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CONTROL ROOM VIBRATION SURVEY, ASSESSMENT, 
AND MITIGATION OPTIONS  

EXECUTIVE SUMMARY 

A 15’×35’ prefabricated control room located on a 28-ft high structural 
steel frame at a chemical processing plant experiences relatively high levels of 
transverse vibration. Vibration data were acquired at various locations on site 
and identified a predominantly lateral vibration at frequencies of 3.5 Hz, 11 Hz, 
and 20-25 Hz. Structural dynamics analyses show that the fundamental sway 
mode of the frame is responsible for amplifying the ground-borne random 
vibration at 3.5 Hz and causing motions in excess 0.015g at that frequency. A 
mechanical unit mounted on a platform supported off the frame is responsible 
for the 11-Hz vibration and a second harmonic is responsible for exciting 
secondary frame modes near 20 Hz. Analyses indicate that K-braces are an 
effective option for raising the sway mode resonance frequency to the 9-10 Hz 
range. An addendum analysis effort shows that a tuned-mass damper can 
significantly reduce the vibration near 3.5 Hz. The addendum analysis also 
indicates that stiffening the mechanical unit support platform will dramatically 
reduce the transmitted vibration around 10 Hz. The proposed structural 
stiffening and damping options are expected to significantly reduce the 
vibration in the control room.  
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Section 1 

BACKGROUND 

The chemical processing plant is shown in Figure 1. A site plan of the facility is provided in Figure 
2. Plant management became immediately aware of undesirable vibration in the prefabricated control room 
structure located on top of the 28-ft-high north-south structural steel frame between Gridlines 7 and 9 and G and 
H (see Figure 2). A processing plant such as this facility will produce higher levels of high frequency vibration in on-
site working spaces than would be present in a typical office building; however, the vibration in the control room is 
characterized by a low-frequency sway motion in the east/west direction, normal to the main axis of the 
supporting structural steel frame, and higher frequency vertical and lateral vibration.  

 

Figure 1 Aerial View of the Chemical Processing Plant 

The structural steel frame is shown highlighted in Figure 2 as the yellow-filled red rectangle. 
Lateral support in the north/south direction is provided by four K-braces along column lines G and H. Moment-
resisting frames provide the lateral resistance in the transverse direction, so the frame is much more flexible in the 
east/west direction. Each east/west frame essentially acts independently of its neighbor because there is no floor 
system per se to act as a shear diaphragm as there is in a typical office building. 
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Plant management raised the vibration concerns with the original structural engineers of record 
and three diagonal braces were added to stiffen the frame in the east/west direction at columns G7, G8, and G9. 
Anecdotal information suggests that the vibration may have actually worsened after the braces were installed.  
The structural engineers proposed additional more extensive modifications to the structural frame in an effort to 
inhibit transmission of structure-borne vibration into the columns immediately under the control room; however, 
plant management was not convinced of the technical basis for these proposed changes so they were never 
implemented.  

 

Figure 2 Site Plan Showing Location of Control Room on North/South Structural Frame 

A vibration survey was performed in September 2011 to provide recommendations for mitigating 
the vibration in the control room based on measured site vibration data and rigorous structural dynamics analysis. 
A two-phase effort is proposed with Phase I focused on site vibration data collection, data and structural analysis, 
and development of viable mitigation options. The final design, formal construction drawings, and fine-tuning of 
the design during construction are reserved for Phase II. 

Undesirable levels of vibration in a structure can occur as a result of (1) high-level external 
source-induced vibration, (2) resonant mode amplification of otherwise low-level ambient vibration, or (3) direct 
excitation of structural resonant modes by external harmonic sources of excitation. Industrial facilities such as this 
plant have a number of large mechanical systems that produce high levels of vibration. All structures resonate at 
discrete frequencies and these resonant modes act as mechanical amplifiers that magnify ambient vibration near 
those frequencies by factors ranging from 10 to 100, depending on the structural damping associated with that 
particular mode. Harmonic (single frequency) sources of excitation are commonly produced by machines with 
rotating elements and are of particular concern. A motor operating at 1000 RPM, for example, produces harmonic 
excitation at 16.7 Hz. If this source of excitation happens to coincide with a structural mode of the same frequency, 
the resulting vibration can be large enough to cause structural damage through excessive stress or fatigue.  
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Vibration of nearby structures at an industrial plant is unavoidable. Commonly accepted 
vibration criteria, such as those shown in Figure 3, are available to guide engineers in the design of typical 
structures such as office buildings, shopping malls, etc. The critical observation from long experience dealing with 
human response to vibration is that people are most sensitive to low frequency vibration because internal organs 
tend to resonate in this range. Tests performed at a 2g-amplitude found that people have difficulty breathing 
when the vibration is in the 1-4 Hz range and experience chest and abdominal pain for vibration in the 3-9 Hz 
range1. People tend to be far more tolerant of vibration at higher frequencies. The various machines at the facility 
produce vibration across the frequency spectrum, but the vibration mitigation effort should focus on the lower 
frequencies. 

 

Figure 3 Typical Vibration Limits for Common Public Structures 

A variety of vibration mitigation options are available. When possible, it is most desirable to 
employ vibration isolation at the primary source(s) of the vibration to prevent the vibration from being transmitted 
into the ground or supporting structure. A vibration isolator is a specially-tuned “spring” that is placed between 
the vibration source (typically a mechanical unit) and its support. These are most easily integrated during initial 
construction and can be problematic to install for an operating facility.  

If the source of the vibration cannot be addressed directly, the mitigation efforts must focus on 
reducing the response at the location of interest. Vibration absorbers are often used to good effect by creating an 
anti-resonance at the frequency where the motion is most pronounced. The motion of the mass of the vibration 
absorber [also known as a tuned-mass damper (TMD)] moves out of phase with the structure’s mass at that 
frequency to cancel out the motion. Vibration absorbers are most effective when a harmonic source of excitation 
coincides with a structural resonance frequency, but they are also used successfully to control the vibration of 
buildings to the more broadband excitation produced by an earthquake. 

 Finally, in cases where structural modes are present in the low-frequency band of concern 
(1-8 Hz) and are a significant contributor to the perceived vibration, some value may be obtained by modifying the 
structure. It may be possible to add structural braces at strategic location(s) to raise the resonance frequencies 

                                                                 
1 From Mechanical Vibration by William Palm 

0.01

0.1

1

10

1 10

P
e

a
k

 A
c

c
e

le
ra

ti
o

n
 (

%
g

)

Frequency (Hz)

ISO Standard RMS Limit

Office, Residence

Malls, Indoor Footbridge

Rhythmic Activities, Outdoor Footbridge



 

 1-4 

beyond the band of concern. This approach tends can be fairly costly for typical office buildings, but the bare 
structural frame (no walls or floors) at this facility is more amenable to this form of structural modification. 

