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SKY ZONE FLOOR VIBRATION ASSESSMENT 

FOR A TWO-STORY SHOPPING MALL  

EXECUTIVE SUMMARY 

A Sky Zone trampoline park is planned for a second-floor location in a shopping mall 
space. The largest tenant below the Sky Zone space is a Banquet Center, which has ceiling-
hung chandeliers and a ceiling-mounted projection system. A vibration analysis was 
recommended by the Mall’s off-site structural engineer and the project architect. 
Structural dynamics analysis indicate that the projected images produced by the 
overhead projection system will bounce noticeably with the expected level of activity in 
the Sky Zone space. Smaller motions of the chandeliers and its free-swinging components 
will likely be very noticeable as well because of the reflected light. Two vibration 
mitigation options are presented that (1) disconnect the chandeliers and projector from 
the floor or (2) disconnect the trampolines from the floor. Both options require adding 
structural beams just below or above the existing floor level that span between the 
existing columns.  
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1. BACKGROUND 

A Sky Zone trampoline park will be placed on the second floor of a shopping mall where shown in 
Figure 1. The existing structure is a steel-framed system with wide flange beams spanning 30 ft in the east/west 
direction and 33.3 ft in the north/south direction between wide flange columns. The beams are connected to the 
columns via welded moment connections. Steel joists are spaced at 2.4 ft and span in the east/west direction. The 
3-in-thick 3000 psi concrete slab (2.5 inch thick above 0.5-inch-thick form deck) is not designed to act compositely 
with the joists.  

 
Figure 1 Location of Sky Zone Space 

The space below Sky Zone is occupied by a Banquet Center, mall administration offices, and a few 
smaller businesses, including a dental office. The banquet space interior is shown in Figure 2 and consists of a 
suspended acoustic tile ceiling, several large ceiling-supported chandeliers, and a ceiling-mounted projection system 
in the space. There is no ceiling-mounted equipment in the dental office. The mall structure is fairly typical 
construction for a shopping mall and is therefore expected to be somewhat more flexible than a commercial office 
building construction. The mall’s structural engineer recommended that a vibration analysis be performed as part 
of the supporting engineering effort.  

Most structural engineers rely on the simplified vibration assessment procedures provided in the 
American Institute of Steel Construction Design Guide 11 (DG 11) for guidance in assessing vibration for steel 
buildings. DG 11 is not used for this assessment. The design of structures is based on elevated loads and assumed 
behavior that are consistent with imminent collapse of the structure. A vibration assessment, on the other hand, 
must consider loads and assumed behavior consistent with actual in-service use of the structure. DG 11 assessments 
employ many of the imminent-collapse assumptions and are frequently found to be in error when compared to 
measurements in part because of the significant differences between imminent-collapse and in-service behavior. 
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DG 11 is also providing an assessment of a floor system assuming that a person is exposed to vibration as he/she is 
attempting to work on the same floor as other people walk or run nearby.  

 
Figure 2 Banquet Facility Below the Sky Zone Space 

There is no concern that other Sky Zone participants will be annoyed by activity in the Sky Zone 
space. There is concern, however, that the high-activity on the Sky Zone floor will create noise and floor vibration 
that those in the banquet space below will find disturbing. A typical area in a shopping mall has a retail space on the 
second floor and a retail space below it. A low-activity space (customers walking slowly among the product aisles) 
will not generally result in floor vibration that translates into noticeable suspended ceiling motion and/or noise. The 
Sky Zone space is a very high activity space located above a space with ceiling-mounted features that are sensitive 
to and will accentuate the floor vibration above. Vibration will not be felt by those on the floor below; however, 
people in the banquet space may perceive vibration through small motions of the chandeliers, image jitter from the 
projector, and perhaps audible squeaking in the connections of the suspended ceiling. 

