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FLOOR VIBRATION SURVEY FOR AN 
INTEGRATED OPERATIONS CENTER AND A 

HEADQUARTERS BUILDING  

EXECUTIVE SUMMARY 

Several complaints about floor vibration on the second floor of a new Integrated 
Operations Center (IOC) have been documented. The architectural firm that 
designed the building requested that a floor vibration survey be performed to 
quantify and determine the cause of the vibration. The cause of the high 
vibration is walking-induced excitation of a resonant floor mode where the third 
harmonic of a typical walking pace of 98 steps/minute directly excites the floor 
vibration mode measured at 4.9 Hz. To make matters worse, the swing-arm-
supported computer monitors also resonate near 5 Hz, so occupants in this area 
are subject to whole-body vibration and the visual annoyance of tracking a 
bouncing monitor. Adjacent, nominally identical bays, do not experience the 
same level of vibration because they have higher resonance frequencies ranging 
from 7.3 Hz to 9 Hz that are less susceptible to walking-induced resonance. 
While the raised access floor is not the primary source of the vibration problem, 
its construction and loose panels are a contributor. Potential mitigation options 
include changes to the furniture layout to route walking paths away from the 
dynamically sensitive areas, installation of vibration isolation in the primary 
walking pathways, or placing tuned mass dampers on the floor to increase the 
effective damping of the composite steel floor system.  
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1. BACKGROUND 

The new two-story Integrated Operations Center (IOC) recently opened for normal operations. The 
building is essentially fully occupied at this time and operates around the clock. The open floor plan on the second 
floor is populated by chest-high cubicles with the few ceiling-high non-structural walls located around the perimeter. 
There have been some persistent complaints about floor vibration in one area in particular on the second floor and 
a few other complaints from a few other scattered locations on the second floor. The building is a structural steel 
building with a composite steel floor system. The beams, spaced about 10 ft on center, span 45 ft between girders 
that span about 60 ft. A 12-in-high access floor system is used to facilitate cable routing. The access floor support 
posts are connected in orthogonal directions with screwed-on stringers and the 2 ft by 2 ft floor panels rest on the 
stringers with some clearance to permit their removal. There are provisions that allow the floor panels to be screwed 
into the support posts, but none of the panels appear to be screwed down at present. 

Additional comments on floor vibration have also been noted on Level 3 of the Headquarters 1 
(HDQ1) building. This 1989 structure is a poured-in-place reinforced concrete building with a pan joist floor system. 
The joists span 32 ft between girders that, in turn, span 40 ft. A raised floor is also present in HDQ1; however, the 
design is different from that installed in the IOC. The HDQ1 floor system also has support posts spaced on a 2 ft by 
2 ft grid, but there are no stringers and all of the floor panels are screwed into the support posts.  

The buildings’ owner brought these vibration concerns to the attention of the Architect with the 
suspicion that the raised floor is a key contributor to the vibration complaints in the IOC. Site vibration surveys in 
the IOC and HDQ1 buildings are performed to evaluate the cause of the vibration. The objectives of the site surveys 
are to (a) determine if the vibration in the IOC exceeds typical standards for vibration for an office occupancy, 
(b) identify the principal cause(s) of the vibration, and (c) provide recommendations for possible mitigation options. 
The site survey in HDQ1 is primarily intended as a baseline for comparison with the IOC survey results should the 
access floor in the IOC be identified as a significant contributor to the vibration. 

2. WALKING-INDUCED VIBRATION OF FLOOR SYSTEMS 

Walking-induced vibration is a common source of vibration complaints in buildings when vibration 
is reported. According to information summarized in Design Guide 11 (DG11)1, the normal walking pace falls 
between 96 and 122 steps per minute, which corresponds with a frequency range between 1.6 Hz and 2.2 Hz. Each 
footfall generates a downward-acting force on the floor and the floor deflects downward and rebounds with each 
step. Normally, this response is not noticeable; however, if the floor system is unusually flexible and/or a person’s 
walking pace happens to coincide with a dominant floor resonance frequency, the floor structure can dynamically 
magnify the deflection by a factor of about 15 times the typical deflection, which can be quite disturbing to others 
working nearby if it occurs frequently enough. 

