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Abstract 

Health clubs, gymnasia, stadia, dance floors and even office buildings have, in 
recent years, experienced vibrations due to rhythmic human activities which 
are annoying to the users and, in rare cases, unacceptable for safety. The 
vibration problems are reviewed and guidelines are presented based on the 
unifying principle of resonance, the main factor behind the problems. The 
guidelines are contained in Commentary A to Part 4 of the 1990 National 
Building Code of Canada. Examples are given of the application of the 
guidelines to the design or evaluation of typical concrete structures. 
Remedial measures to cure vibration problems with existing concrete 
buildings are also reviewed. 
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fnrm Human Activities 

I 
n recent years, vibrations due to human activities 
have occurred in health clubs, gymnasiums, stadi- 
ums, dance floors, and even office buildings. These 
vibrations are annoying to the building users and, in 

rare cases, are unacceptable for human safety. Three 
factors have given rise to these problems: 

increased human activities such as aerobics and au- 
dience participation 
decreased natural frequency because of increased 

floor spans 
decreased damping and mass in building construc- 

tion 
Table 1 summarizes a number of recent vibration prob- 
lems in concrete building structures. To avoid such 
problems, Commentary A to  Part 4 of the National 
Building Code of Canada (NBC)' introduced new de- 
sign criteria for floor structures in 1985. Additional ex- 
perience since then has required some revisions to the 
criteria. 

The unifying principle is resonance, the main factor 
behind most serious vibration problems in buildings. 
Resonance occurs when the forcing frequency coincides 
with or is close to a natural frequency of the structure. 
With each cycle of loading, energy is fed into succeed- 
ing cycles of vibration and, as a result, the vibration 
grows to a large amplitude controlled only by the abil- 
ity of the system to absorb this energy through damp- 
ing. 

Acceleration limits 
The reaction of people who feel the vibration depends 
very strongly on what they are doing. People in offices 
or residences do not like perceptible vibration (about 
0.5 percent g), whereas people taking part in an activity 
will accept much more (about 5 percent g). People din- 
ing beside a dance floor or lifting weights beside an 
aerobics gym, will accept something in between (about 
2 percent g). 

Because other factors besides occupancy affect the 
acceptability of vibration (such as remoteness of vibra- 
tion source), the NBC recommends a range of acceler- 
ation limits for each occupancy (Table 2). These limits 
correspond reasonably well with recommendations of 
the International Standards Organi~ation.~ 

Dynamic response to sinusoidal load 
A simplified model of building vibration due to  
rhythmic human activities is needed for design and 
evaluation. A basic model is a person exerting a sinu- 
soidal force (for example, by flexing the knees) to a 
mass attached to the ground by a spring with viscous 
damping. The classical steady-state acceleration re- 
sponse can be expressed as follows (see box for a deri- 
vation) 

where 

a/g = acceleration as a fraction of the acceleration 
due to gravity 

f = forcing frequency 
fo = natural frequency of the spring-mass system 
0 = damping ratio 
W = mass weight 

W, = weight of the person 

and a is the ratio of the dynamic component of loading 
to the person's weight, referred to as the dynamic load 
factor. The greater the person's exertion, the greater is 
the dynamic load factor a. 

To understand this basic model, Eq. (I), consider the 
following: 

1. When the ratio fo/f approaches zero, Eq. (1) cor- 
responds to Newton's second law, i.e., the inertial ac- 
celeration of the mass unsupported. 

2. When the ratio fo/f becomes large, Eq. (1) corre- 
sponds to the acceleration due to the time variation of 
static deflection [load divided by the spring stiffness; 
see Eq. (Al) in box]. 

3. At resonance when f, = f, the inertial acceleration 
of the mass is increased in succeeding cycles of vibra- 
tion until it reaches a steady-state maximum deter- 
mined by the ampIification factor 1/20. 
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Vibrations 
continued 

Table 1 - Cases of vibration problems with concrete buildings 

L Type of building 
1 Natural 1 

Type of Complaints frequency, acceleration, 
and location construction Cause from 

Health Clubs, G 
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3 H z . ~  The response of the platform is given by Eq. (2). 
If resonance occurs, the peak acceleration given by 

Eq. [2(a)] will generally turn out to be very large, of the 
order of 10 percent g or more. Such large accelerations 
are unacceptable and usually the only practical way to 
avoid the problem at the design stage is to increase the 
stiffness. Increasing the stiffness increases the ratio f,/J 
which, according to Eq. [2(b)], results in a substantial 
decrease in peak acceleration. Eq. [2(b)], however, can 
be inverted to  provide a simple design criterion for 
minimum natural frequency 

Cases 1 through 6 in Table 1 are examples in which res- 
onance occurred at the second harmonic. A case was 
encountered recently in which resonance, shown by the 
response in Fig. 3, occurred at the third h a r m ~ n i c . ~  
Note the reversal in importance of the higher harmon- 
ics between loading in Fig. 2 and response in Fig. 3. 