2. ON-SITE VIBRATION TESTING 

Vibration tests are performed to obtain an accurate assessment of the floor’s dynamic response 
to walking and simulated impacts (heel drop). A single vertical-oriented accelerometer is used to measure the time 
history acceleration response of the second floor slab at several locations where Sky Zone trampolines will be placed 
above the banquet space below. 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 single-axis 
accelerometers (Figure 3).  A sampling frequency of 1000 Hz is used to digitize the analog acceleration signal, which 
provides a useful bandwidth up to 500 Hz that easily captures the peak floor motions below 20 Hz.  

A critical objective of the measurement activity is to identify the floor’s resonance frequencies, 
because the floor dynamics will magnify the response to the various sources of excitation (people walking and 
running and jumping on trampolines) at these frequencies. The primary structural framing in a typical 30 ft by 
33.33 ft bay are identified in Figure 4. The vibration test locations are shown as the red circles. The chandeliers and 
projector in Figure 2 appear to be located close to measurement locations C, K, and G. Heel-drop tests are performed 
at each location by raising up on one’s toes and allowing the body to drop until the heels impact the floor. This test 
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applies a shock-like dynamic load (similar to a trampoline jump, but much shorter in duration) on the floor system 
and is useful for identifying resonance frequencies and structural damping levels. Walking tests are performed at 
locations C, K, and G by recording the floor’s acceleration response as the tester walks back and forth across the bay, 
passing near the accelerometer at each pass. Data acquired during these tests provide a measure of the floor’s 
response that is comparable to similarly-acquired responses in other buildings. 

 
Figure 3 Data Acquisition Module, Accelerometers, and Mounting Block 

 
Figure 4 Sky Zone Floor Plan, Measurement Locations, and Fundamental Resonance Frequencies 

The floor response to a series of four heel drop tests is shown in Figure 5. The time between 
successive peaks in the acceleration signal is the fundamental period of vibration for the floor structure and the 
inverse of that period is the fundamental resonance frequency of the floor system. The actual response of a real 
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floor structure, even one as simple as this structure, is more complex than can be described by a single mode 
response (e.g., as represented in DG 11). The frequency domain shown in Figure 6 shows a region of heightened 
response between 5 Hz and 12 Hz. Several floor vibration modes are represented starting at about 5 Hz. The 
fundamental resonance frequency obtained from each center-bay test location is shown in Figure 4. It is curious that 
higher resonance frequencies are measured at Locations D, E, F, and G as compared to Locations A, B, and C. The 
floor construction is nominally identical in all of the bays. 

 
Figure 5 Floor Acceleration Response to Heel Drop Test at Location C 

 

Figure 6 Frequency Domain Analysis—Fundamental Floor Vibration Modes 

The floor response to walking-induced excitation is shown in Figure 7. The vibration response 
reaches a maximum when the tester walks past the accelerometer (placed at the center of the bay). The periods of 
minimum acceleration response occur when the tester is about 15 ft away (near the edge of the bay). DG 11 provides 
levels of vibration for different occupancies (residence, office, mall, or walkway) in terms of peak harmonic 
acceleration level in terms of g’s. Harmonic response does not result from walking-induced vibration or from the 
transient vibration generated by someone jumping on a trampoline. The more reliable way of assessing measured 
vibration relies on permissible root-mean-square (RMS) acceleration defined within 1/3-octave frequency bands. 
The 1/3-octave assessment for these walking-induced vibration data is shown in Figure 8. The peak floor vibration 

fn=1/T

Floor Vibration Modes

5 Hz



  

7 

 

levels measured in the Sky Zone space are significantly above the standard level used for the office occupancy 
indicating that this floor structure is very response to dynamic excitation—not a surprising finding for a shopping 
mall. 