Typical office building floor systems do not have resonance frequencies below 2.5 Hz; they tend to 
fall in the 4 Hz to 10 Hz range. Steel structures tend to be on the low side of this range and poured-in-place reinforced 
concrete structures tend to be on the high side. So, how can the higher frequency resonant mode of a floor be 
excited by the lower frequency of a normal walking pace? Each footfall causes an abrupt application of a force to be 
applied to the floor. Successive abrupt applications of a force at a given frequency result in forces at that frequency 
and at harmonics (integer multiples) of that frequency. In other words, a person walking with a step frequency of fw 
is applying forces to the floor at fw, 2fw, 3fw, and so on. As a general rule, the magnitude of the force diminishes with 

                                                 
1 Murray, T., Allen, D., and Ungar E., “Floor Vibration Due to Human Activity,” American Institute of Steel 

Construction Design Guide 11, 1997. 
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each higher harmonic; however, even a smaller force can excite a higher frequency resonant mode of a floor system 
if one of the harmonic frequencies (fw, 2fw, 3fw, …) happens to be close to the floor’s resonance frequency. Access 
floor systems can exacerbate this mechanism. The lack of resilience in the thin carpeting and the stiff access floor 
structure, combined with loose panels give rise to a “bang,” “bang,” “bang” with each step that magnifies the forces 
in the higher walking harmonics.  

There are no vibration limits imposed by the Building Code in the design of buildings. Engineers 
are merely asked to consider the effects of vibration. Few engineers have a technical background in vibration and 
hence, cannot perform a vibration assessment of a structure. To make matters worse, the real-world response of a 
structures is virtually impossible to predict because of the sensitivity to variables that the engineer has no knowledge 
of (e.g., friction in a bolted connection or the stiffening effect of non-structural partitions). This disconnect was the 
prime motivation that lead to the guidelines presented in DG11. DG11 also presents limits of acceptable vibration 
for various occupancies. DG11 recommends the maximum vibration be limited to 0.005 g (1.93 in/sec2) between 
4 Hz and 8 Hz, where people are most sensitive to vibration. The problem with this criterion is that it applies at a 
single frequency. Walking-induced vibration generates vibration over a narrow, but continuous band of frequencies.  

An alternative to the DG11 criterion is presented by the International Standards Organization 
(ISO)2. This standard uses the root-mean-square (RMS) vibration computed over a range of frequencies (1/3 octave). 
The bandwidth of the frequency range increases with the center frequency, so at a center frequency of 1 Hz, the 
bandwidth is about 1.23 Hz and at 10 Hz, the bandwidth is 12.3 Hz. This approach does a decent job of capturing 
how people perceive vibration at closely-spaced frequencies and is the preferred criterion to use for assessing the 
vibration performance of a floor system using measured data. The ISO standard defines a vibration level associated 
with a person’s ability to just perceive vibration, which is often used as the vibration limit for hospital patient and 
operating rooms. The vibration limit recommended for office spaces is four times the perception threshold, or 
0.772 in/sec2 (RMS) between 4 Hz and 8 Hz. 

Accelerometers are used to measure the time history acceleration response of a structure. The 
portable data acquisition (DAQ) system consists 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 1. A 
sampling frequency of 1000 Hz is used to digitize the analog acceleration data stream, which provides a useful 
frequency bandwidth out to about 500 Hz. The frequency range of interest is well below 100 Hz based on typical 
floor vibration frequencies, so the 500-Hz range is more than adequate for building vibration measurement 
applications. The duration of the data acquisition period is adjusted based on the purpose of the data being collected. 
Each acquisition period produces an ASCII text file containing the raw time series data with one column of time 
values for each sample (at 0.001-sec intervals) and four columns of acceleration values (in g’s). Each column of 
acceleration data corresponds to the channels identified in Table 1. The time series data are then processed to 
evaluate the frequency content and the DG11 and ISO vibration criteria. 