Structural damping in a bare structural steel frame is likely to be very low ( ≈ 1%) and vibration amplification at 

structural resonance frequencies is inversely proportional to the damping factor; i.e., ~1/2. Hence, incorporating 
fluid viscous dampers into the frame will increase the energy dissipation and can significantly reduce the vibration 
amplitude, but will not affect the frequency of vibration. Viscous dampers affect a structure similar to TMDs; 
however, they operate by a completely different mechanism. Here, a viscous fluid (or maybe even a gas) is forced 
through an orifice and the viscous drag forces are responsible for extracting energy.  

Development of an effective vibration mitigation strategy requires site vibration data and 
structural dynamics models for evaluating potential solutions. Accelerometer data collected at the site provide the 
critical information needed to identify the various sources of excitation and to define the baseline vibration levels. 
Structural dynamics models are developed from the construction drawings and the vibration data are used to 
validate the models. The validated models are then used to predict the reduction in the vibration offered by each 
mitigation option studied and, ultimately, to provide the confidence necessary to implement the best option. This 
process is described in the following sections as it relates to the control room. 
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Section 2 

DATA ACQUISITION EFFORT AND FINDINGS 

A site visit was conducted on 28 September 2011 to obtain an overview of the facility, take 
physical measurements of structural members not included in the structural drawings provided by plant 
management, and measure the vibration at various locations in and around the control room. The primary 
objectives of the data collection activity were to (1) characterize the amplitudes and frequencies of dominant 
sources of excitation, (2) characterize the amplitudes and frequencies of the motion in the control room, and 
(3) identify primary structural resonance frequencies of the supporting frame and control room floor. 

2.1 DATA ACQUISITION EQUIPMENT AND MEASUREMENT LOCATIONS 

The vibration data were acquired using a portable data acquisition system consisting of a 
Windows-based laptop, a USB-powered four-channel 24-bit data acquisition module (Data Translation DT9837A), 
and the four single-axis accelerometers identified in Table 2-1. The accelerometers are capable of measuring 
accelerations between ±5g, which is more than adequate for typical large-structure vibration amplitudes where 
maximum accelerations are typically on the order of a fraction of a g. 

Table 2-1 Accelerometers and Channel Assignments 

Channel Accelerometer S/N Sensitivity 

1 PCB 333B52 46982 1.044 V/g 

2 PCB 333B52 46983 1.040 V/g 

3 PCB 393B04 32502 1.003 V/g 

4 PCB 393B04 32503 1.009 V/g 

 

Data were acquired for a period of 60 sec with a sampling frequency of 1000 Hz at each location. 
The measurement locations and associated data filenames are summarized in Table 2-2. The structural steel frame 
and measurement locations outside the control room are illustrated in Figure 4. Each file contains five columns of 
ASCII data: one column for time in seconds and four columns representing the acceleration for each data channel 
in g’s. The three 3-axis measurements obtained along Column G7 employed three channels of data and the 
measurement of the agitator support platform on the east side of the structural frame required only one channel. 
Each single-axis accelerometer was affixed to the measurement surface using bees wax and was oriented to 
measure vibration in the vertical direction [up/down (UD)], transverse direction [east/west (EW)], or longitudinal 
direction [north/south (NS)], as noted in Table 2-2.   
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Table 2-2 Summary of Measurement Locations and Response Directions 

Filename Location and Description Chan 1 Chan 2 Chan 3 Chan 4 

C4_5V Column base at G4, G5, H4, and H5 G5 UD H5 UD G4 UD H4 UD 

C4_5H Column base at G4, G5, H4, and H5 G5 EW H5 EW G4 UD H4 UD 

C6_7V Column base at G6, G7, H6, and H7 G7 UD H7 UD G6 UD H6 UD 

C8_9V Column base at G8, G9, H8, and H9 G9 UD H9 UD G8 UD H8 UD 

C10_11V Column base at G10, G11, H10, and H11 G11 UD H11 UD G10 UD H10 UD 

C12_13V Column base at G12, G13, H12, and H13 G13 UD H13 UD G12 UD H12 UD 

C7ENU1 3-Axis at Level 1 (12’ above ground) G7 NS G7 EW G7 UD — 

C7ENU2 3-Axis at Level 2 (18’ above ground) G7 NS G7 EW G7 UD — 

C7ENU3 3-Axis at Level 3 (24’ above ground) G7 NS G7 EW G7 UD — 

AGIT On agitator support platform — UD — — 

CTRL1 Control Room floor vibration (x ft from West wall) 3’, UD 6’, UD 12’, UD 9’, UD 

CTRL2 Control Room, Heel Drop Test (same as CTRL1) 3’, UD 6’, UD 12’, UD 9’, UD 

CTRL3 Control Room, 3-Axis, Agitator on NS EW -EW UD 

CTRL4 Control Room, 3-Axis, Agitator on (repeat CTRL3) NS EW -EW UD 

CTRL5 Control Room, 3-Axis, Agitator off, on at ~32 sec NS EW -EW UD 

CTRL6 Control Room, 3-Axis, Agitator on (repeat CTRL3) NS EW -EW UD 

UD = up/down, EW = east/west, NS = north/south 

. 

 

Figure 4 Schematic of Primary North/South Structural Frame and Accelerometer Locations 
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A schematic showing the approximate measurement locations inside the control room is 
provided in Figure 5. The measurements associated with files CTRL1 and CTRL2 are shown in blue in Figure 5 and 
the numbers adjacent to the measurement location represent the data channel from Table 2-2. Several heel-drop 
tests were performed to excite vertical floor vibration modes while acquiring data for CTRL2. In these two cases, all 
of the accelerometers were oriented to measure vibration in the vertical direction. Files CTRL3 through CTRL6 
were obtained with the 3-axis measurement configuration shown in red in Figure 5. The arrows show the positive 
acceleration measurement axis. The agitator, which sits on a platform attached to the east side of the structural 
frame, was turned off before acquiring data for CTRL5 and then turned on during data acquisition after 32 sec so 
that the on/off vibration environment could be measured. The agitator ran continuously for all other data 
acquisition events.  

