400-lbm TMDs tuned to resonate at 3.4 Hz but with different levels of internal damping. The total 
TMD mass of 4200 lbm is about 6% of the effective modal mass. For the optimal level of damping (C ≈ 20 lbf∙s/in), 
the maximum acceleration in the control room is reduced from 85 to 6.9 times the ground acceleration, which is 
much less than the target maximum-allowed magnification of 28. If the internal damping is very low (as might be 
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expected from an all-welded TMD assembly), the peak control room acceleration is about 30 times the ground 
acceleration, which slightly exceeds the objective value.  

 

Figure 3-5 Ground Motion Acceleration Frequency Response of Structure With and Without TMDs 

Internal damping is important, but there is a range of values that yields acceptable vibration 
mitigation performance. The critical damping represented by the variation between C = 10 lbf∙s/in  and 

C = 25 lbf∙s/in corresponds to about 5% <  < 20%. The lower value may be obtainable by employing bolted 
connections. The higher value requires special damping treatments, such as constrained-layer damping. Internal 
damping cannot be predicted and must be verified through testing of the actual hardware. Hence, the uncertainty 
surrounding the actual internal damping must be considered in the design phase. 

The effect of the TMDs is to replace the one sway mode at 3.57 Hz of the current structure (the 
single peak in Figure 3-5) with two closely-spaced sway modes at 3.15 and 3.83 Hz (the two peaks for the 
“Welded” curve in Figure 3-5). The mode shapes are illustrated in Figure 3-6. The key difference between the two 
modes is that the control room and TMDs move in phase at the lower frequency, but move 180° out of phase at 
the higher frequency. In between the lower and higher frequencies, the phase angle passes through 90° where the 
energy dissipation effect is maximize. The TMD motion essentially cancels out, but not completely, the motion of 
the control room. The degree to which the control room motion is reduced, depends on the TMD mass. If each 
TMD carries 500 lbm, the best-case magnification is 10.5. While this lower-mass design meets the maximum 
magnification requirement of 28, the design is much more dependent upon the internal damping and much less 
tolerant of the inefficiencies incurred in the transition from the computational world to the real world. On the 
other hand, if each TMD carries 2000 lbm, the magnification is 6.0, which is not much improved relative to the 6.9 
expected for 1400-lbm TMDs.  

The optimum design of TMD has an east/west sway mode of 3.4 Hz. The nominal mass supported 
by each TMD (mTMD) is taken as 1400 lbm. A restoring force provided by the spring constant, kTMD, is required to 
produce the desired resonance frequency as given by the SDOF equation 
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Equation (3-1) is acceptable for preliminary design, but in this application the spring stiffness is provided by the 
flexural stiffness of a cantilever beam. The spring stiffness is also slightly increased because of the tension force 
provided by the weight of the mass. Similarly, the effective mass is slightly increased by the mass moment of 
inertia of the TMD mass. A 50-in long, 3-in wide, 1-in thick steel bar bending about its strong axis yields a 
resonance frequency of 3.4 Hz with a 1400-lbm mass attached to the free end. Each TMD mass is divided into two 
12”×12”×18” blocks with the long dimension in the up/east plane. The mass moment of inertia for each block is 
27,405 lbm∙in2. The stiffening effect of the gravity-induced tension can be compensated by an additional 0.5 in. in 
the length of the steel bars.  

 

Figure 3-6 Sway Mode Shapes of the Modified Structure 

The first four modes of the TMD alone are shown in Figure 3-7. The 1-in.-thick steel bar is 
modeled as two parallel 0.5-in-thick bars in this TMD model. The first two modes, a north/south flexural mode and 
a torsional mode, have no effect on TMD performance. The third mode, the east/west flexural mode at 3.42 Hz, 
provides the vibration mitigation. Only those TMD modes that have a resonance frequency very close to a 
resonance frequency of the structure are excited. The lowest north/south sway mode of the structure is around 
6.8 Hz, which is much higher than the corresponding 1.39-Hz TMD flexural mode. Higher-frequency modes of the 
TMD have even less effect because the lower modes provide attenuation at the higher frequencies.  
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Figure 3-7 First Four TMD Mode Shapes and Resonance Frequencies 

3.3 STATIC AND DYNAMIC STRESS VERIFICATION 

The TMDs satisfy the vibration mitigation objective based on the results of the analyses discussed 
in the previous section. The design must also be verified with respect to strength and fatigue considerations. The 
critical areas in the TMD are illustrated in Figure 3-8. The stress analyses must take into account the simultaneous 
action of static and biaxial dynamic stresses. The fatigue assessment focuses on the stress range caused by the 
biaxial dynamic stresses. 