A typical site survey usually involves several data acquisition periods at various locations on the 
floor. One of the objectives is to identify the primary vibration modes of the floor system. Heel drop tests are 
performed to apply a transient shock to the floor, which excites the floor across many frequencies simultaneously. 
Analysis of those data shows peaks at discrete frequencies which can be associated with the resonance frequencies 
of the floor structure. Once the primary resonance frequencies are identified, an appropriate walking pace can be 
selected so as to maximize the floor’s response to walking-induced vibration. Data are recorded while walking back 
and forth in the area and then analyzed to assess the floor’s response relative to the DG11 and/or ISO vibration 

                                                 
2 “Evaluation of Human Exposure to While-Body Vibration—Part 2: Continuous and Shock Induced Vibration in 

Buildings (1 to 80 Hz),” International Standard 2631-2:1989 (E). 
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criteria. In relatively high traffic areas, it is worthwhile to record ambient vibration that represents the normal traffic. 
These data are also evaluated relative to the vibration criteria. 

Table 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 

 

3. INTEGRATED OPERATIONS CENTER 

The furniture layout in IOC Area B (the south side of the building) is shown in Figure 1. The yellow 
shaded region is the 45 ft by 60 ft bay where the majority of the vibration complaints have been generated. The 
green circle, in particular, experiences the most vibration. The cubicle area shaded on the south side has not been 
installed yet. The site vibration survey at the IOC was conducted on October 19, 2015 between 8:00 AM and 12:00 
Noon. The numbered red circles in Figure 1 represent the locations where vibration measurements were obtained. 
Locations 3, 6, 7, and 9 are at the geometric center of the four nominally identical (from a supporting structure 
perspective) bays and are expected to be the most dynamically responsive locations. Locations 1 and 5 are placed 
at midspan of the supporting girders. Locations 2 and 4 are at the quarter-span locations on a girder and beam, 
respectively.   

  

Figure 1 Partial IOC 2nd Floor Plan and Measurement Locations 
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Accelerometers are placed on the access floor and on the supporting slab at each measurement 
location as shown in Figure 2. The access panels visible in the photograph are not screwed into the supporting 
stringers that span between the vertical support posts. The stringers are screwed into the support posts, although it 
is commonplace for the stringer screws to work themselves loose over time as they are exposed to pedestrian traffic 
in the area.  

 

Figure 2 Accelerometers on Access Panel and Slab and Location 3 

A heel drop test is performed to expose the structure to an impulsive force and the time series is 
then transformed into the frequency domain plotted in Figure 3. Several peaks are easily identified in the frequency 
spectrum. The lowest frequency, highest amplitude peak occurs at 4.9 Hz. This is the fundamental resonant mode 
frequency of the floor system. Additional nearby peaks are seen at 6.1 Hz and 8.0 Hz. These may be secondary floor 

modes as well. There are also clearly defined peaks at 11.7 Hz and, to some extent, 16.1 Hz. A resonance frequency 

of 4.9 Hz is not surprising for this floor system and falls in the range expected.  

Ambient vibration caused by occupants walking through the space is recorded for a period of 
5 minutes. The root mean square (RMS) vibration level is computed in 1/3-octave bands and assessed relative to the 
ISO “Office” line plotted in the left-hand side of Figure 4. The data are analyzed in 1-sec-long segments and the RMS 
acceleration is computed for a continuously-sliding 1/3-octave band and plotted in the figure as a single orange line. 
This time window is then shifted by 0.5 seconds and the next 1 second period of data is analyzed. Each orange line 
represents a 1-sec snapshot of the vibration. This process results in over 750 overlapping snapshots (the orange 
“band”), from which the maximum response envelope is identified that bounds the total response history (the thick 
blue line). Where the envelope line crosses the “Office” line is where the vibration exceeds the preferred limit for 
an office occupancy. The measured vibration exceeds the limit to a small degree at the floor’s fundamental 
resonance frequency of 4.9 Hz and is well above the perception threshold. Hence, it is not surprising that occupants 
in this area have complained about the vibration. Other occupants will often walk around the perimeter of the floor 
to get exercise during breaks. Two or more people walking briskly by this location will produce higher levels of 
vibration than those measured here (this did not occur during the 5-minute data acquisition period analyzed here).  