 

Figure 5 Control Room Floor Plan Schematic Showing Accelerometer Locations  

2.2 SIGNAL PROCESSING RESULTS 

While gross characteristics of the vibration, such as the overall amplitude, can be discerned from 
plots of the data versus time, the frequency domain offers more insight for this application. Machines operate at 
single or variable speeds [revolutions per minute (RPM)] and any slight imbalance in the rotating components will 
produce harmonic vibration at a fundamental frequency, measured in Hertz (Hz), where 1 Hz = RPM/60. In 
addition, structures vibrate naturally at discrete resonance frequencies. One objective of the data acquisition and 
post-processing effort is to determine the nearby equipment operating frequencies and relevant resonance 
frequencies of the structure.  

Conversion of data from the time domain to the frequency domain is a straightforward process 
that makes use of the Fourier Transform. A computationally-efficient algorithm, the Fast Fourier Transform (FFT), 
was specialized for computer applications in 1965 and is used here. The FFT converts N successive time-domain 

data samples acquired at a sampling frequency fs (i.e., with a time increment between samples of t = 1/fs) into 

the frequency domain. The time-domain resolution is t and the frequency-domain resolution is f = fs/N. Each N-

sample data segment has a duration of Nt; the highest frequency that can be measured with that data segment is 
the so-called Nyquist frequency, or fmax = fs/2. A sampling frequency of 1000 Hz is used for this data acquisition 
effort, so vibration from about 0.5 Hz (an accelerometer-imposed limit) to 500 Hz is measured.  

The two frequency-domain analyses employed here are the power spectrum, which shows the 
distribution of power spectral density (PSD) measured in g2/Hz across the frequency domain, and the time-
frequency spectrogram, which shows how vibration magnitude and frequency vary with time. The power spectrum 
is used when the vibration is broadband (i.e., contains energy at many frequencies) and is essentially statistically 
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constant (stationary) during the data acquisition period. The square root of the area under the PSD curve is the 
standard deviation of the signal; hence, the power spectrum provides a statistical view of how the vibration is 
distributed over the frequency domain. The time-frequency spectrogram is used when the vibration magnitude 
and frequency vary with time. The time-frequency spectrogram provides more of a qualitative picture of how 
vibration levels and prominent frequencies evolved over time.  

2.2.1 GROUND-BORNE VIBRATION 

The various mechanical systems at the plant generate vibration that propagates through the 
ground/foundation throughout the facility. As a general rule, the vibration amplitude tends to diminish as it 
spreads from its source. High frequency vibration loses energy faster than low frequency vibration. Vibration 
measurements were obtained at the base of all of the columns along Gridlines G and H between Gridlines 5 and 
13, inclusive. Power spectra computed from several representative locations are plotted in Figure 6 and provide a 
snapshot of the ground-borne vibration at the site near the control room. The power spectra are computed using a 
data segment length of 2048 samples, 50% overlap2, and a four-term Blackman-Harris data window to reduce 
leakage effects. Even though data were acquired at 1000 Hz and provide a maximum observable frequency of 
500 Hz, the power spectra are only plotted out to 100 Hz to focus on the region of interest. 

A relatively high source of 40-Hz (2400 RPM) vibration appears to be present near Column H4, 
but is not observed at adjacent columns which indicates that it does not propagate far from its source. The most 
widespread source of ground-borne vibration occurs at 30 Hz (1800 RPM) and is a maximum near Column G6. The 
30-Hz tone is measured at all of the columns at a lower amplitude. There are three large recirculation pumps 
located on the east side of the facility on Gridline K near Gridlines 12, 14, and 15 (see Figure 2) that operate at 
1781 RPM that are primarily responsible for this vibration, but there may be an additional source near Column G6 
(e.g., the smaller motor attached to the agitator operates near 1800 RPM). An 18-Hz tone (1070 RPM) is also 
present and strongest near Column H10 and clearly visible at Columns G11 and G9. An additional source of 
vibration near Column G11 is responsible for the four peaks at 38, 43, 47, and 50 Hz.  

The ground-borne vibration immediately under the control room (Gridlines 7, 8, and 9) is of 
particular interest. The vertical vibration environment for these columns is plotted in Figure 7. The most obvious 
source of vibration is the 30-Hz tone observed at all of the columns instrumented for this investigation. The 18-Hz 
and 40-Hz sources near Gridlines 10 and 4, respectively, do not propagate far enough to appreciably affect the 
vibration under the control room. 

Ground-borne vibration transverse to the north/south structural frame is also of interest because 
of the observed east/west sway motion in the control room. The vibration in the east/west direction was 
measured at Columns G5 and H5 and the power spectra from these data are plotted in Figure 8. The 30-Hz tone is 
present at a magnitude comparable to that recorded in the vertical direction. A 55-Hz tone is also present at 
Column H5, but it is unlikely that this relatively high-frequency vibration is present at the columns supporting the 
control room. There are no other direct sources of harmonic excitation in the east/west direction for frequencies 
below 30 Hz. The lateral vibration level below 30 Hz is best characterized as random vibration at a level of about 
4.0×10-9 g2/Hz and is produced by the combination of all plant operations. 

                                                                 
2  Overlap sampling is used to improve the accuracy of the power spectrum. 50% overlap implies that each data segment is 

composed of N/2 samples from the previous segment and N/2 new samples. 
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Figure 6 Power Spectra of Up/Down Vibration at Different Columns 

 

Figure 7 Power Spectra of Up/Down Vibration for Control Room Support Columns 
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Figure 8 Power Spectra of East/West Vibration at Columns G5 and H5 

2.2.2 COLUMN VIBRATION: VERTICAL TRANSMISSION 

Vibration was measured in all three axes at the intersections of Column G7 and the north/south 
beams at 12, 18, and 24 ft above the ground to characterize the transmission of the ground-borne vibration from 
the foundation to the control room and to determine if the frame dynamics affect the vibration in the control 
room. Power spectra of the vertical vibration along Column G7 is plotted in Figure 9. The vibration measured at all 
four locations along the column is essentially identical—the columns do not magnify or attenuate the vibration. 
The vibration measured in the control room (on the floor, about 3 ft from the west wall) exceeds the column 
vibration for frequencies greater than about 25 Hz. Vibration modes of the prefabricated control room structure 
are most likely responsible for this elevated response. 

Vibration in the east/west direction is of particular interest because of the side-to-side sway 
motion in the control room. Power spectra for the east/west vibration at 12, 18, and 24 ft above the ground are 
plotted in Figure 10. The control room data were obtained from an accelerometer mounted on the base of a filing 
cabinet located against the west wall of the control room. The 30-Hz tone is strongest near the ground and is 
significantly attenuated at the top of the frame and in the control room. The strongest east/west response occurs 
at 3.5 Hz. Control room personnel will also be much more aware of this motion because it falls in the frequency 
band where humans are most sensitive.   