Jumping vibration therefore involves response to all 
three harmonics of the jumping frequency. Each sinu- 
soidal loading component produces a steady-state sin- 
usoidal vibration, the acceleration of which can be de- 
termined from Eq. (2). Because the three sinusoidal vi- 
brations occur simultaneously, their peak accelerations 
must be combined. The combined effective peak accel- 
eration to this motion can be determined from5 

I 

where ao/g is the acceleration limit. a, = [at.5 + ak5 + al.5]G [4l 

Aerobics 
Jumping exercises produce periodic forces that are not 
sinusoidal and this results in harmonic  overtone^,^^^ that 
is, sinusoidal loading components that involve not only 
the beat of music but also multiples or harmonics of the 
beat of music. Fig. 2 shows measured dynamic loading 
from a group of eight people jumping, which clearly 
indicates sinusoidal loading components for the first 
three harmonics. Sinusoidal loading components be- 
yond the third harmonic can be ignored for practical 
 purpose^.^ Dynamic load factors are recommended in 
Table 3 for design.' 

The natural frequencies of floor structures are gen- 
erally greater than 3 Hz and therefore the second and 
third harmonics are more likely to cause resonance. 

where ai is the peak acceleration for each harmonic vi- 
bration determined from Eq. (2). Eq. (4) is based on 
human reaction criteria recommended by the Interna- 
tional Standards Organi~ation.~ 

Eq. (3) can also be used to estimate the minimum 
natural frequency for all three harmonics of aerobics, 
the highest governing. All three harmonics add to- 
gether, however, and to account for this, the factor 1.3 
in Eq. (3) should be increased to 2.05 

2.0 a, w,, 
f0 > + -. - 

ao/g w 

where f is the jumping frequency and i is the harmonic. 
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NATURAL FREQUENCY fo 
FORCING FREQUENCY f 

Fia. 1 -SDOF resDonse to sinusoidal load - Ea. (2) 

Alternatively, Eq. (2) and (4) can be used to check 
the effective peak acceleration for any assumed natural 
frequency. This may be useful when third harmonic 
resonance vibration is sufficiently low, as occurs when 
damping times mass is much greater than dynamic 
loading (Eq. [2(a)]). 

Audience participation 
Audience participation in stadiums, arenas, and con- 
cert halls involves a wide variety of human activities 
and a representative loading function is more difficult 
to define. The NBC recommends a loading function 
similar to dancing with the dynamic load factor re- 
duced by half to account for the reduced overall effort 
and participation. Some people near the stage of rock 
concerts, however, jump to  the music beat and the 
loading function for these individuals should be as- 
sumed similar to that for aerobics. Also, football fans 
will stamp to a beat and it is therefore recommended 
that a second harmonic be considered with a dynamic 
load factor of approximately 0.05. 

Estimation of natural frequency 
Resonance is the most important factor affecting vi- 
bration from rhythmic activities; hence, natural fre- 
quency is the most important structural design param- 
eter. Natural frequency of floor systems generally is es- 
timated by means of the frequency formula based on 
beam flexure. Recent experience, however, has shown 
that shear deformation (important for deep beams, 
girders, and trusses) and flexibility of supports (gird- 
ers, columns, etc.) can substantially increase the flexi- 
bility of the floor system and, consequently, reduce the 
natural frequency from that based on beam flexure. A 

a )  TIME R E C O R D  

" - 

0 0 .5  1 . 0  1 .5  2 .0  2 . 5  
TIME, s 

b ) FOURIER SPECTRUM 

0  
0 1 2 3 4 5 6 7 8  

FREQUENCY, H z  

Fig. 2-Floor load from eight people jumping at 2.1 Hz.' 

better approximation is to use the relationship for a 
simple spring-mass system 

= i 4 stiffness 

= j g o 2?r mass 2?r i [6(a)l 

where A is the total deflection of the spring due to its 
mass weight. In the case of a beam and girder floor 
system, the equivalent "spring" deflection A can be 
approximated by5 

where 

A, = the elastic deflection of the floor beam at mid- 
span due to bending and shear 

A, = the elastic deflection of the girder at the beam 
support due to bending and shear 

A, = the elastic deflection of the column or wall sup- 
port (axial strain) 

and where each deflection results from the total weight 
supported by the member, including the weight of peo- 
ple. Both supports are considered and the most flexible 
one is used in the calculation. The factor 1.3 in Eq. 
[6(b)] applies to most beam-floor systems. In the case 
of fixed cantilevers and two-way slabs, however, the 
factor should be increased to 1.5. 

