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Lightweight pre-cast flooring systems using post-tensioning
to increase strength but not stiffness are increasingly popu-
lar, and vibration serviceability problems tend to govern de-
sign of such floors where human occupants are increasingly
concerned with vibrations. At the same time as inducing re-
sponse, stationary human observers can also participate in the
response as mitigating influence and it is clear that a human
behaves as a highly effective damper, even when seated.

Experiments were done to study energy flow and storage
in a 1.2 tonne vibrating concrete plank with a human oc-
cupant. Results showed that damping could increase to as
much as 10% of critical, accompanied by frequency shifts
(usually decreases) in the slab apparent resonant frequency,
depending on occupant posture. Simple lumped mass mathe-
matical models were also used to study the vibrating human-
structure system through dynamic simulations, corroborating
the findings.

Further corroboration was provided from measurements
on a prototype full-scale floor slab occupied by several hun-
dred people who were either jumping or sitting. Modal anal-
ysis of vibration response signals showed that normal floor
resonance associated with jumping at a sub-harmonic of the
floor natural frequency was almost completely damped out
by the passive (seated) people.
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1. Introduction

The traditional role of humans as participants in the
dynamic behaviour of a structure has been as a source
of dynamic loading in the form of footfall-induced ex-
citation. Fourier series are used to describe such load-
ing and it is considered in at least one structural de-

sign code [4] that walking, jumping or dancing human
occupants do not affect structural frequency by adding
mass. However, recent research [6] has considered the
floor structures with human occupants participating as
a passive part of the dynamic system.

The demand for column-free floors leads to use of
lightweight floor systems. These may be composite i.e.
a concrete slab cast over a framework of steel beams, or
they may be entirely concrete but with post-tensioning
through steel cables to enable the concrete to function
entirely as a compression element. The concrete may
also be an assembly of hollow pre-cast elements. Such
floors tend to be relatively light and have relatively low
damping.

The two issues become connected when considering
humans present on lightweight slabs vibrating verti-
cally in response to transient loads caused by, e.g. other
people walking past or jumping on the same floor, and
the question is: Exactly how does the presence of a
stationary human body affect the dynamic behaviour of
a flooring system?

Ji and Ellis [6] showed that the effect can be con-
sidered with the human behaving as a one-degree of
freedom system rather than a simple added mass and
that the presence of people can improve damping ca-
pacity of a floor [5]. At its simplest the human body
behaves as a mass-spring-damper system, at its most
complex when used to study behaviour of limbs and
other appendages, the body is considered as multi-
degree of freedom system [7,8]. The models suggested
are all passive and linear yet it is obvious that active
and/or non-linear mechanisms exist under certain cir-
cumstances of excessive vibration in a manner so as to
reduce vibration of structure and human.

The identification of non-linear or active elements of
human participation in structural vibrations is an on-
going study but the end result is usually seen in two
forms: a moderate shift in structure natural frequency
and a not so moderate increase in total damping capac-
ity. Damping is energy dissipation and since the desir-
able end result of human participation is to help con-
trol vibration by energy dissipation it is natural to track
energy flow in a vibrating human-structure system.
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Vibrating plank experiment.

Modal mass of plank=mm

Force platform
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Fig. 1. Vibrating plank experiment.

2. Laboratory study

Figure 1 shows a laboratory experiment used to ex-
amine energy flow in a vibrating human-structure sys-
tem. The aim was to study energy transfer by measur-
ing the instantaneous power supplied by a power source
(shaker), the instantaneous power transmitted to a hu-
man occupant on a plank and the power loss through
internal friction in the plank, dependent on the concrete
damping capacity.

A 1.2 tonne 7 m by 1 m by 75 mm prestressed con-
crete plank was simply supported 0.5 m from each end
and forced to vibrate by an APS Dynamics long stroke
shaker sitting on the plank and operating in reaction
mode. The shaker excitation was a ‘chirp’ Voltage
signal V (t), which is a time-varying sinusoidal signal
of finite duration repeating over a cycle of duration
T seconds, during which the frequency of the signal
varies linearly between minimum and maximum val-
ues fmin, fmax. The chirp signal provides a broadband
excitation while ensuring a high signal to noise ratio
in the response, and is ideal for providing the best fre-
quency response data in the shortest time. The chirp
signal takes the form:

V (t) = Vmax sin 2πt
(1)

[fmin + (1 − t/T )(fmax − fmin)].