 

Figure 3-8 Critical Areas to Verify Stress in the TMD 

Static stresses are produced by gravity and wind. The dynamic stresses are produced by the 
ground-borne vibration. The dynamic stresses are determined from the ground motion acceleration frequency 
response characteristics, which are based on a finite number of modes used in the analysis. There are almost 2000 
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degrees of freedom and therefore an equal number of natural frequencies and mode shapes. Including all of the 
modes in the analysis is computationally inefficient and does not improve the accuracy. The same level of accuracy 
can be realized with a much smaller subset of modes. The modal mass ratio is used to confirm that a sufficient 
number of modes are included. For seismic, the number of modes should represent at least 90% of the total mass. 
The cumulative modal mass ratio for ground motion in the east/west (Y-Axis), north/south (X-Axis), and up/down 
(Z-Axis) is plotted in Figure 3-9. Here, 80 modes are used, but only 30 modes are required to satisfy the 90% 
requirement. The 80 modes account for about 95% of the mass in the north/south and east/west directions. There 
is no need to satisfy the 90% requirement in the up/down direction because that component of ground motion is 
not considered in the analysis. 

 

Figure 3-9 Cumulative Modal Mass Ratio VS Resonance Frequency 

The ground motion acceleration frequency response of the TMD mass is plotted in Figure 3-5. 
The curves show the magnification of the ground motion acceleration as a function of ground motion frequency. 

For the purpose of these analyses, a low level of TMD internal damping,  ≈ 2.5%, is used to overestimate the 
resulting dynamic stress. The first two peaks in the north/south curve correspond to the two north/south flexural 
modes of the TMD shown in Figure 3-7. There is no interaction between the first TMD mode at 1.39 Hz and the 
structural frame. There is some interaction between the frame and TMD near the 6.78-Hz mode. The two closely 
spaced peaks in the east/west curve correspond to the two frame/TMD modes shown in Figure 3-6. 

The dynamic force associated with the TMD mass, mTMD, depends upon its north/south and 
east/west components of acceleration, ax and ay, respectively 

 
yTMDyxTMDx amFamF  and  (3-2) 

The acceleration values are estimated using random vibration theory. The ground motion acceleration was 
measured as acceleration power spectral density (PSD) versus frequency. Ground acceleration at frequencies 
greater than about 10 Hz has essentially no effect because of the attenuation provided by the lowest modes of the 
TMD. A conservative value for the ground acceleration PSD is SGnd(f) ≈ 5×10-9 g2/Hz in the east/west and 
north/south directions for frequencies less than 30 Hz. 
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Figure 3-10 Ground Motion Acceleration Frequency Response of TMD Mass  

The standard deviations of the (random) TMD mass acceleration components are given by 
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where Hx(f) and Hy(f) are the north/south and east/west frequency response curves plotted in Figure 3-10, 
respectively. A reasonable upper bound estimate for the peak acceleration in each direction is obtained by using 
four times the root-mean-square (RMS) value calculated in Equation (3-3). 
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A TMD mass of 1520 lbm is used in these calculations to account for the extra mass that may be present following 
the final on-site tuning of the TMDs.  

The dynamic stress range, SR, is the peak-to-peak variation in stress from biaxial bending caused 
by the forces computed in Equation (3-4). The flexural stresses obtained from Equation (3-4) are random quantities 
and the maxima of each do not occur simultaneously and so are combine using the root-sum-square (RSS). The 
forces act through a critical length, LCR = 46 in., to the center of the bolted connection and the section moduli are 
Sx = 0.365 in3 and Sy = 1.47 in3. 
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The stress range occurs 3.5 times per second; hence, the number of cycles that occur over the lifetime of the 
structure is extremely large. The TMD must therefore be designed for a stress range lower than the fatigue limit 
stress, FTH, associated with the bolted joint used in the design. The fatigue limit of FTH = 16 ksi is much greater than 
the 1.58 ksi expected for the TMD while in service. Fatigue is not an issue. 

The static portion of the load includes the gravity-induced tension force, T = 1520 lbf, and a 
lateral wind load. Wind loads are defined for the “main wind force resisting system” and for “components and 
cladding.” In this case, the force obtained for components and cladding is used. This structure is classified as an 
“open” structure and the net pressure, p, is given by 
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where qh is the velocity pressure for a structure height of 37 ft, Risk Category II, and a Basic Wind Speed of 
115 mph, and Exposure D. Using the default gust factor, G, and the maximum value for the net pressure 
coefficient, CN, the net pressure turns out to be less than the minimum 16 psf. Hence, the static wind load used 
here is 16 psf. The wind force, W = 24 lbf, acts in the north/south or east/west direction on each TMD. 

 The total unfactored stress (static and dynamic) at the net section of the TMD support bar is 
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The north/south wind direction results in the highest stress. The total superimposed stress is only 4.5 ksi, which is 
much less than the yield stress of the material (36 ksi). There is no need for a thorough application of the load and 
resistance factor design or allowable stress design methods given this low stress. 