In the case of beams or girders continuous over sup- 
ports, the elastic deflection A, or A, should be deter- 
mined using the complete mode shape, i.e., adjacent 
spans deflect in opposite directions with no change in 
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Vibrations 
continued 

Table 2 - Recommended acceleration limits for 
vibrations due to rhythmic activities 

Office an 
Dining anc 
Rhythmic 

d rcsidentir 
l weightlifti 
activity on 

Table 3 - Recommended dynamic load factors 
for aerobics5 

slope over the supports, and by assuming that the 
weight supported by each span always acts in the direc- 
tion of deflection (up if the deflection is up, down if it 
is down). Application of this procedure shows, for ex- 
ample, that a continuous beam with equal spans on pin 
supports has the same natural frequency as any of its 
simply supported spans. 

Most building vibration problems due to human ac- 
tivities concern natural modes of vibration of the floor 
structure. This is not always true, however. Cases 4 and 
5 in Table 1 concern two high-rise office buildings in 
which the entire structure vibrated vertically as a result 
of aerobic exercises in the building. The mode of vibra- 
tion in resonance with the second harmonic of jumping 
frequency consisted primarily of axial deformation of 
the tall column tiers. Estimation of natural frequency 
and response of this building mode to aerobics is de- 
scribed in Example 4. 

Determining distributed load and floor 
weight 
For a simply supported beam or girder uniformly 
loaded by participants, the distributed values of w, and 
w in Eq. (2), (3), and (5) are equal to their estimated 
values. In cases where participants occupy only part of 
the span, the value of w, is correspondingly reduced. In 
cases where vibrating beams, girders, or columns sup- 
port extra mass weights not included in the mass weight 
of the floor itself, these extra weights can be taken into 
account by increasing w. Reference 5 contains proce- 
dures for doing this. 

It is reasonably conservative to include the partici- 
pants as part of the floor weight w, especially for de- 
termining natural frequency. For some activities, such 
as rock concerts, the audience acts mostly as a rigid 
mass. For other activities, such as aerobics, the partic- 
ipants act mostly as an externally applied force, but 

TIME RECORD 

5.1 9 

0 0.4 0.8 1.2 1.6 2.0 

TIME, s 

LL 

LU 
-1 
w FOURIER TRANSFORM 

0 2 4 6 8 10 

FREQUENCY, Hz 

Fig. 3-Vibration of a 6.7 Hz floor due to aerobics at 2.25 
HZ? 

their distributed weight is generally small compared to 
that of the floor. 

Examples 
These examples give an understanding of the principles 
involved in applying the recommended criteria. Other 
cases are described in Reference 6. 

Stadium with precast concrete seats 

Vibration from audience participation is the concern in 
designing the prestressed precast seating (Fig. 4), with 
an acceleration limit of 4 to 7 percent g for this occu- 
pancy. The weight of people is estimated to be 1.4 kPa 
(29 psf) and the mass weight of the structure plus peo- 
ple is estimated to be 7.5 kPa (157 psf). 

If, as recommended in the NBC, single harmonic 
loading is assumed at a maximum forcing frequency of 
3 Hz with a dynamic load factor of 0.25, then applying 
Eq. (3) with an acceleration limit of 5 percent g results 
in a minimum natural frequency of 4.5 Hz. 

Football fans stamping in unison could, however, 
create a second harmonic with a dynamic load factor of 
approximately 0.05 at a maximum frequency of 5.5 Hz. 
Applying Eq. (3) in this case results in a minimum nat- 
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WALL SUPPC 

Fig. 4-Stadium with precast concrete seating. 

ural frequency of 6.1 Hz. If the natural frequency of 
the seats is 5 Hz, then the peak acceleration for fans 
stamping at 2.5 Hz is, from Eq. [2(a)], equal to 10 per- 
cent g based on an assumed damping ratio of 0.06 for 
precast seating filled with people. This is definitely no- 
ticeable, and may cause concern to the participants. 