The amplitude of the 3.5-Hz motion is lowest at 12 ft above the ground and increases with 
height. The amplitude (measured as displacement or acceleration) at 18 ft above the ground is 2.1 times greater 
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than the motion at 12 ft above the ground3. The amplitude of the motion at 24 ft is 3.2 times larger than the 
motion at 12 ft. These relationships relate directly to lateral sway mode of the frame as discussed in Section 3.1.  

 

Figure 9 Power Spectra of Up/Down Vibration Along Column G7 

 

Figure 10 Power Spectra of East/West Vibration Along Column G7 

                                                                 
3 These response ratios are computed by taking the square root of the ratio of the PSD values in the power spectra at 3.5 Hz. 

The displacement (or acceleration) is proportional to the square root of the PSD quantity g2/Hz. 
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Additional lower-amplitude peaks are observed at 11 Hz, 22 Hz, and 42 Hz. Higher response is 
observed in the control room between 80 to 100 Hz, but vibration at these higher frequencies cannot be felt easily 
by control room occupants and may be associated with localized vibration. The source of the 11 and 22-Hz motions 
is identified in the next section.  

2.2.3 CONTROL ROOM VIBRATION 

The east/west sway vibration of the control room is very obvious and somewhat annoying to 
those who work in the control room. The agitator, mounted on a platform supported on Column H8 just under the 
control room, is also known to contribute to the vibration environment because the absence of the agitator-
induced vibration was noticeable when it was recently taken offline for repairs. The agitator was fully operational 
during the site visit in September; however, control room personnel were willing to turn it off temporarily so that 
its contribution could be quantified. The data obtained in CTRL5 (Table 2-2) were measured with the agitator off 
for the first 32 sec and operating for the remaining 28 sec. 

Time-frequency analysis is very useful when the frequency content of a signal changes with time. 
In the case of the CTRL5 data, any frequencies associated with the agitator will not be present when the agitator is 
off but will be present when the agitator is operating. The time-frequency spectrogram of the data acquired from 
Channel 2 of the CTRL5 data set (east/west vibration measured on the east wall) is shown in Figure 11. The relative 
amplitude of vibration is color-coded, where blue represents low-level vibration, green and yellow represent 
moderate-level vibration, and red represents high-level vibration. Vertical “streaks” are responses at nearly-
constant frequencies and are caused, for example, by operating machinery or vibration at structural resonance 
frequencies.  

 

Figure 11 Time-Frequency Analysis of East/West Control Room Vibration 
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The 3.5-Hz lateral sway motion is present at a nearly-constant amplitude for the entire period; 
hence, it is present even when the agitator is not operating. The vibration at 11 Hz, on the other hand, is not 
present when the agitator is offline, but is clearly visible when the agitator is operating. Vibration between 20 to 
25 Hz is barely present when the agitator is off, but is much more apparent when the agitator is on. The responses 
at the higher frequencies are unaffected by the agitator’s operation. The data clearly show that the agitator 
primarily responsible for the vibration near 11 Hz and 22 Hz. The higher frequency may be associated with 
structural modes of the agitator support platform and/or the structural frame itself. This latter point is suggested 
by the apparent broadband nature of the vibration around 20-25 Hz—there are likely multiple modes in this 
frequency range that are being excited to varying degrees by the agitator. 

The north/south (Channel 1) and the vertical (Channel 4) vibration time-frequency spectrograms 
are plotted in Figure 12 and Figure 13, respectively. The agitator has no significant effect on the vibration in these 
directions. There is no significant vibration at all in the north/south direction and the elevated vertical vibration in 
the 35-60-Hz range will be perceived by control room occupants as a persistent buzz, but may not be considered 
annoying per se. The vertical vibration above 35 Hz is most likely caused by multiple resonant modes of the control 
room floor structure as discussed in Section 3.2.1. 

The overall vibration in the control room is plotted in the power spectra shown in Figure 14 and 
the primary contributors are identified. Of these, the sway motion at 3.5 Hz and the agitator-induced vibration are 
most important from a human comfort perspective. 

 

Figure 12 Time-Frequency Analysis of North/South Control Room Vibration 
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Figure 13 Time-Frequency Analysis of Up/Down Control Room Vibration 

 

Figure 14 Power Spectra of 3-Axis Control Room Vibration Environment 
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The total sway motion amplitude in the control room is about 0.1g. The CTRL3 time-domain data 
measured in the control room are filtered between 1 Hz and 5 Hz to isolate the motion around the 3.5-Hz sway 
motion. The filtered data are plotted in Figure 15. Channel 2 and Channel 3 are oriented in the east/west direction 
(Figure 5); however, their positive measurement axes point in opposite directions so the curves are 180-degrees 
out of phase. The sway motion amplitude varies over time as might be expected from a random vibration source 
but frequently reaches magnitudes around 0.015g, which is three times higher than the level normally considered 
“annoying” for a traditional office environment (Figure 3).  

 

Figure 15 Filtered Control Room Vibration 

2.3 SITE VIBRATION ENVIRONMENT OVERVIEW 

Motor- or machinery-induced ground-borne vibration is observed at several discrete frequencies 
ranging from about 18 Hz to 60 Hz. Most of the vibration is confined to the columns near the sources of the 
vibration and does not propagate to the columns supporting the control room. The 30-Hz vibration is the exception 
and is present in all directions at all of the columns instrumented for this study. As a general rule, 30-Hz vibration is 
not a significant concern from a human comfort perspective, so even though vibration at this frequency is 
observed in the control room, there is little benefit in attempting to mitigate it. 