The 1.5-in. diameter round bar supports the TMD mass, which must carry a gravity-induced dead 
load bending moment, Mbar = 5320 lbf∙in. The load and resistance factor design procedure requires that the 
strength-reduced nominal moment resistance exceed the factored moment per 
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Transverse wind- and dynamic-induced moments are negligible and need not be considered given the excess 
available strength. 
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Section 4 

TUNED-MASS DAMPER TESTING AND PERFORMANCE 

The TMD is designed to have a primary flexural mode in the east/west direction at 3.4 Hz. The 

internal damping should also fall in the range 5% <  < 20%. Initial testing of the prototype is performed at the 
TMD fabricator’s shop2 to determine the actual damping and to fine tune the length of the flexure arm (LTMD). 
Internal damping is varied via the three different configurations illustrated in Figure 4-1 and/or by including a 
compliant layer between the mating surfaces in the upper-most joint (i.e., constrained-layer damping). Each 
configuration employs a different number of bolted interfaces near the base of the cantilever (at the stand-off 
beam). Greater energy dissipation is expected with more bolted interfaces closer to the stand-off beam. Three 
different constrained layer damping materials are also investigated. In addition to providing increased damping, 
these layers also introduce a “soft” spring in series with the steel flexure. Vibration data are also collected and 
analyzed after the TMDs are attached on the structural frame. In-situ testing is performed to determine the 
number of steel plates required to maximize vibration mitigation. 

  

Figure 4-1 TMD Configuration Options 

                                                                 
2 The TMDs and agitator support members were fabricated by Johnston Products, 604 Jealouse Way, Cedar Hill, Texas 75104 
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4.1 PROTOTYPE TESTING 

Prototype testing was performed on March 14 and 15, 2012. Accelerometers are attached to the 
top and bottom of the TMD at the locations indicated by the number/arrow pairs in Figure 4-1. The arrows indicate 
the measurement direction and the numbers correspond to the data acquisition measurement channel. The data 
of primary interest are obtained from Channels 1 and 3. Each TMD configuration (bar arrangement and type of 
compliant layer if present) is tested with various numbers of steel plates added to the horizontal crossbar to 
measure the effect of TMD mass on the resonance frequency. A hard-rubber mallet is used to lightly impact the 
edge of one of the plates to excite the vibration. Multiple impacts are performed during the 40-sec data acquisition 
period. An example of the filtered data collected from Channel 1 during a typical test is shown in Figure 4-2. A 
bandpass filter (between 0.5 Hz and 5.0 Hz) is used to isolate the motion near the resonance frequency. 

 

Figure 4-2 Typical Impact Data From Channel 1, Filtered to Show 0.5-5.0 Hz 

A section of the data showing the response to a single impact and the ring-down portion is 
shown in Figure 4-3. Each impact/ring-down section is processed to identify the time/amplitude pairs of the 

positive and negative peaks. Estimates of the resonance frequency, fn, and damping factor, n, are obtained from 
the cycle period and the logarithmic decrement method, respectively, 
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Each successive pair of points yields slightly different values for the frequency and the damping. The frequency 
estimates tend to be much more consistent than the damping estimates. Averages of these quantities are used to 
characterize each configuration, although a more reliable damping estimate technique (described later) is 
employed for the final assessment.  

Ten different TMD configurations are tested and reveal that the constrained layer damping 
treatments provide much more damping than the bolted connections; hence, bar Configuration B in Figure 4-1 was 
not tested. Most of the testing focuses on Configuration A. Three different constrained layer damping materials 
are included in the study: (1) 0.062-in-thick red SBR rubber, (2) 0.062-in-thick neoprene, and (3) 0.02-in-thick 
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DYAD 6013. When used, two 3”×5” damping sheets are sandwiched between the steel plates in the top joint as 
shown in Figure 4-4. Tests with different TMD flexure lengths (LTMD) are also performed by having the fabricator 
drill additional bolt holes.  

 

Figure 4-3 Response to Single Impact and Ring-Down Portion 

 

Figure 4-4 SBR Rubber Constrained Layer Damping in Top Joint 

A summary of the ten TMD configurations tested and the corresponding resonance frequencies 
and damping factors is provided in Table 4-1 for the nominal TMD mass (24 plates ≈ 1440 lbm). Averages of the 
frequency and damping values obtained from Equations (4-1) are reported in the table. The total TMD stiffness, 
kTMD, is also provided and is determined from Equation (3-1) as 

                                                                 
3 DYAD 601 is a thin sheet polymer manufactured by Soundcoat, Inc used in constrained layer damping applications. 



 

 4-4 

   TMDTMD mfk
2

2  (4-2) 

The target value for kTMD is 1700 lbf/in for the desired resonance frequency of 3.4 Hz and the nominal mass of 
1440 lbm. The TMD stiffness derives from a combination of the flexural stiffness of the steel bar, elastic stiffness of 
the bolts, and the shear stiffness of the constrained layer (if present) in the joint. The three constrained layer 
materials have a significant effect on the overall TMD stiffness and damping. The DYAD 601, in particular, has the 
greatest effect. The stiffness drops from 1445 lbf/in with no constrained layer to 242 lbf/in with the DYAD 601. The 
flexure bar length must be reduced to compensate for the presence of a constrained layer to achieve the final 
stiffness goal of 1700 lbf/in.  