Gymnasium 

An aerobics gym floor over a swimming pool consists 
of precast T-beams spanning 15 m (49 ft) supported on 
concrete block walls. Because there are no other occu- 
pancies involved, the acceleration limit for design can 
be taken as 5 percent g. It is estimated that the aerobi- 
cists weigh 0.2 kPa (4 psf) maximum and that the floor 
weight is 5 kPa (104 psf). The damping ratio is esti- 
mated to be 0.03. 

Applying Eq. (5) for aerobics at a maximum jump- 
ing frequency of 2.75 Hz results in minimum natural 
frequencies of 5.1, 7.7, and 8.9 Hz for the first, sec- 
ond, and third harmonics, respectively. Thus, a mini- 
mum natural frequency for the floor of 9 Hz is indi- 
cated. 

If half the floor span were converted to weight lift- 
ing, the acceleration limit would be reduced to 2 per- 
cent g and the equivalent weight of aerobicists reduced 

I to 0.1 kPa (2 psf). This results in a small increase in 
minimum natural frequency. 

If half the floor span were converted to offices with 
an acceleration limit of 0.5 percent g, the minimum 
natural frequency according to Eq. (5) would increase 
to 13.5 Hz, which would be very difficult to achieve for 
such a span. Therefore, this mix of occupancies is not 
recommended. 

Assume that the natural frequency of the floor is 7 
Hz. If the aerobics load for the whole span were kept 
below 0.1 kPa (2 psf) (by loading arrangement, for ex- 
ample), then for jumping at the critical frequency of 
2.33 Hz the peak harmonic accelerations from Eq. (2) 

MEZZANINE 

I I SWIMMING POOL I I 
Fia. 5-Health club with reinforced concrete beams. 

are 0.5, 1.2, and 4.3 percent g, respectively, with reso- 
nance occurring at the third harmonic. Substitution in 
Eq. (4) results in an effective peak acceleration of 4.8 
percent g, which appears to be satisfactory for this oc- 
cupancy. 

Health club - reinforced concrete 

An aerobics area is supported by long-span, cast-in- 
place T-beams with a span/depth ratio of 17.5. At one- 
third span, alternate beams support columns from a 
mezzanine floor above (Case 1, Table 1; Fig. 5). Large 
vibrations due to aerobics associated with the second 
harmonic of the jumping frequency (5 Hz) are disturb- 
ing to people using the mezzanine. 

This is a two-floor reinforced concrete structure in 
which the mezzanine floor provides additional mass to 
affect both frequency and distributed mass weight w. 
The effect on frequency is taken into account by in- 
cluding the column load in determining the deflection 
A, for Eq. (6), and the floor weight, 6.5 kPa (136 psf), 
is increased by approximately 1.5 kPa (3 1 psf) by using 
the procedure described in Reference 5. The peak ac- 
celeration felt by people using the mezzanine, however, 
is reduced by approximately 20 percent compared to 
that at midspan of the aerobics floor (based on the 
modal displacement sketched in Fig. 5). 

The equivalent weight of aerobicists over the floor 
span is estimated to be 0.10 kPa (2 psf). Applying Eq. 
(2) for jumping at 2.5 Hz to a 5 Hz floor, with an as- 
sumed damping ratio of 0.03, results in accelerations in 
the mezzanine floor of 12 percent g, almost entirely due 
to second harmonic resonance. This is obviously unac- 
ceptable. To obtain an acceptable floor with an accel- 
eration limit of 2 percent for the mezzanine, the natu- 
ral frequency would, according to Eq. (5), have to be 
increased to 9 Hz. 

The solution to this problem was to  relocate the 
aerobics to a stiffer floor area. 
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Vibrations 
continued 

26-Story concrete office building 

Aerobics takes place in the corner of the top floor of a 
reinforced concrete office building (Case 5, Table 1; 
Fig. 6) causing unacceptable vibration in the offices 
near the corners of the upper stories of the building. 
The vibration is associated with resonance at the sec- 
ond harmonic of the jumping frequency, 4.2 Hz. Ini- 
tially it was thought that this was a natural frequency 
of vibration of the floor structure, but measurements 
showed that the lowest natural frequency of the flat 
slab was 10 Hz. After some confusion, it was deter- 
mined that the outer part of the building corners were 
vibrating up and down, with the columns acting as 
simple springs. 