The shaker is essentially a large solenoid and the
reaction in the armature of the force on the (moving)
armature core with mass mc is transmitted to the shaker
support on the plank. Due to the characteristics of the

shaker there is a linear relationship between force on
the plank and supply Voltage, and to avoid ‘leakage’ in
frequency domain analysis of finite records the Voltage
(hence shaker force) signal is tapered at the start and
end of each cycle. Figure 2 (top plot) shows part of
one cycle of the shaker force Fshaker, obtained by core
acceleration signal ac through fshaker = mc × ac.

Figure 3 shows the schematic arrangement and the
four signals recorded. Subjects stood on a strain-
gauged metal platform close to the midspan of the
plank. Although rather noisy, the strain gauges at least
provided a measure of force transmitted Fplatform and
phase angle with velocity (of the occupant) vplatform,
the latter obtained indirectly from integration of the
platform acceleration signal (aplatform). Plank velocity
at the shaker support vplank was also obtained from an
accelerometer. Kinetic energy of the plank was avail-
able from modal mass and plank velocity. Linear vis-
cous damping, assumed to be effective in the plank,
causes a percentage of total stored energy (kinetic plus
potential) to be lost through friction every cycle.

A sequence of experiments was done using a subject
sitting on a plastic chair, or standing erect, with knees
slightly bent or knees very bent, also with a solid mass
equivalent to the subject. In each case a chirp signal
sweeping within range 2–20 Hz over 40.96 seconds was
used. Figure 2 also shows the platform acceleration
and force Fplatform as the shaker passes through the
fundamental mode of the plank at around 3 Hz. Fig-
ure 4 shows the frequency response function (FRF) data
around the first resonance, for the different postures,
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Fig. 2. Measured signals for subject standing on plank.

Fig. 3. Schematic of test arrangement. Velocities vplank and
vplatform were obtained from accelerations a plank and a platform
using Simulink 1/s integrator.

for no occupant (bare plank) and with the equivalent
solid mass.

The result is clear and not unexpected. The fre-
quency decreases to a different degree as if effective
mass is increased, while the damping ratio increases
significantly, depending on posture. The reduction in
frequency is greater than when using a dead weight and
this is consistent with the description of a human as a
single degree of freedom (SDOF) system.

For one situation, with knees very bent, the fun-
damental frequency reverted to the value for the bare
plank ± a few % together with a very high damping
ratio. While a little artificial, the situation is not so eas-
ily explained using simple SDOF models with constant
parameters and there may be some active participation
of the occupant.

In most practical situations, the frequency reduction
effect of humans not acting as load generators will not
be so important as will be the dampening effect. The
research reported here is an investigation of this effect
through study of the energy dissipation in the system.

Note that the subjects included the author and a stu-
dent, both of whom willingly participated in the re-
search.

2.1. Energy and power balance

Power is rate of change of energy and it is through
measurements of instantaneous power that energy is
determined, hence:

For the plank system the power balance is:
Power supplied by
shaker

(i) = Fshaker × vplank

= power dissipation
due to plank internal
damping

(ii) = 2ζω × mm × v2
plank

+ power dissipation
due to human

(iii) = Fplatform × vplatform

+ net rate of supply
of energy (KE + PE)
to plank

(iv)

Where
mm = effective(modal) mass of plank,
ω = plank first mode natural frequency (rad/s),
ζ = plank modal damping ratio

and plank velocities for shaker power and
plank damping depend on mode shape.
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Fig. 4. Frequency response functions (FRFs) for various dead and live loads. Symbols identify natural frequencies on respective FRF curves.