Another potential source of concern is vibration transmitted through the structural steel frame. 
Measurements made at several locations along the height of Column G7 do not provide any evidence of long-
range structure-borne vibration propagation. The 30-Hz vibration is present but the data indicate that this 
vibration enters the column at its base rather than through the beams that frame into the columns. The 11- and 
20-25-Hz vibration observed in the control room and in Column G7 is structure-borne from its source at 
Column H8. The tension rod supporting the agitator platform vibrates visibly with a fairly large amplitude and that 
tension rod connects to the beam directly below the control room. Hence, there is a direct connection from the 
agitator support platform to the control room floor. An 11-Hz source of vibration is not desirable and should be 
mitigated if possible. 
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The 3.5-Hz sway motion of the control room is the primary source of concern. This motion is not 
caused by a single source operating near 3.5 Hz. Instead, the many sources of vibration at the plant combine to 
produce random vibration for frequencies below 30 Hz in the lateral (east/west) direction with a magnitude of 
4.0×10-9 g2/Hz and 8.0×10-9 g2/Hz in the vertical direction. The control room is also exposed to wind-induced 
vibration; however, no significant wind was present during the data acquisition effort. The 3.5-Hz motion occurs at 
a frequency where one would expect to find structural resonance frequencies of the supporting frame and at a 
magnitude (about 0.015g) and frequency that are particularly annoying to people. Random vibration at the 
foundation will be amplified by the fundamental structural resonance(s). The degree of magnification is directly 
related to the damping present in the structure. In this case, the internal damping is likely to be fairly low because 
the frame is bare (no floors or walls) and welded in the east/west direction. The contribution of the frame 
structural dynamics is addressed in the next section. 
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Section 3 

STRUCTURAL DYNAMICS ANALYSIS AND MITIGATION OPTIONS 

The structural steel frame is supported laterally in the north/south direction with K-braces 
located every four bays, thereby effectively tying the frames together in that direction. The north/south beams are 
pinned to the columns (i.e., they provide very little rotational restraint) and do not transmit bending moments in 
this direction. The lateral resistance in the east/west direction, on the other hand, is provided by welded moment-
resisting beam/column connections. A force applied to, say, Column H7 in the east/west direction is resisted by the 
rigidly-connected beams and columns on Gridline 7 only; there is very little load transfer to adjacent frames 
because of the pinned connections. The nature of this construction suggests that it is not necessary to model the 
entire structural frame, particularly since the vibration in the east/west direction is of primary concern and there is 
no significant vibration of concern in the north/south direction.  

The structural dynamics model has two primary applications in this study. The model is 
developed from the structural drawings provided by plant management and physical measurements obtained on 
site and is used to predict the fundamental structural resonance frequencies and mode shapes. Minor adjustments 
to the model are made to achieve the best possible agreement between measured frequencies and the predicted 
resonance frequencies. This validated baseline model is then used to explore the benefit of various vibration 
mitigation schemes. The structural dynamics model therefore plays a critical role in identifying the final 
recommended vibration mitigation options and provides confidence for plant management to proceed with 
implementing those recommendations. 

3.1 PRIMARY STRUCTURAL FRAME VIBRATION CHARACTERISTICS 

The structural dynamics finite element model (FEM) of the existing control room support frame is 
shown in Figure 16. The columns on Gridlines 7, 8, and 9 support the control room (see Figure 4), whose operating 
weight (structure, equipment, and people) is estimated to be 40,000 lbf. The control room mass is represented in 
the model as eight equal concentrated masses attached to the east and west sides of the frame. The added weight 
of the pipes and cable trays supported by the east/west beams are estimated to be 20.9 lbf/ft per beam at the 
lowest level, 73.5 lbf/ft at the second level, and 90 lbf/ft at the third level. The weight of the agitator is estimated 
to be 990 lbf and is placed on the agitator support shown in the right-hand side of Figure 16. 

Analyses performed with this model provide predictions of the frame’s resonance frequencies 
and mode shapes and the response at any location on the frame to a specified dynamic excitation. The analysis is 
performed using a structural dynamics computer program, based on the finite element method. The frequency 
response function (FRF) provides the ratio of the steady-state response at some point on the structure to harmonic 
excitation applied at a different point. In this case, the east/west acceleration of the control room caused by a 1-g 
harmonic acceleration of the foundation is computed and plotted in Figure 17. For very low frequencies of 
excitation, the control room acceleration mirrors the foundation’s acceleration (i.e., 1g at both locations; hence, 
the FRF ratio of the control room response to the base excitation is 1.0 for those frequencies). As the base 
excitation frequency approaches the fundamental resonance frequency of the structure (3.5 Hz in this case), the 
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response at the control room is amplified by this resonant mode. A damping level of 1% is assumed for this 
analysis, which translates into a vibration magnification factor of 50—the control room experiences 50 times the 
acceleration of that applied at the foundation with this assumed damping level. 

 

Figure 16 Two Views of the Baseline Finite Element Model of Control Room Support Frame 

 

Figure 17 East/West Control Room Frequency Response Function 

The first peak in Figure 17 is the fundamental sway mode resonance frequency of the structural 
frame which corresponds to the 3.5-Hz response measured on site. The only adjustment made to the FEM was the 
reduction of the cross-sectional area of the diagonal braces to 1.75 in2. The second highest peak in the FRF occurs 
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at 23 Hz and is associated with the second sway mode of the frame. This mode also includes significant column 
bending that causes vertical motion of the agitator support platform. Both mode shapes are plotted in Figure 18. 
The thin green lines represent the undeformed shape of the frame.  

 

Figure 18 Two of the Primary Structural Frame Mode Shapes 

The lateral deflection of the columns in the 3.5-Hz sway mode increases along the column and is 
a maximum at the control room. Similar trends are noted in the measured data as described in Section 2.2.2 
regarding the relative magnitudes of acceleration (or displacement) measured along Column G7. The east/west 
displacement of each level relative to Level 1 is summarized in Table 3-1. The measured values are very close to 
those predicted by the modal analysis for the fundamental sway mode shape. The only difference occurs at the 
control room level, but this discrepancy may result from measuring the control room motion about 10 ft north of 
Column G7 rather than on the column itself. The 3.5-Hz sway motion measured on site clearly corresponds to the 
fundamental sway mode of the structural frame. 

Table 3-1 Measured and Predicted Frame Displacement or Acceleration Relative to Level 1 

Location Measured Mode Shape 

Level 1 (12 ft) 1.0 1.0 

Level 2 (18 ft) 2.1 2.1 

Level 3 (24 ft) 3.2 3.2 

Control Room 2.9 3.4 

 

The mere presence of a sway mode at 3.5 Hz, does not mean the structure must sway. Wind-
induced motion is one possible cause, but there was no significant wind present during the data acquisition effort. 
There are no direct machine-induced sources operating at 3.5 Hz at the facility; however, there is an ambient level 
of random ground-borne vibration. If the foundation vibration is primarily responsible for the motion of the 

Sway Mode: 3.5 Hz Frame Mode: 23 Hz

Agitator Support
Deflection

Column Bending



 

 3-4 

control room, the acceleration PSD levels measured in the control room and at the base of the columns should be 
related through the FRF for a given frequency, f, by 

     )(
2

fSfHfS FCR  , (1) 

where SCR(f) is the acceleration PSD magnitude at the control room, SF(f) is the acceleration PSD magnitude at the 
foundation, and H(f) is the magnitude of the FRF relating the response of the control room acceleration to the 
foundation acceleration. In this case, f = 3.5 Hz, SCR(f) = 2.8×10-5 g2/Hz (from Figure 10), and SF(f) = 4.0×10-9 g2/Hz. 