  While the loss of TMD stiffness with a constrained layer is not desirable, the three layer 
materials do provide significant damping. The two all-steel configurations provide about 2% critical damping for 
bar Configuration A and about 3% critical damping for bar Configuration C (hence, there is little value in testing bar 
Configuration B). Conversely, critical damping factors between 6% and 10% are achieved with the constrained 
layer damping materials. The DYAD 601 provides the best damping performance (but has the greatest effect on the 
joint stiffness). The neoprene and SBR rubber provide similar levels of damping, with the neoprene having perhaps 
a slight edge. The SBR rubber has a larger shear stiffness and is therefore a better candidate for this application 
because less adjustment in the bar length is required to compensate for the reduced joint stiffness.  

Table 4-1 Prototype Test Results for Nominal TMD Mass  

Bar 
Config. 

LTMD  
(in) 

Constrained 
Layer 

Number 
of Plates 

f  
(Hz) 

 kTMD 

(lbf/in) 

A 49 None 24 3.16 0.014 1445 

A 49 SBR 24 2.52 0.045 923 

A 49 Neoprene 24 1.69 0.068 392 

A 49 DYAD 601 24 1.30 0.099 242 

C 49 None 24 3.11 0.032 1537 

C 49 SBR 24 2.49 0.065 889 

A 45 None 24 3.54 0.020 1864 

A 45 SBR 24 2.69 0.060 1058 

A 41 SBR 24 3.15 0.056 1406 

A 31 DYAD 601 24 2.04 0.080 605 

 

The two most practical TMD design candidates are (1) the all-steel, bar Configuration A and (2) a 
reduced-length TMD incorporating the SBR rubber in the upper-most joint. The former design may yield more 
reliable long-term performance and less sensitivity to temperature variation, but has less internal damping and 
therefore reduced vibration mitigation. The latter design may require additional in-service inspections to verify and 
maintain the integrity of the interface and may exhibit variation in the resonance frequency with temperature, but 
the SBR rubber interface provides much better vibration mitigation performance. Both of the tested configurations 
are shown in Figure 4-5. 
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Figure 4-5 45-in-Long All-Steel TMD (Left) and 41-in-Long TMD with SBR Rubber (Right) 

The effect of TMD mass on the resonance frequency of the all-steel configuration is shown in 
Table 4-2 for a 45-in-long bar. The resonance frequency for the nominal 24-plate configuration is 3.54 Hz (slightly 
high), but adding two additional plates (for a total of 26) decreases the resonance frequency to the goal of 3.4 Hz. 
A slightly longer bar length is required to achieve the 3.4 Hz with 24 plates. The mass of each plate is responsible 
for about a 0.07-Hz change in the TMD resonance frequency. The internal damping is a little less than 2%. 

Table 4-2 Effect of Mass on Resonance Frequency; LTMD = 45 in, All Steel 

Bar 
Config. 

Length 
(in) 

Constrained 
Layer 

Number 
of Plates 

f  
(Hz) 

 kTMD 

(lbf/in) 

A 45 None 18 4.13 0.017 1888 

A 45 None 20 3.89 0.014 1856 

A 45 None 22 3.73 0.018 1878 

A 45 None 24 3.54 0.020 1849 

A 45 None 26 3.40 0.019 1848 

 

The effect of the TMD mass on the resonance frequency of the TMD with the SBR rubber 
interface layers is shown in Table 4-3. The bar length, in this case, is reduced to 41 in. for these tests to 
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compensate for the loss of stiffness introduced by the rubber. The resonance frequency with the nominal 24 plates 
is 3.15 Hz, which is lower than desired. Removing 4 plates brings the resonance frequency up to the desired 3.4 Hz. 
A shorter bar length is required to raise the resonance frequency to 3.4 Hz with 24 plates. The damping estimates 
computed from these data hover between 5% and 6%. 

Table 4-3 Effect of Mass on Resonance Frequency; LTMD = 41 in, SBR Rubber 

Bar 
Config. 