 
Figure 7 Floor Response to Walking-Induced Excitation 

 
Figure 8 1/3-Octave Response of Floor to Walking-Induced Excitation 

3. STRUCTURAL DYNAMICS ANALYSIS 

A structural dynamics model of a 3-by-3 9-bay area representing the floor structure in this area of 
the mall is created in SAP2000. The connectivity between the slab and the joists is adjusted to achieve the best 
agreement with the measured resonance frequencies. Eliminating the strain compatibility between the slab and the 
joists (i.e., not assuming composite action) provides a minimum floor resonance frequency of about 5 Hz. When 
continuity and composite action is enforced, the fundamental resonance frequency increases to around 7 Hz, which 
is more in line with the resonance frequencies measured at Locations D, E, F, and G. There could be other reasons 
for the higher resonance frequencies measured in these bays, such as stiffening from non-structural partitions below 
that are connected to the joists for lateral bracing. The key objective here is to create a representative model that 
captures the essence of the structural dynamics response characteristics of the existing floor system. 
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Figure 9 SAP2000 Floor Structure Dynamics Model 

The Building Code specifies all aspects of the loads used in the structural design of buildings (wind, 
seismic, live load, and dead load, etc.). There is no such guidance for unusual dynamic loading such as that produced 
by a Sky Zone participant. There are numerous YouTube videos available on the web that provide valuable insight 
into how the Sky Zone space is used and the nature of the dynamic loading. Three frames from one of those YouTube 
videos are shown in Figure 10. In this case, an estimated 170-lbf male is jumping on one of the roughly 8 ft by 8 ft 
trampolines. He attains a maximum estimated height above the trampoline surface of about 8 ft after several 
successive jumps. The trampoline appears to deflect to a maximum depth of about 2 ft after contacting the 
trampoline.  

 
Figure 10 Still Frames Copied from a YouTube Video Recorded at a Sky Zone1 

Conservation of energy is used to estimate important features of the trampoline and the force 
transmitted to the slab. The datum is set to the undeflected surface of the trampoline. State 1 is defined as the 
potential energy attained at the maximum height above the surface (when the vertical velocity and kinetic energy 
are zero). State 2 is defined at the instant when the maximum deflection of the trampoline is attained (when the 

                                                 
1 Video Link: https://www.youtube.com/watch?v=rLBiEXp1kaE 
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vertical velocity and kinetic energy are zero again). The energy balance is expressed in the first equation in 
Equations (1) below. The net vertical spring constant for the trampoline, k, is determined from the deflections shown 
in Figure 10 and the maximum force transmitted to the slab is simply the product of the spring constant and the 
deflection, or 1800 lbf for one average-size adult male. This force is not applied instantaneously, but is applied over 
a period of time, Td, estimated at 0.25 sec. The trampoline force is modeled as a half-sine pulse with a peak of 
1800 lbf and a pulse width of 0.25 sec. This force is used in the structural dynamics model to predict the response at 
various locations on the floor. Note that force used here does not represent a worst case—it is just one average-size 
participant jumping on a trampoline. There will be periods during a typical Sky Zone day when the adjacent 
trampolines or occupied as well. 
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The acceleration response of the floor does not provide much insight into the motions of the 
chandeliers and the projector that people in the banquet space below may find objectionable. Features are included 
in the model to represent the pendulum mass of the chandelier and a typical free-swinging glass component. 
Rotation of the floor where the overhead projector is attached is used to estimate the vertical motion of the 
projected image on the screen about 30 ft from the projector. The trampoline force-time history as described in 
Equations (1) is applied to the structural model of the floor system and the predicted projector image displacement 
on the screen is plotted in Figure 11 and the lateral sway of the chandelier is plotted in Figure 12. 