In fact it is the energy balance, which is the time
integral of all the above quantities that is presented
here. These calculations were done using Simulink [11]
on data such as shown in Fig. 2. To convert from
acceleration to velocity the ‘1/s’ integrator was used,
preceded by high pass filtering. For the fundamental
mode of interest in this study, at 3.16 Hz with 0.8%
damping, the mode shape φ(x) is practically a pure
sinusoid and the modal mass estimated through modal
analysis of the experimental FRF is consistent with the
modal integral:

mm =
∫ L

0

φ2(x)m(x)dx (2)

for a mass per unit length m(x) over length L and in-
cluding the mass of the shaker body factored by ap-
propriate modal ordinates. For the fundamental mode,
mm = 675 kg, and the modal stiffness and damping
parameters k = 266 kN/m and c = 201 Ns/m follow.

Figures 5(a), (b) and (c) show respectively the energy
balance (from time integral of components i, ii and iii)
for the first 10 seconds of the signal passing through
the first mode for the case of a person standing erect,
standing with knees slightly bent and standing with
knees very bent (and very tiring). Figure 5(d) shows
the balance for the bare plank; the difference between
the two curves is largely accounted for by stored energy
(KE + PE).

Passing through resonance, energy dissipation by the
human subject is, depending on posture, several times
that due to the plank itself, dramatically increasing the
effective damping of the human-structure system.

3. Mathematical model

Based on the assumption that the human and the
plank behave essentially as a two degree of freedom
(2DOF) system, a 2DOF model was used to simulate
the behaviour of the plank and the energy path through
the system.

The multi-degree of freedom human body model
proposed by International Standards Organisation [8],
whose parameters are indicated in the upper view of
Fig. 6, was analysed to determine the natural frequen-
cies and damping ratios of the human alone, and of the
human-plank system. For the human-plank system the
modal mass, stiffness and damping quantities for the
plank were taken corresponding to the point of contact
(where the subject stood) on the midpoint of the plank.

For the human alone the eigenvalue solution of the
ISO model yields a fundamental mode:

fhuman = 4.88 Hz and ξhuman = 37%.

For the plank and (ISO) human together, the values
are:
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Fig. 5. Energy balance for plank during first 10 seconds of chirp excitation passing through first resonance. a) human standing straight (erect),
b) standing with knees slightly bent, c) standing with knees very bent, d) bare plank.

fplank = 2.93 Hz and ξplank = 2.2%

for the mode where the plank vibration dominates,

fhuman = 5.32 Hz and ξhuman = 36%

for the mode where human response is most

significant

These are consistent with the experimental data
shown in Fig. 4.

Due to the non-proportional damping matrix, the ISO
model is not in a form that can be converted to a set
of decoupled normal modes. Nevertheless, equivalent
modal damping mass and stiffness values for the human
were estimated from the first mode of the ISO human
model as parameters for a SDOF human model, and
are shown in the lower view of Fig. 6. Combining this
approximation with the plank model to derive a two de-
gree of freedom (2DOF) model, the plank/human sys-
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ISO MDOF human
         model on plank

m3=48kg

c3=3000NS/m k3=89kN/m
contact point

m=675kg k3
*=52kN/m

2DOF human
      m=80kg    +plank model

82kN/m 1946Ns/m

     m=675kg
contact point

266kN/m 201Ns/m

Fig. 6. Equivalent multi-degree of freedom (MDOF) systems for
human and human-plank system. Forces between human and plank
are transmitted at the indicated contact point.

tem has two modes, one with mainly plank movement,
one mainly human:

fplank = 2.93 Hz and ξplank = 2.0%.

fhuman = 5.27 Hz and ξhuman = 36%.

There are some minor differences but the 2DOF
model could be an acceptable simplification. The
2DOF model of Fig. 6 was used in a ‘controlled’ simu-
lation (using Simulink) of the physical experiment and
Fig. 7 shows the resulting energy balance. The trend is
similar to the experimental version (Fig. 5(a)) but the
energy dissipated by the subject is a smaller proportion
of the total.

While this study is aimed at a different application, it
is worth noting studies by Lundstrom et al. [9] consid-
ering energy absorption of vertically vibrating seated
humans. Recent research [3] shows different dynamic
effect (e.g. damping) when the subject is relaxed and
that damping of seated humans can be almost as much
as for standing humans.