Length 
(in) 

Constrained 
Layer 

Number 
of Plates 

f  
(Hz) 

 kTMD 

(lbf/in) 

A 41 SBR 18 3.55 0.068 1395 

A 41 SBR 20 3.40 0.049 1421 

A 41 SBR 22 3.18 0.048 1363 

A 41 SBR 24 3.15 0.065 1463 

A 41 SBR 26 2.95 0.048 1386 

 

The damping estimate obtained from the logarithmic decrement method [Equation (4-1)] is easy 
to compute but is fairly crude because it is very sensitive to slight variations in the amplitude ratio gn/gn+1. A less-
sensitive method relies on a curve fit of the theoretical damping envelope defined by 
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where t0 is the time corresponding to an impact (e.g., t0 ≈ 8.2 sec in Figure 4-3), f is the characteristic frequency of 

the ring-down oscillation (i.e., the resonance frequency), A is the signal amplitude at t0, and  is the critical 
damping factor. The more reliable estimates for f in Table 4-1 can be used with known value for t0 to obtain an 

estimate for  based on a least-squares curve fit to the time/amplitude pairs for successive crests. The least-

squares procedure starts from initial estimates of A and , then adjusts the two parameters to minimize the error. 
While the procedure also yields a value for A, it is of no interest here. The absolute value of the crest points are 
used to essentially double the number of available data points. The factor of 2 is dropped from the exponent in 
Equation (4-3) to compensate for the data-doubling. A comparison of the data and resulting curve fit is shown in 
Figure 4-6. The data follow the damping envelope very closely. 

The curve-fit procedure is used to obtain more reliable damping estimates for the two candidate 
TMD configurations. The all-steel configuration yields a refined critical damping value of 1.8% and the SBR rubber 
interface yields a critical damping factor of 11%. Analyses (Figure 3-5) show that even a low damping value of 1.8% 
results in acceptable vibration mitigation; however, the 11% damping provided by the SBR rubber layer provides a 
significant improvement and perhaps enough margin to compensate for the potential effects of temperature 
variation and aging.  

The resonance frequencies obtained for the two candidate configurations with 24 plates (i.e., 
nominal mass) are close to the target frequency of 3.4 Hz, but some adjustment of the bar length is required to 
achieve the best-possible agreement. An idealized model of the TMD is illustrated in Figure 4-7 which shows that 
lateral deflection of the TMD mass caused by an applied force, F, is the sum of rigid-bar rotation allowed by the 
flexible joint at the top and the elastic bending of the bar. In general, the total TMD stiffness is made up of bar 
flexural stiffness, kFlex, bolt stiffness, kBolts, and the constrained layer shear stiffness, kLayer, as given by 
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Figure 4-6 Curve Fit of Damping Envelope to Ring-Down Oscillation Crest Data 

For an ideal cantilever beam, kFlex = 3EI (static stiffness), where E is Young’s modulus (29×106 psi) 
and I is the moment of inertia of the bar (2.25 in4). Average values for kTMD obtained from testing with L = 49 in. 
and L = 45 in. with no constrained layer are used to determine experimentally-derived values for kFlex and kBolts: 

 
 

in/radlbf1059.3

inlbf1096.13inlbf1072.1

8

2828





Bolts

Flex

k

EIk
 (4-5) 

The bar length required to achieve the target stiffness of kTMD = 1700 lbf/in is obtained from Equation (4-4) 
omitting the kLayer term. The bar length for the all-steel configuration is LTMD = 46.3 in., which, as expected, is 
slightly longer than the 45-in-long bar that was tested. 

A similar procedure is used to determine kLayer for the SBR rubber. The tests performed for 
L = 49 in., L = 45 in., and L = 41 in. with the SBR rubber provide three estimates of the TMD stiffness that are used 
to determine kSBR = 5.6×106 lbf∙in/rad. The bar length required to provide the correct stiffness is between L = 37 in. 
and 38 in., depending on the stiffness of the SBR rubber. This length difference is insignificant as the effect on the 
resonance frequency can be compensated for by removing or adding a single mass plate. A length of 37.4 in. is 
selected for the final design. 
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Figure 4-7 Idealized Cantilever Tuned-Mass Damper 

The prototype testing provides the critical data needed to finalize the design of the TMD. The 
four components that make up each TMD are shown in Figure 4-8. The intermediate bars that connect the top 
assembly to the mass support assembly are shown at the bottom of Figure 4-8. Three pairs of holes are provided in 
these bars (there are two bars per TMD). The outermost set of holes are used to assemble the all-steel 
configuration, while the two right-most pairs of holes are used to assemble the TMD with the SBR rubber. The 
TMDs should be built with the SBR rubber. The all-steel option provides end-user flexibility should unforeseen 
performance issues develop with the SBR rubber over time. The TMDs can be reconstructed in the all-steel 
configuration as a lower-maintenance (and somewhat reduced performance) back-up option. 