 
Figure 11 Image Jump from Projector 

The projected image on the screen is expected to “bounce” up and down by about 0.5 in. for light 
activity in the Sky Zone space. The human eye has a visual resolution of about 1 arc-min, which translates into a 
perceivable motion limit of about 0.07 in. for people sitting at the tables and looking at the screen. In other words, 
if the image motion is less than about 0.07 in., the motion will not be seen by most people watching the projected 
image/video. In this case, the predicted motion is well in excess of the perception limit and near-continuous activity 
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in the Sky Zone space will produce larger image bounce that persists throughout the activity period. Chandelier 
motion is more difficult to predict with any degree of accuracy. The pendulum motion offered by the hanging 
chandelier provides a form of vibration isolation because the pendulum frequency is less than the fundamental floor 
resonance frequency. The frequency response of the sway motion shown in Figure 12 suggests that sway motions 
around 0.3 in. may occur—each of the smaller elements will likely be moving randomly in all directions. The light 
emanating from the chandelier will reflect off the glass components and is likely to produce a distracting shimmering 
effect coincident with activity in the Sky Zone space. Once again, this motion will be greater when multiple people 
are jumping on trampolines in the Sky Zone space. 

 
Figure 12 Chandelier Sway Response 

4. CONCLUSIONS AND RECOMMENDATIONS 

The floor structure is flexible and is very responsive to dynamic excitation. This is typical for mall 
floor construction in general and the Mall is not unusual in this respect. Vibration measurements of the floor system 
in the Sky Zone space show that the lowest resonance frequency is around 5 Hz with several closely-spaced modes 
in the 5 Hz to 10 Hz range. A partial plan structural dynamics model is created and tuned to match the measured 
behavior. A dynamics analysis of the floor’s response to a simplified dynamics loading produced by a single 
participant jumping on a trampoline. The predicted response is used to estimate the sway motion of a chandelier 
and the image motion from an overhead projector. The motion of the projector and chandeliers is expected to be 
clearly visible to those in the banquet space below.  

There are other effects that are not specifically considered here such as noise (e.g., thud noises 
from the floor, squeaking of suspended ceiling support wires, and jingling of the chandelier components). The piston 
load effect is not considered either. The air pressure below the trampoline increases as the trampoline deflects 
downward. The increase in pressure will act like an additional downward force on the floor. This effect is mitigated 
to a significant degree if the air mass under a trampoline is allowed to vent to the space under adjacent trampolines 
and platforms.  
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The predicted response in this analysis, the inherent uncertainty associated with this type of 
analysis, and the relatively large number of people that may be present in the banquet space to observe the effects 
discussed here suggest that some form of vibration mitigation be implemented to minimize, to the extent possible, 
any complaints from the banquet space. Several of the more typical mitigation strategies are not recommended for 
this space. For example, the addition of mass (i.e., increase the slab thickness) to increase the inertia of the floor 
system helps to reduce the magnitude of the vibration and to reduce the noise transmitted into the space below is 
not recommended because the floor joists are likely to have very little excess capacity to accommodate significant 
added weight and would likely have to be reinforced. Tuned-mass dampers (TMDs) are often used to dramatically 
increase the energy dissipation; however, TMDs are only effective in a narrow frequency band but the vibration tests 
show that there are several closely-space resonant modes making it difficult to realize optimal benefit from the TMD 
solution. While some of the traditional vibration mitigation options may not be effective in this application, there 
are non-traditional mitigation options that should be considered: 

1. Support the chandeliers and projector on below-floor steel beams that span between the columns. 

The objective is to remove the most vibration-sensitive components from their 
attachment to the Sky Zone floor above and support them directly on the columns where 
the vibration will be minimal. This option requires access to the banquet space below to 
install the new supports and will be subject to schedule restrictions and, possibly, loss-of-
use fees. 

2. Support trampolines on above-floor beams that span between the existing columns. 

The objective is to transmit the greatest source of dynamic excitation directly to the 
columns, thereby minimizing the floor vibration. The extra steel costs will be higher than 
Option 1; however, the installation may be performed in the Sky Zone space.  

3. Place several layers of foam blocks (similar to those that may be used in the foam pits) beneath 
trampolines. 

The objective is to dissipate forces resulting from the air piston effect as the volume under 
the trampoline reduces.  

 

 

 