The above analysis does not ‘prove’ that the human
behaves as the reduced ISO model; it is consistent. It
is notable that even after many years of research there
is still no clearly identified SDOF human model. Ex-
perimental results reported by Griffin [7] and empiri-
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Fig. 7. Simulated energy balance for standing human.

cal models due to ISO [8] give values of around 5 Hz
and these are built into the human vibration tolerance
standards [2], yet more recent research [10] suggests
higher values, in the region of 10 Hz.

Although there are several ways to estimate an equiv-
alent human SDOF model, one possible method applied
through measurements of the ratio of force and accel-
eration at the human/structure interface (e.g. shoes) is
curve fitting of the SDOF apparent mass. One set of
data for a 47 kg subject is shown in Fig. 8. The subject
mass is overerestimated as 60 kg, so the damping ratio
is also too high, but the frequency is clearly in the 5–
6 Hz range. Direct methods of realising the equivalent
2DOF system e.g. by using the eigensystem realisation
algorithm with the vibration time histories should be
promising.

4. Full scale evidence: Function hall

There are numerous examples of human-induced
floor vibrations and their assessment in the literature [1,
12,13]. What is more interesting is study of experi-
ments where the mitigating effects of humans are ob-
served.

A common structural serviceability ‘problem’ is
floor vibrations excited by coordinated jumping of a
crowd of people on a lightweight floor. Less well un-
derstand is the situation where many people are present
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but not all participate, and where those who do jump
are not well synchronised.

Figure 9 shows the FRF of a composite floor with
an estimated effective (modal) mass of 75 tonnes. The
floor has free spans of 20.4 m and 22 m and comprises
one-way spanning steel beams supporting metal (Bon-
dek) decking with integral reinforced concrete slab.
The supports are not symmetric since one edge joins
an adjacent smaller slab while the soffit features a grid
of tracks for moving partitions around for the floor be-
low. These partitions are locked in place by a wedg-
ing mechanism leading to partial vertical restraint and
with the arrangement of partitions at the time of the
measurements the floor had a fundamental frequency at
7.28 Hz with damping approximately 3% when unoc-
cupied. The FRF was obtained using the same equip-
ment as for the plank experiment.

The resonant frequency could also be excited by syn-
chronised jumping. Figure 10 shows the acceleration
(root) power spectral density (PSD) of response to four
people jumping in unison at a rather slow frequency of
approximately 1.9 Hz, generating response at the fun-
damental, 2nd harmonic, 3rd harmonic (weakly) and at
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the 4th harmonic (strongly) through resonant amplifi-
cation.

While the four people were jumping to generate the
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Fig. 11. Floor ambient response with seated crowd.

response of Fig. 10, the floor was otherwise unoccu-
pied. Measurements of low level (background) re-
sponse when occupied by a church congregation of
some 400 seated people listening to a sermon showed a
very heavily damped resonance around 6.6 Hz (Fig. 11).
Figure 12 shows the PSD of floor response with many
of these 400 people jumping fast while others simply
stood or sat and watched. There are two sequences of
jumping with different beat frequencies and the funda-
mental and harmonics are shown, none of which signif-
icantly excite the floor in resonance. This is evidence
that the ‘static’ observers provide a mitigating effect on
a potential resonant condition.
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Fig. 12. Floor response to fast jumping by a large crowd-with seated
occupants.

5. Discussion and conclusions

Tests on human-structure interaction in a laboratory
have confirmed findings elsewhere that the human body
acts dynamically with the structure in a way that modi-
fies the natural frequency of the structure while greatly
increasing the damping capacity, even when seated.

Measurements of the response have been able to
show the energy path from the source to the strongest
damping element, the human occupant.

Numerical simulations using a published multi-
degree of freedom human model condensed to a single
degree of freedom model corroborate the experimental
findings, with some minor differences, and this is one
route to study the problem, particularly if the parame-
ters in the SDOF model could be identified for different
postures.

The beneficial damping effect of humans present on
a floor while others are providing the vibration source
requires further investigation, and further evidence. It
is not at present a factor likely to be accepted by cer-
tifying authorities studying floor structural designs for
serviceability.

The study is being extended to include lighter and
higher frequency planks, to find the most convincing
means of finding an equivalent SDOF human dynamic
model for mitigating effects on vertical floor vibrations,
and to investigate in more detail the different effects of
sitting and standing with a larger group of subjects.
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