 

Figure 4-8 Component Assemblies for the Final Tuned-Mass Damper Design  
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4.2 IN-SITU TESTING AND VIBRATION MITIGATION PERFORMANCE 

The agitator support platform bracing members and the three TMDs were installed at the site on 
March 28, 2012 as shown in Figure 4-9. The TMDs are welded to the top of Columns G7, G8, and G9 with full 
penetration welds of the top and bottom flanges. The TMDs were assembled by plant contractors with 26 mass 
plates on each TMD. The TMD on Column G9 was attached about 1 in. to the south of the column centerline to 
provide clearance between an access ladder on the north side and a cable shelf on the south side. 

 

Figure 4-9 Agitator Support Bracing (Left) and Tuned-Mass Dampers (Right) 

Initial tuning of the TMDs was performed on March 29, 2012. Accelerometers were attached to 
the top and bottom of the TMD flexure bar as shown in Figure 4-10 and in the same configuration used for the 
prototype testing (Figure 4-1). Again, Channels 1 and 3 provide the most relevant data from a vibration mitigation 
perspective. Channel 3 provides a direct measurement of the control room floor acceleration environment in the 
east/west direction and Channel 1 provides the acceleration of the TMD mass in the same direction. The frequency 
response of the TMD mass relative to the top of the TMD is used to identify the resonance frequencies of the TMD. 
The frequency response function in the east/west direction is computed per  
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where one form of the frequency response function, H<1>, is computed from the ratio of the cross-power spectrum, 
S31, computed between the “excitation” channel (Channel 3) and the “response” channel (Channel 1), and the 
auto-power spectrum of the excitation channel, S33. The second form of the frequency response function, H<2>, is 
determined from the ratio of the auto-power spectrum of the response channel, S11, and the alternative cross-
power spectrum of the response and excitation channels, S13. The final form for the magnitude of the frequency 
response function is obtained from the square-root of the product of the two transfer functions. The same 
procedure is used to compute the transfer function for north/south vibration using Channel 2 as the “response” 
and Channel 4 as the “excitation.” 
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Figure 4-10 Accelerometer Locations, Measurement Directions, and Data Acquisition Channel Numbers 

  Computed east/west and north/south frequency response functions obtained from 240 seconds 
of data acquired from the TMD (with 24 mass plates) on Column G7 are plotted in Figure 4-11. The four modes 
identified in the figure correspond to those predicted by finite element analysis and illustrated in Figure 3-7. The 
SBR rubber interface is not modeled in the analysis and the FEM assumes 49-in-long flexure bars, whereas the final 
as-built design has the 37-in-long bars determined from the prototype testing. The measured resonance 
frequencies are a little higher than the predicted frequencies, as might be expected from the shorter-length bars. 
The east/west bending mode is the one that provides the vibration mitigation and its resonance frequency is 
3.4 Hz, which is the design objective. 

 

Figure 4-11 Typical East/West and North/South TMD Frequency Response Functions  
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   The objective of the post-installation tuning effort is to determine the number of mass plates 
required to achieve the 3.4-Hz east/west bending mode frequency for each TMD. Each TMD is tuned individually in 
turn. The accelerometers are attached to each TMD as shown in Figure 4-10 and three sets of ambient-motion, 80-
sec-long time series data are acquired. This process is repeated for three different total mass configurations. Data 
are acquired for 24, 25, and 26 mass plates for the TMDs on Columns G7 and G9. Data are acquired for 26, 27, and 
28 mass plates for the TMD on Column G8. The final “tuned” east/west frequency response functions for each of 
the TMDs are plotted in Figure 4-12. The TMDs on Columns G7 and G9 behave as expected: both TMDs have an 
east/west resonance frequency of 3.4 Hz with 24 mass plates. The magnification at 3.4 Hz is 4.3, which 
corresponds to a critical damping factor of 11.6% obtained during prototype testing using the time-domain 
damping envelope curve-fit method. 

 

Figure 4-12 Comparison of the Three East/West Frequency Response Functions 

The TMD at Column G8 does not initially perform as well as the other two TMDs. Two additional 
plates are required for the G8 TMD to achieve the 3.4-Hz resonance frequency. The form of the curve near its 
resonance is slightly atypical and the magnitude is somewhat lower. These characteristics suggest there is a higher 
level of sticktion in this bolted connection than in the other two TMDs. The most probable cause is a thicker 
galvanic coating in the bolt holes, causing increased interference with the bolts. The 26-plate configuration is 
retained while the excess galvanic layer wears away with time. Once this occurs, this TMD will behave similar to 
the other two TMDs, and the two additional plates can be removed. Except for what is likely to be a temporary 
condition at Column G8, the TMDs behave exactly as expected based on the data collected during the prototype 
testing and the bar length adjustment made as a result of those tests.  