The natural frequency of a typical column tier acting 
as a spring can be obtained from Eq. [6(a)] by deter- 
mining the total deflection due to the dead weight sup- 
ported by all columns in the tier. It is estimated that the 
columns carry, on average, a dead weight stress of 6 
MPa (870 psi) on the concrete. For an assumed con- 
crete modulus of 30,000 MPa (4350 ksi) and a total 
height of 80 m (262 ft), this results in a total shortening 
of 16 mm (0.63 in). Because the mass of the column tier 
is distributed along its height, the factor 1.3 in Eq. 
[6(b)] is applied to determine A for Eq. [6(a)]. The re- 
sulting natural frequency, 4.4 Hz, is close to the mea- 
sured one, 4.2 Hz. 

The gym area is approximately 80 m2 (861 ft2) with a 
total weight of aerobicists of 0.2 x 80 = 16 kN (3.6 
kips). All corners of the building participate in the vi- 
bration, with equivalent areas of approximately 100 m2 
(1076 ft2) per corner, or 400 m2 (4306 ft2) per floor. As- 
suming an average building weight of 7 kPa (146 psf) 
of floor area, the overall participating building weight 
is estimated to be 26 x 400 x 7 = 72,800 kN (16,400 
kips). Resonance response to the second harmonic can 
be estimated by Eq. (I) with f = f, and the equivalent 
mass at the top of column springs equal to half the dis- 
tributed building mass (determined according to the 
procedure described in Reference 5). The resulting peak 
acceleration for a damping ratio of 0.02 is 1.1 percent 
g, compared to a measured acceleration of 1 percent g. 
This level of vibration was completely unacceptable to 
office workers in the floors below. 

There was no practical solution to this problem ex- 
cept to stop the activity. 

Remedial measures 
Table 1 shows that a variety of solutions have been ap- 
plied to cure problem vibrations, ranging from doing 
nothing to expensive stiffening. Remedial measures, 
and their advantages and disadvantages, include: 
Doing nothing - If the problem is not severe, this is 
sometimes the best solution. It may be possible, how- 
ever, to impose some control on the activity, for ex- 

MECHANICAL 

AEROBICS s 
Fia. 6-TOD floor of a 26-floor concrete office building. 

ample, avoiding a particular music beat. In addition, 
objects that rattle or are tuned to the vibrating floor 
affect human reaction and should therefore be suitably 
altered. 
Relocation - This is often the most economical solu- 
tion. It is usually easier to separate a sensitive occu- 
pancy from an adjacent active one or to find a stiff 
floor elsewhere than to try to alter the annoying floor. 
Tuned Dampers - Tuned dampers have so far not 
been very successful; reasons include: 

the dampers must be tuned to all modal frequencies 
likely to be in resonance with a harmonic 
the initial damping ratio must be low (about 0.02 or 

less) for the added damping to make a sufficient dif- 
ference 
tuned dampers are not effective in altering off-res- 

onance vibration, governed essentially by Eq. [2(b)] 
they must be maintained 

Tuned dampers become viable when the ratio of mass 
weight w times damping @ to dynamic load aw, is high, 
as occurred in Case 3 in Table 1. 

Partitions - Partitions can be helpful in two ways. 
First they increase the damping. Second, if suitably ar- 
ranged, they can prevent transmission of vibration 
down the floor (i.e., across the beams), effectively iso- 
lating the vibration to a portion of the floor. They can a 

be harmful, however, if they transmit vibration from 
floor to floor. In Case 3 in Table 1, full-height fire 
partitions transmitted aerobics vibration to a sensitive 
office floor below. 
Stiffness - If the span is very long and the require- 
ments are severe (sensitive occupancy), then the cost 
becomes prohibitive. Cables and plates have been used 
successfully and incorporating story-height structural 
partitions is a possibility. Shear deflection, however, 
must be taken into account in the design of stiffening. 

Curing the problem can sometimes be very difficult. 
In the future, it is recommended that any existing long- 
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span f loo r  contemplated f o r  rhythmic activities be 
evaluated b y  a performance test. 

Notation 
a = 

a, = 

f =  
f. = 
g = 

i = 

W = 

w,, = 

ct = 
A = 

acceleration 
acceleration limit 
jumping frequency 
frequency of natural vibration 
acceleration due to gravity 
harmonic multiple of jumping frequency 
uniformly distributed weight of floor, with people 
uniformly distributed weight of people 
dynamic load factor 
deflection due to mass acting as a weight 
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