The FRF plotted in Figure 17 is computed for a damping level of 1% ( = 0.01) and has a magnitude, which is 

inversely proportional to , of 50 at 3.5 Hz. Using the measured PSD values and Equation (1), the actual FRF 
magnitude should be close to 
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The FRF magnitude computed from the measured PSD levels is larger than that computed from 
the structural dynamics model with the assumed damping level. Some disagreement is not surprising. Possible 
sources of error include: (1) slight wind-induced motion of the control room, (2) error in the data and/or models 
used in the calculation, and/or (3) the structure has less damping than originally assumed. In fact, all three of these 
reasons are equally valid and are not mutually exclusive. No measurements of wind-induced control room wall 
surface pressures were made and it is not possible to evaluate or reduce the error in the FEM without a more 
extensive instrumentation effort. On the other hand, damping cannot be predicted and any estimates are known 
to contain considerable uncertainty. Hence, assume that the error lies completely in the damping assumption. The 

damping level must be closer to 0.6% ( ≈ 0.006) to achieve an FRF magnitude of 83.7. This is a very low value, but 
not at all unreasonable for a welded steel frame with few external sources of friction. The bolted connections to 
the north/south beams and the various pipes resting on the east/west beams provide the only sources of friction 
other than that generated at a molecular level within the steel itself. It is perfectly reasonable to conclude that the 
observed sway motion is caused by ground-borne random vibration and that the inherent damping level present in 
the frame is about 0.6%. 

3.2 SECONDARY STRUCTURE VIBRATION CHARACTERISTICS 

Secondary structures in this context include the control room floor structure and the agitator 
support platform. The floor structure is likely responsible for magnifying the vertical vibration in the 35 Hz to 60 Hz 
range felt in the control room. The agitator-induced vibration is clearly felt in the control room and the operating 
characteristics of the agitator, how it is supported on its platform, and how that platform is constructed and 
attaches to the main structural frame contribute to the vibration in the control room. 

3.2.1 CONTROL ROOM FLOOR 

The floor structure is constructed from C10×15.3 channels at 30 in. on center based on 
measurements made on site. A C10×15.3 section is used around the perimeter. A 1/4-in-thick plate is welded to 
the top surface of the channels and makes up the floor surface. The finite element analysis program is used to 
model the floor structure and to verify that the observed amplification of the vertical vibration (Figure 9) is, in fact, 
caused by structural modes of the floor system.  

The FEM of the control room floor is shown in Figure 19 along with the FRF relating the vertical 
acceleration of the floor to vertical acceleration of the supporting columns. The beam elements for the C10 
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members include the composite moment of inertia of the C10 and floor plate. The two-way action is captured by 
modeling the floor plate as 18-in-wide strip beams spanning between adjacent C10 beams. Rotational restraint 
(8×104 kip-in/rad) at the ends of the C10 sections is selected to achieve the observed 35-Hz resonance frequency. A 
uniform superimposed weight of 5 psf is included to account for the floor wearing surface, fireproofing on the 
underside surface, and the modest superimposed load inside the control room. 

 

Figure 19 Control Room Floor Frequency Response Function and Fundamental Mode Shape 

This model confirms that a reasonable assumption for the C10 rotational end restraints is 
sufficient to bring the predicted floor system resonance frequency into agreement with the data. The FRF in Figure 
19 does not show the extent of the amplification for frequencies near 60 Hz that is observed in the data; however, 
this discrepancy may be caused by the relatively low fidelity of the plate model used in the analysis. In the FEM, 
the plate spanning between adjacent C10 beams is modeled with a single beam element and will not accurately 
reproduce localized plate modes.  

The effect of welding a 1/4-in-thick plate to the lower flanges of the C10 beams is also 
investigated with this FEM. Analysis of this potential stiffening option only raises the fundamental floor mode 
resonance frequency to about 40 Hz, which is not a significant improvement given the cost and relative difficulty of 
implementing this modification. 

3.2.2 AGITATOR SUPPORT STRUCTURE 

Based on photographs, the platform appears to be built of three W6 beams (W6×16 is assumed), 
about 8 ft long. The platform is supported from below by a WT4×9 compression strut and from its free end by a 
tension rod (2 in. diameter is assumed). Drawings subsequently provided by the plant indicate that the horizontal 
member are W8 sections. The agitator sits on a steel plate that is bolted to the top flanges of the three beams. 
Two photographs of the agitator and its support structure are shown in Figure 20. The connection at Column H8 is 
shown in the left-hand photograph. A close-up of the inverted L-shaped plate that transfers load from the tension 
rod to the platform is shown in the photograph on the right-hand side. 
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Figure 20 Agitator and Support Platform at Column H8 

If the primary structural frame (Column H8, in particular) were rigid, the support platform would 
have a fundamental resonance frequency of about 9 Hz, based upon updated finite element analysis. The 
structural frame, however, has a significant column bending mode near 23 Hz (Figure 18), which allows for 
up/down motion of the platform at 23 Hz and is therefore susceptible to agitator-induced excitation. The tension 
rod is also expected to have a primary bending mode resonance near 6-10 Hz, depending upon its actual diameter 
and the tension force in the rod. The tension rod does vibrate with a clearly visible and relatively large amplitude. 
It may not be coincidental that these resonance frequencies correspond closely to the band of high-amplitude 
response seen in Figure 11 between 18 to 25 Hz when the agitator is operating. The primary agitator-induced 
vibration occurs at about 11 Hz; however, the agitator may also generate vibration near the 20-Hz structural frame 
mode, which would directly excite these structural modes. The measured 11-Hz motion is most likely associated 
with the rocking mode of the agitator support platform. 

The L-shaped plate (right-hand side of Figure 20) presents another concern. The sharp reentrant 
corner is subjected to vibration-induced tensile stresses and the geometry of the sharp corner amplifies that 
stress. This condition raises the risk of micro crack formation in the corner and, ultimately, of fatigue failure of the 
plate if those micro cracks coalesce and grow. The micro cracks will likely be too small to be seen and the crack 
growth will tend to be very rapid, so periodic visual inspection is unlikely to provide reliable or effective risk 
mitigation. The platform may not actually collapse onto the top of the tank below because of the strut support, but 
there could be undesirable consequences arising from excessive deflection of the shaft that feeds into and out of 
the agitator. In fact, the platform rocking mode may be responsible for observed shaft failures and damage to the 
top of the tank. 