The final assessment of the control room vibration was performed on April 10, 2012. The plant 
was not operating at 100% during the preliminary tuning effort in March, but was fully functioning on April 10. The 
accelerometers were attached to the TMD on Column G8, which is roughly at mid-length of the control room. The 
lateral acceleration of the control room is obtained directly from the east/west accelerometer at the top of the 
TMD (i.e., Channel 3). The data obtained from the top and bottom of the TMD are filtered to exclude vibration 
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beyond 6 Hz and below 0.5 Hz4 and are plotted in Figure 4-13. The TMD mass has a much higher amplitude motion 
than the control room, indicating that the TMDs are performing as expected. The peak vibration of the control 
room is a little less than 0.004 g. A direct comparison of the east/west control room motion measured before the 
TMDs were attached and the motion measured after the TMDs were attached and tuned is plotted in Figure 4-14. 
Before the TMDs were attached, the motion frequently exceeded the 0.005-g limit. With the TMDs, the control 
room motion never exceeds 0.004 g. The TMDs successfully mitigate the vibration in the control room.  

 

Figure 4-13 Filtered Response (Between 0.5 and 6 Hz) in East/West Direction 

The TMDs only address the sway motion between 3 Hz and 4 Hz. The vibration assessment 
performed during the original site visit identified additional higher-frequency vibration caused by the calcite tank 
agitator. The agitator platform bracing (left side of Figure 4-9) addresses the vibration in the 10-to-20-Hz range. 
The vibration caused by the agitator was identified in September by recording the vibration in the control room 
with the agitator initially turned off and then turned on after about 30 sec. This test was repeated in April. The 
time-frequency spectrograms from September (before) and April (after) are shown on the left and right sides of 
Figure 4-15, respectively. The spectrograms are computed using identical-length time series and identical signal 
processing parameters. The accelerometers are also attached to the same location in the control room.  

The sway motion at 3.5 Hz is clearly reduced in the April spectrogram compared with the 
September spectrogram (there is no “red” in the 3.5-Hz line in the April spectrogram). The TMDs are responsible 
for this reduction. The agitator-induced vibration is identified in the September spectrogram as the heightened 
vibration between 10 and 25 Hz that appears once the agitator is tuned on after 30 sec. Note that these vibration 
signatures are not present in the April spectrogram, which confirms that the bracing successfully stiffened the 
platform. A consequence of stiffening the agitator platform is that the agitator motor, which operates at 
1800 RPM, produces more noticeable vibration at its characteristic frequency of 30 Hz. Before adding the bracing 
members, the flexible platform acted as a vibration isolator for this source of vibration. This is an unavoidable, but 
valuable trade-off because the more noticeable low frequency vibration is replaced with the less noticeable higher-
frequency vibration at 30 Hz.   

                                                                 
4  There is no motion of any significance below 0.5 Hz; the lower bound is used to exclude artifacts that the accelerometers 

and/or the data acquisition system introduce at very low frequencies. 
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Figure 4-14 Comparison of Control Room Vibration Before and After Adding the TMDs  

 

Figure 4-15 Comparison of Time-Frequency Spectrograms, East/West Vibration in Control Room 

There are two other relatively high amplitude contributions to the vibration present near 45 Hz 
and 56 Hz visible in the September spectrogram. This vibration is not caused by the agitator’s operation because it 
is present at roughly the same amplitude whether the agitator is operating or not, but is not present in the April 
spectrogram. Assuming that all of the plant mechanical systems were operating on April 10, the 46- and 56-Hz 
vibration must be associated with vibration modes of the original (unstiffened) platform that were being excited by 
other non-agitator mechanical systems operating nearby. The resonance frequencies associated with these modes 
have been sufficiently increased so they are not excited by the mechanical systems. In general, the April 
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spectrogram is “bluer” than the September spectrogram which indicates that the vibration in the control room is 
reduced over a broad frequency range for frequencies greater than 10 Hz.    
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Section 5 

SUMMARY AND RECOMMENDATIONS 

Vibration measurements made at the chemical processing plant in September 2011 revealed two 
sources of vibration responsible for the discomfort felt by staff assigned to the elevated control room. The very 
low damped 3.5-Hz sway mode of the supporting structural frame was responsible for magnifying ground-borne 
vibration to an amplitude of 0.015 g in the 3-to-8-Hz band where people tend to be most sensitive to vibration. 
This level of vibration is three times higher than the commonly-used limit of 0.005 g for offices. In addition to the 
sway motion, the calcite tank agitator located on a platform just below the control room produced noticeable 
vibration in the 10-to-20-Hz range. Tuned-mass dampers were recommended to mitigate the sway motion of the 
frame and diagonal braces to stiffen the agitator support platform.  