The ISO criteria indicates that the vibration in this area of the building can exceed the normal limit 
for an office occupancy on a fairly routine basis. The DG11 assessment with the same data is presented in the right-
hand side of Figure 4. Here, the maximum vibration at 5 Hz is about 0.003 g but the limit for offices is 0.005 g (top 
edge of the plot). According to this criterion, one might conclude that vibration, while noticeable, does not exceed 
the accepted limit. This is more of a reflection of the limitation of the DG11 criterion and the difficulty in applying a 
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harmonic-based criterion to a multi-frequency vibration environment. The ISO criterion is a more reliable indicator 
for this application.  

 
Figure 3 Heel Drop Test, Frequency Spectrum 

 
Figure 4 Location 3, Vibration Assessment per ISO (Left) and DG11 (Right) 

Locations 1 and 2 are on the girder that supports the bay in question and Location 6 is in the next 
bay to the north, but is positioned within that bay as Location 3 is to the bay in question. The ISO vibration 
assessments for Locations 1 and 6 are shown in the left- and right-hand sides of Figure 5, respectively. The response 
along the girder is below the perception level for pedestrian traffic along the north/south path that runs parallel to 
the girder. It seems evident that the beams, rather than the girder, are primarily responsible for the floor’s flexibility. 
Further investigation into the construction is required to understand this low response.  

The vibration environment at Location 6 shows that vibration can be felt, but does not reach the 
threshold set for the office occupancy. It is possible that some complaints or comments about the vibration could 



  

8 

 

emanate from this area, but they would be rare. Also, Location 6 is within a cubicle area and probably not subject to 
frequent foot traffic. Another interesting feature of the response at Location 6 is that the peak is shifted to almost 
10 Hz, instead of 5 Hz as is the case in the nearly identical bay to the south. 

 
Figure 5 ISO Vibration Assessment for Location 1 (Left) and Location 6 (Right) 

A heel drop test is performed at Location 6 to identify the resonance frequencies of this area of 
the floor. The frequency spectrum obtained at Location 6 is plotted in the left-hand side of Figure 6. For comparison, 
the heel drop response spectrum at Location 7 (structurally very similar) is provided in the right-hand side of Figure 
6. The floor resonance frequency is indeed much higher in this bay than the one to the south. Here, the dominant 
floor vibration mode has a resonance frequency of 9 Hz rather than 4.9 Hz, which implies this bay is about four times 
as stiff as the bay that produces the most persistent vibration complaints. The bay to the east, where Location 7 is 
shown, has an intermediate stiffness, where the dominant floor resonance frequency is about 7.3 Hz. The sharp peak 
at 29.5 Hz is produced by operating mechanical equipment (30 Hz = 1800 RPM). 

 
Figure 6 Heel Drop Test Spectra From Location 6 (Left) and Location 7 (Right) 
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The walking-induced vibration response at Locations 7 and 9 are shown in the left- and right-hand 
sides of Figure 7 assessed relative to the ISO criterion. The vibration felt by those sitting near Location 7 is only 
slightly less than the maximum vibration area to the west. The occupants of these desks were not present during 
the site survey and may be assigned to a later shift when pedestrian traffic patterns are different. It is conceivable 
that a group of two or more people walking by this location at a brisk pace could cause the vibration to exceed the 
ISO Office vibration limit.    

 
Figure 7 ISO Vibration Assessment for Location 7 (Left) and Location 9 (Right) 

Location 9 is located one bay to the east and the vibration levels measured at this location may 
not even be perceptible to those sitting in this area. The key difference between Locations 3 and 7 and Location 9 is 
the presence of several ceiling-height non-structural walls at Location 9 that form an electrical closet and the 
restrooms. These walls locally stiffen the floor system and help to significantly reduce the vibration amplitude in this 
area of the building. 