3.3 VIBRATION MITIGATION OPTIONS 

The east/west vibration of the control room is the most noticeable and annoying to personnel. 
The data collected on site and subsequent analysis conclusively show that the 3.5-Hz sway motion is caused by 
ground-borne random excitation of the fundamental structural frame sway mode. In addition, agitator operation, 
coupled with the platform rocking mode and frame bending modes, are responsible for noticeable east/west 
vibration near 11-Hz and 18-25-Hz. The vertical (up/down) vibration in the control room is of secondary concern 
because it occurs at higher frequencies. The floor structure vibration modes of the prefabricated control room are 
responsible for enhancing the vertical vibration between 35 to 60 Hz and various pumps at the facility produce the 
30-Hz vibration. There is no significant north/south vibration.  

Reentrant
Corner
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Several vibration mitigation strategies are applicable. Whenever practicable it is desirable to 
eliminate or change the source of the vibration. A vibrating piece of equipment, for example, can be placed on 
vibration isolators that will significantly reduce the vibration transmitted to adjacent areas. A second approach 
involves extracting energy from the structure via damping mechanisms where the vibration is considered 
excessive. Vibration absorbers (TMDs) or fluid viscous damping can be added to a structure to improve its energy 
dissipation characteristics and significantly reduce the resonant mode amplification. A third strategy involves 
changing the vibration characteristics of the structure itself to render it less sensitive to the excitation. Adding 
structural braces to an existing structure stiffens the structure and pushes critical resonance frequencies outside of 
the motion-sensitive region. Viable vibration mitigation options for reducing the vibration in the control room are 
described and evaluated in this section. Each option is evaluated using the validated baseline structural dynamics 
model discussed in the previous section.  

3.3.1 STRUCTURE STIFFENING 

The 3.5-Hz sway motion is not caused by a single mechanical source operating near 3.5 Hz; 
rather, ambient ground-borne random vibration produced collectively by various plant operations is responsible 
for the random vibration that is simply magnified by a factor of 85 by the minimally-damped fundamental sway 
mode of the welded steel frame. To make matters worse, the sway mode frequency happens to fall in the low-
frequency band (< 8 Hz) where people tend to be most motion-sensitive. One option for reducing the vibration is 
to raise the sway mode resonance frequency above, say, 9 Hz by adding stiffening elements to the frame.  

Practical stiffening options must consider the access restrictions on site and the need to minimize 
disruption to plant operations. Adding structural elements to the west side of Grid G and/or to the east side of 
Grid H are not practical because of nearby structures. The most viable options include adding braces inside the 
frame as shown in Figure 21. Knee braces are desirable because they offer less interference with existing pipes 
supported by the beams. K-Braces are structurally more efficient but may cause more conflicts, particularly at the 
ground level where scissor-lifts and fork-lifts may need north/south travel access. An eccentric K-brace (i.e., with a 
gap at the vertex) is used at the ground level to facilitate north/south access. The stiffness can be further enhanced 
by stiffening the lower-most beam. Additional stiffness is gained from expanding the external brace into a truss at 
Columns G7, G8, and G9. 

These bracing options can be implemented in many different forms. For example, knee braces 
can be used with no beam stiffening or external truss. The objective is to find the minimum-cost configuration that 
raises the sway mode resonance frequency to about 9 Hz or greater. Consider the best-case scenario, which is a 
combination of all of the stiffening elements shown in the right-hand side of Figure 21. The FRF for the existing 
frame is given in Figure 17, but if the K-brace option is fully implemented, the FRF is as shown in Figure 22. The 
primary sway mode shifts from 3.5 Hz to 9.6 Hz, which is a significant improvement. Secondary local beam flexural 
modes are still present around 4.8 Hz, but these cannot be felt in the control room. This frame stiffening option 
also raises the column bending mode from 22 Hz (excited by the agitator) to 33 Hz, which is beneficial. One 
concern, however, is that a fundamental sway mode near 10 Hz may be directly excited by the agitator in its 
current configuration. 
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Figure 21 Knee- and K-Brace Stiffening Options 

 

Figure 22 East/West Frequency Response Function, Complete K-Brace Option 

The fundamental sway mode frequencies for various combinations of stiffening elements are 
summarized in Table 3-2. This is not an exhaustive summary of all possible combinations, but it does provide 
insight into the effect that combinations of the various options have on the sway mode resonance frequency. The 
knee brace options are not effective at raising the frame’s resonance frequency. When the knee braces are 
combined with the external truss and/or the stiffened beam, two significant modes are present at 4.6 Hz and at 6.7 
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or 7.2 Hz. While the magnitude of the response felt in the control room is reduced somewhat, the combination of 
two distinct frequencies may be just as or even more disturbing as that generated by the existing structure. 

The K-brace options are very effective. The K-braces combined with the stiffened beams and 
external truss (Opt 8 in Table 3-2) raise the resonance frequency to about 9.6 Hz. Omitting the external truss and 
stiffened beam from the complete K-brace option (Opt 5 in Table 3-2) reduce the resonance frequency from 9.6 Hz 
to 9.0 Hz, which is still reasonably good.  

Table 3-2 Summary of Frame Stiffening Options and Resonance Frequencies 

Modification Opt 1 Opt 2 Opt  3 Opt 4 Opt  5 Opt  6 Opt 7 Opt 8 

External Truss         

Stiffened Beam         

Knee Braces         

K Braces         

Primary Resonance 4.4 Hz 4.5 4.6, 6.7 4.6, 7.2 9.0 9.2 9.4 9.6 Hz 

 

3.3.2 VISCOUS DAMPER 

The welded structural steel frame has very low inherent damping in the east/west direction, so  
energy dissipation is very low. As a consequence, relatively small levels of ground-borne vibration are magnified by 
the frame’s sway mode by a factor of 85. This amplification can be significantly reduced by introducing viscous 
dampers into the structure as shown in Figure 23. Dampers, like shock absorbers on an automobile, generate 
motion-resisting forces based on the relative velocity of the two attachment points. Once the frame begins to 
sway, the dampers generate forces that oppose the motion, thereby effectively reducing the amplitude of the 
motion in the control room.  