The diagonal braces provide vertical and torsional restraint to the free end of the platform. The 
existing platform is structurally adequate to carry the weight of the agitator and its shaft, but it had very little 
rotational stiffness about the east/west axis. As a consequence of this flexibility, the platform resonance frequency 
was very low—around 10 Hz—and the twisting motion allowed undesirable contact forces to develop between the 
shaft and the fiberglass tank. These contact forces are the most likely cause of the crack in the tank and several 
bent and/or broken shafts. The diagonal braces raise the platform’s resonance frequencies well above 30 Hz. The 
braces were added to the structure on March 28, 2012 with the agitator/shaft assembly in place on the platform, 
but not operating. As such, the braces only resist the dynamic forces generated during agitator operation. The 
braces are sized to provide a significant increase in stiffness and to resist the higher-than-normal forces that can 
arise from a bent shaft.  

Three identical TMDs were designed for the plant. The mass of each TMD is about 1400 lbm and 
is provided in the form of 24 to 26 60-lbm steel plates. The TMDs are required to have a resonance frequency of 
3.4 Hz with a total mass of 4200 lbm added to the structure. The optimal internal critical damping factor is about 
15%. Prototype TMD testing was conducted at the fabricator’s shop to characterize several constrained-layer 
damping materials for the top joint. Two 3”×5” sheets of Neoprene (0.063 in. thick), SBR rubber (0.063 in. thick), 
and DYAD 601 (0.020 in. thick) were alternately inserted between the mating steel surfaces of the prototype TMD 
to assess their effect on the damping and stiffness of the TMD. DYAD 601 proved to have the best damping 
performance, but it also had the greatest effect on the TMD stiffness5. The Neoprene and SBR rubber exhibited 
similarly good damping performance (about 11%), but the SBR rubber has greater shear stiffness and therefore 
requires less change in the length of the TMD flexure bars. A version of the TMD with no damping layers (i.e., steel-
on-steel contact) was also tested, but the damping generated with this assembly is less than 2%. The SBR rubber 
constrained-layer damping option was selected for the final design and the TMD flexure length was reduced to 
37.4 in. to provide the 3.4-Hz resonance frequency. The TMD bars are fabricated with extra length and an extra set 
of holes so that the TMDs can be constructed in the all-steel configuration if the SBR rubber properties degrade 
unexpectedly over the long term.  

                                                                 
5  The low shear stiffness of the DYAD 601 is desirable for TMD designs that employ the constrained layer in parallel, rather 

than in series, with the primary stiffness of the flexure bars. The parallel configuration would allow maximum effect of the 
damping, but not affect the stiffness. 
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The TMDs were installed on the structure by plant contractors on March 28, 2012 with 26 mass 
plates placed on each TMD. Initial tuning of the TMDs was performed on March 29, 2012, and finalized on April 10 
when the plant became fully operational following an un-planned shutdown. Tuning, in this context, is the process 
of using accelerometer data to determine the number of mass plates required to produce the desired 3.4-Hz TMD 
resonance frequency. Adding mass, lowers the resonance frequency and removing mass increases the frequency. 
The TMDs are designed to resonate at 3.4 Hz with 24 mass plates based on extensive structural dynamics analyses. 
The TMDs on Columns G7 and G9 behaved exactly as anticipated with 24 mass plates. Data obtained from the TMD 
on Column G8, however, indicates that the galvanizing in the bolt holes may be thicker than normal resulting in 
initially-high sticktion forces. Continued vibration will wear away the coating over time, so 26 plates are left in 
place on that TMD.  

The data acquired during the tuning process are also used to assess the net vibration mitigation 
provided by the TMDs. The vibration amplitude in the critical 3-to-8-Hz range is less than 0.004 g, which represents 
a significant reduction relative to the 0.015-g amplitude measured before adding the TMDs. There is also no 
significant agitator-induced response in the 10-to-20-Hz range, which verifies that the agitator platform bracing 
successfully mitigates that source of vibration. Control room staff will continue to feel vibration between 3 to 4 Hz, 
but the amplitude is significantly lower with the TMDs and should not be annoying. Staff report that the motion 
feels much lower now. No further vibration mitigation is recommended at this time. Additional TMDs can be 
placed on Columns H8 and H9 for improved mitigation. Access to Column H7 is presently blocked by the presence 
of a steam pipe and the minor increment in vibration mitigation offered by a TMD on that column would not be 
worth the cost of moving the steam pipe.  

Plant management may wish to caulk around the upper joint of the TMDs to protect the rubber 
layers from exposure to rain and the salt. The rubber layers may not require this protection because only the thin 
perimeter is exposed. The bolted connections should also be inspected periodically to verify they remain tight over 
time and the caulking, if applied, remains intact. Plant staff should use their judgment and set the inspection cycle 
as required. Finally, after 3 months of wear-in, the number of mass plates on the center TMD can be reduced to 24 
to match the other two TMDs. This latter adjustment is not required, but may yield marginally improved vibration 
mitigation. 

 