All of the cubicles are fitted out with three or four computer monitors. The monitors are supported 
on swing arms that allow them to be positioned for the user’s convenience. Simply tapping on a monitor causes it 
to vibrate noticeably. Accelerometers are placed on each of the different monitor configurations and a simple tap 
test is performed on each monitor to measure the frequency of the motion. A typical monitor configuration and the 
measured tap test vibration response spectra are shown in Figure 8. All three of the monitors have a resonance 
frequency very close to 5 Hz. The vertically-oriented monitor has a very sharp response peak at 4.4 Hz. The sharp 
peak is an indication of very low damping, which means that once the monitor is set in motion, the vibration will 
persist for a relatively long time until it dampens out or the user makes it stop vibrating. 

The resonance frequencies of the swing-arm-mounted monitors is very close the floor’s resonance 
frequency in the bay where most of the persistent vibration complaints have been lodged. This is an unfortunate 
coincidence. As people walk by the cubicle occupants sitting near Location 3, they cause the floor structure to 
vibration, which, in turn, causes all of the monitors in the area to vibrate at their resonance frequency. A cubicle 
occupant in this area experiences the greatest whole-body vibration and must simultaneously try to read from the 
monitors that are also vibrating up and down. The monitor vibration will only magnify the overall perception of 
vibration. Monitors will also vibrate in the other areas of the building; however, there is a significant difference 
between the floor’s resonance frequency and the monitor’s resonance frequencies in the other areas of the building 
that were measured during this site visit. Cubicle occupants in these other areas will feel lower levels of vibration (if 
they feel any vibration at all) and the resulting monitor motion is much lower and at a different frequency. 
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Figure 8 Typical Computer Monitor Arrangement and Vibration Spectrum 

4. HEADQUARTERS 1 

The floor vibration survey at HDQ1 was performed on October 23, 2015. While floor vibration has 
been felt within HDQ1, the frequency and severity of the complaints/observations is much lower than in the IOC. 
The six measurement locations in the East wing of the third floor are shown in Figure 9. As in the IOC, accelerometers 
are placed on the access floor and on the slab at each location as shown in the inset photograph in Figure 9. Locations 
1, 3, and 5 are structurally similar and are selected because vibration should be a maximum at these locations. 

 
Figure 9 Measurement Locations in HDQ1 

A cubicle occupant near Location 1 commented that she could feel the floor vibrate when people 
walked along the corridor outside her cubicle. This path receives fairly frequent traffic as the office supply cabinet is 
located near Location 1. Even though vibration can be felt, the occupant did not consider the vibration to be annoying 
per se. The ISO vibration assessments of the three structurally similar locations are provided in Figure 10. The results 
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are consistent at all three locations. Walking-induced vibration can be felt at each of the three locations; however, 
it is unlikely that vibration levels ever exceed the ISO standard for the office-type occupancy. The results are also 
consistent in that the resonance frequency of the floor system at each location varies only slightly between 7.5 Hz 
and 8 Hz. The monolithically poured in place reinforced concrete floor system results in more consistent structural 
dynamic response characteristics from bay to bay than a bolted steel structure.  

 
Figure 10 ISO Vibration Assessment for HDQ1 Locations 1, 3, and 5 

The access floor system installed in HDQ1 is different from the one installed in the IOC. There are 
no stringers in the HDQ1 floor system, so all of the panels must be screwed into the support posts to give the floor 
lateral stability. As a result of all panels being screwed to the support posts, the vibration measured on the access 
floor is essentially identical to the vibration measured on the slab below, except at very high frequencies that are of 
no concern in the present study.  