 

Figure 23 Viscous Damper Energy Absorption Option 

Grids 7, 8, 9

Grids 7, 8, 9

Viscous Damper

Grids 7, 8, 9
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Viscous dampers do not affect the resonance frequency of the structure (i.e., they do not alter its 
stiffness), so sway motion will still occur at 3.5 Hz as it does now. The magnitude of the motion, however, can be 
reduced significantly. At present, the control room motion is about 3 times larger than the recommended limit 
shown in Figure 3; hence, a reduction in the amplitude by a factor of 4 (i.e., to a magnification of about 20) should 
provide a reasonable work environment. The FRF computed assuming the damping level in the frame is raised 
from 0.6% to 2.5% is provided in Figure 24 and can be compared to the FRF for the current structure provided in 
Figure 17. The resonant mode amplification drops from a factor of 85 to about 20; hence, the dampers reduce the 
motion by 25% of its current level in this example. The motion may still be felt to some degree by those in the 
control room because the frequency of the motion remains in the high motion-sensitivity band. 

 

Figure 24 East/West Frequency Response Function, Viscous Dampers ( =  2.5%) 

Additional analysis is required to determine if the motion characteristics of the frame and 
damping force requirements are compatible with state-of-the-art viscous dampers. If so, the number and optimal 
locations for the dampers must be determined with the objective is to raise the inherent damping from the 0.6% 
level presently in the frame to greater than 2.5%. The analysis will identify the “knee in the curve” when the 
increment of increased damping becomes low for a given increment in the cost. The full complement of the 18 
dampers implied by Figure 23 may not be required. Similar to the knee- and K-brace options, the ideal locations 
are in the ground-level bay, with decreased effectiveness when placed in the levels above. The addendum effort 
addressed these issues and found that fluid and gas viscous dampers are not currently available for this particular 
application.  

3.3.3 AGITATOR SUPPORT MODIFICATIONS 

The agitator does not contribute to the 3.5-Hz sway motion, but it does generate vibration at 
about 11 Hz which is still quite noticeable in the control room. The tension rod may have a first bending mode near 
10 Hz that can be directly excited by the agitator. There is evidence indicating the agitator is also responsible for 
exciting secondary frame modes (column bending) at around 22 Hz. The K-brace stiffening options have the added 
benefit of raising the column bending mode frequency beyond the second harmonic excitation frequency, which 
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will help to reduce some of the vibration in the control room around 20 Hz. However, the fundamental sway mode, 
if increased to near 10 Hz as discussed in Section 3.3.1, may be susceptible to direct excitation by the agitator. A 
third area of concern relates to the fatigue failure risk of the L-shaped plate welded to the lower end of the tension 
rod.  

The updated information provided by plant management, coupled with the structural dynamics 
analysis, suggests there may be significant benefit in stiffening the agitator support platform. Vibration isolation of 
vibrating equipment, the agitator in this case, as shown in Figure 25 can provide significant benefit when possible. 
An isolator is nothing more than a spring with a specially-selected stiffness (kIso) determined from the static weight 
of the agitator. In general, the objective is to provide a resonance frequency of about one fourth of the operating 
frequency. The connections to the agitator must be altered to accommodate the raised position of the isolated 
agitator and flexible connections are required to allow for very small motions of the agitator as it vibrates. In this 
case, however, the agitator shaft extends below the platform and down into the tank below. The isolation system 
requires that small motion of the agitator be accommodated, but this is not advisable here because of the shaft.  

 

Figure 25 Notional Modifications of Agitator Support 

The best mitigation approach is to stiffen the agitator platform. Structural analysis of the 
modified platform show that the platform rocking modes are raised to 35 and 50 Hz; hence, the 11-Hz vibration 
will be effectively eliminated. Also, the tension rod support plate (the inverted L-shaped plate) can be completely 
removed, thereby addressing the fatigue concerns discussed above.  

 

kIso

Spring Isolators
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Section 4 

CONCLUSIONS AND RECOMMENDATIONS 

The vibration of primary concern in the control room consists of a side-to-side vibration at 3.5 Hz 
associated with the low-damped lateral sway mode of the structural steel frame, an 11-Hz vibration caused by the 
agitator located just below the control room, and a 20-25-Hz vibration caused by the agitator’s excitation of 
secondary frame modes. The tension rod also has bending mode resonances in the 10-20 Hz range. Higher 
frequency vibration between 30 and 60 Hz is also present—primarily in the vertical direction—but this motion falls 
well outside the frequency band normally associated with human discomfort. There is no vibration in the 
north/south direction that requires attention. Finally, the tension rod interface plate on the agitator support 
platform has a geometry that renders it susceptible to the risk of fatigue failure.  

Vibration mitigation options are discussed in Section 3.3. Approximate material and fabrication 
costs associated with these options are summarized in Table 4-1. The steel material and fabrication costs are based 
on a standard construction industry cost-to-erect of $3500/ton. The fluid viscous damper and the agitator isolator 
options have since been eliminated from consideration because of technical limitations. Varying degrees of 
additional plant support will be required, depending upon the options selected, but these are best provided by the 
facility management based on their understanding of the site work required to implement each option. 

Table 4-1 Summary of Estimated Materials and Fabrication Costs 

Option Mitigation Estimated Cost 

A Knee braces in three levels on Grids 7, 8, and 9 $3000 

B K-braces in three levels on Grids 7, 8, and 9 $6500 

C Stiffened beam on lowest level at Grids 7, 8, and 9 $4000 

D Extended truss at G7 and G8 $1200 

E Viscous dampers in three levels on Grids 7, 8, and 9 $5000/damper 

F Agitator isolation and support modification $1000 

G Stockbridge-type TMD for tension rod $400 

H Control room floor stiffening (adding plate to underside) $9000 

I TMD and agitator support platform stiffening options see Phase II 
study report 

 

The options involving knee braces (i.e., Options A, A+C, A+D, or A+C+D) are not effective in 
raising the sway resonance frequency and therefore are not recommended for implementation. Also, the high-
frequency vertical vibration cannot be mitigated effectively by stiffening the floor structure, so Option H is not 
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recommended. Additional analysis was performed at the plant’s request to determine whether viscous or tuned-
mass dampers could be used effectively in this application. Viscous dampers are ruled out for this application, so 
the key choice is between stiffening the structure with K-braces (Option B, B+C, B+D, or B+C+D) or relying on 
tuned-mass dampers to extract energy from the frame. The frame stiffening options do not reduce the magnitude 
of the motion, but do alter its frequency so it less troublesome to control room occupants. The tuned-mass 
damper option does not alter the frequency of the motion, but can significantly reduce its amplitude near 3.5 Hz. 
modification of the agitator support platform is recommended to eliminate the 10-Hz rocking motion and to 
alleviate the fatigue risk associated with the L-shaped plate.  

The combination of Options B, C, and D, or Option I from Table 4-1 are recommended for a total 
estimated cost, including engineering services and other miscellaneous costs, on the order of $35,000. The final 
mitigation design will be developed from the general options provided here and site-specific limitations identified 
by plant management.    

  