5. CONCLUSIONS AND RECOMMENDATIONS  

The vibration levels measured in HDQ1 do not suggest mitigation efforts are required. The 
vibration complaints documented in the IOC, however, are justified. Vibration levels in at least one IOC bay are 
expected to exceed the ISO standard for an office-type occupancy on a fairly frequent basis. The primary cause for 
the high vibration levels is walking-induced excitation of the fundamental floor resonant mode. One bay in particular 
has a lower resonance frequency, 4.9 Hz, than other adjacent bays which makes it more susceptible to excitation by 
a normal walking pace of 98 steps/minute. Unfortunately, swing-arm-mounted monitors common to the space also 
share virtually the same resonance frequency, which means that when the floor vibrates, the monitors on the desks 
magnify this motion even more. Cubicle occupants feel and see the vibration, which may be particularly annoying 
for some people.  

The floor vibration characteristics of the area on the second floor where the vibration complaints 
are most persistent are different from those at other structurally similar locations surveyed for this investigation. 
The observed differences in the vibration characteristics should not be interpreted as implying that something is 
wrong with the structure. All structural steel frames demonstrate some bay to bay variability arising from the stick-
built nature of the fabrication and erection process. The access floor system also contributes to the vibration. The 
floor panels in the IOC are not screwed down to the support posts. When someone steps on a panel that is not in 
compressed contact with the support it impacts the support and generates higher-than-typical forces at the step 
harmonic frequency most responsible for exciting the resonant floor mode. 

The degree to which the vibration in one or two bays in the IOC exceed commonly-accepted 
vibration limits is not significant and building management could justifiably conclude that no mitigation effort is 
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required. Nevertheless, there are mitigation options that building management might pursue individually or in 
combination: 

1. Do nothing.  
Pro: No cost. 
Con: Does not address the concerns of the occupants. Runs the risk of appearing to be 
nonresponsive. 

2. Screw the floor panels to the supports, which will reduce the impact energy that is produced 
when someone steps on a loose panel and that panel then impacts the support. 
Pro: No cost. Will make the floor feel more resistant to lateral loads generated by recent 
low-level earthquakes that have occurred in the region. 
Con: May not significantly reduce the vibration and may be more inconvenient for those 
who have to service/install/remove cables. 

3. Implement supplemental/alternative monitor supports. 
Pro: Low cost. Reduces the motion of the monitors which currently makes the vibration 
appear to be worse than it is. 
Con: Does not reduce the vibration. Workstations may become less functional. 

4. Alter the pedestrian traffic pattern by changing the furniture layout. Cubicles planned for the 
southernmost space in the IOC have not been installed. The arrangement of the future 
cubicles could be shifted north and flush against the existing cubicles causing people to shift 
their path between the restrooms and the break room to the south end of the vibration 
sensitive bay. 
Pro: Low cost. Significantly reduces the passer-by-induced vibration in the bay. 
Con: May result in a less functional/efficient space. Other occupants will be irritated by the 
more circuitous route to the break room and restrooms. 

5. Install dedicated vibration isolation walking surfaces in critical locations. There are several 
methods of implementing this concept, but the basic idea is to increase the flexibility of 
those floor panels that people tend to walk on. This can be done by using reduced-height 
support posts in combination with a thick elastic pad to absorb footfall forces. Another 
option is to design/implement floor panel supports with wire rope isolators that absorb 
footfall forces. 
Pro: Reduces the floor vibration by significantly reducing the forces applied to the floor 
system at its resonance frequency.  
Con: Moderate cost (< $10,000). May create a less-than-foot-friendly edge between the 
designated walking panels and the existing floor panels. May not be able to place cable trays 
below isolated floor panels.  

6. Install tuned mass dampers (TMDs) in those bays  where vibration is considered to be 
excessive. Design TMDs to simply sit on the slab under the access floor. 
Pro: Will reduce the vibration levels by 50% to 70% by increasing the effective damping of 
the floor system. TMDs are not visible or audible to the occupants. 
Con: Higher cost (< $30,000). Will prevent use of cable trays in those areas (2’x2’) where the 
TMDs are located.  Adding TMDs may require the existing structure to be reinforced 
depending upon the TMD mass. 


