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Abstract 

Lightweight floor constructions suffer quite often from annoying vibrations. Long span floors 

are especially vulnerable with dynamic properties that yield both springiness due to low 

stiffness and resonant vibrations due to poor damping. Solutions that aim to mitigate the 

vibrations exist, e.g. tuned mass damper — a well known technique, often used as a makeshift 

solution in extra troublesome cases — and active control — a new technique in the experimental 

stage as floor vibrations are concerned. Since the present solutions often are very expensive 

and/or very sensitive, there is indeed a need for alternative solutions. 

A new method, applicable to floors with resilient ceiling that treats resonant vibrations is 

presented. The idea is to utilise the amplitude difference under oscillation that occur between 

the upper part of the floor and the ceiling. Briefly, small pieces of a visco-elastic material are 

strategically positioned in conjunction with the ceiling joists. The suitability of Terostat 81°, a 

visco-elastic material used in the building industry, is tested by small-scaled experiments. The 

effect of the damping device is then evaluated with emphasis on experimental modal tests on 

floors with various sizes in laboratory conditions. A  FE-model is also used to predict the 

dynamics of floors and to investigate the effect of the visco-elastic damper. 

The results show that the damper is extremely efficient to reduce vibrations of the type where 

floor and ceiling are oscillating out of phase to each other. The device does also affect in 

phase modes but to a lower extent. Since the fundamental frequency of the floor is significant 

for human perception, it is of special interest to increase the damping of that particular in 

phase mode. In the experiments, an increased damping ratio up to 1.5% was achieved, 

although the results showed a large spread depending on factors such as size of the floor, type 

of ceiling joists, type of supports etc. 

An outline of some other actions to reduce floor vibrations is also given where the property of 

the ceiling joists is analysed. Also the influence from different supports is treated where a 

floor resting on stiff concrete supports is compared to the case when a softer timber 

construction is used. The effect of a tuned mass damper is simulated and different measures to 

increase the stiffness of the floor in transverse direction are presented. 



Thesis 

The thesis comprises a major part together with the paper below which is a summary of the 

most important results of the major part. Shorter versions of that paper was presented at the 
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1. Introduction 

1.1 Background 

Using thin gauge steel products when constructing residential- and office buildings is a 

technique that has been used for several years as a complement to more traditional ways of 

building. Since these constructions are characterised by a considerable lower weight, they are 

generally known as lightweight constructions (also similar timber constructions are included 

in that concept). Most established are probably lightweight studs for partition walls but even 

floors built up of thin gauge steel together with either boards or concrete as top layer are used. 

Nowadays, different manufactures develop complete systems where all construction parts of 

the building, i.e. partition walls, floors and load bearing external walls, are made of thin gauge 

steel. Pleaders for such a building system proclaim its excellence in terms of high degree of 

prefabrication, dry building conditions that reduce moisture problem, quick installation at the 

building yard, high accuracy to size, economy and being non-polluting. 

As the lightweight building method develops it get increasingly competitive and during recent 

years the interest for lightweight products has increased. However, lightweight constructions 

in general suffer from poor acoustic- and vibration behaviour in the low frequency area, and 

the vibration problem might be particularly crucial, as floor vibrations to high extent are 

related to habitant comfort. 

1.2 Research objective and methods 

The main objective of this thesis is to evaluate the dynamic behaviour of a typical lightweight 

steel framed floor. Further more, solutions in order to reduce resonant floor vibrations should 

be proposed. The results focus on the dynamics of the floor while the human perception in 

this study is subordinated. 

• To determine the dynamic characteristics of the floor, vibration measurements are 

performed and the concept of experimental modal analysis is applied. 

• A proportional simple  FE-model is used mainly to evaluate how the floor responds to 

different construction changes. 

• A two-degree of freedom mass-spring model is used to demonstrate basic vibration 

properties of a lightweight floor. 
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• Small-scaled experiments are used to see tendencies from intended improvements in the 

construction. 
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2. Floor vibrations 

2.1 Overview 

Floor vibrations are of significant importance in the assessment of housing comfort. 

Lightweight floors, especially those having long spans, often possess low natural frequencies. 

Steel framed floors are particularly sensitive since they, compared to similar timber floors, are 

lighter and possess lower damping [1]. 

Both the first natural frequency and the damping are crucial parameters of how well a floor is 

experienced. Several internal human organs have their first natural frequency in the region 5-8 

Hz and therefore it feels very unpleasant to be exposed to vibrations of that frequency range. 

In Fig. 2.1 the human disturbance threshold according to the  ISO-standard  [2] is shown. The  

ISO-standard  is based on steady-state sinusoidal frequency vibrations whereas human induced 

floor vibrations have considerable different, more  multimodal  and transient like, 

characteristics. It is therefore questioned if the ISO-curve correlates well to floor vibrations. 

10 - 

47, 

101 	 102  
Frequency (Hz) 

Fig. 2.1 Human disturbance threshold expressed in terms of (root mean squared) acceleration as a 
function of a sinusoidal frequency. 

Since the force induced to a floor in residential- and office housings to high extent is a result 

of human activity, it is of interest to know the properties of such forces. Studying the 

frequency spectra from human activities like walking, running and jumping, it is found that 

the step frequency comprise the range up to about 3.5 Hz [3], were the pace of fast walking is 

around 2 Hz. It has been shown that also harmonics of the step frequency, up to as much as 

the eighth order [4], are of importance. We here find two strong arguments that in order to 
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reach an acceptable level in terms of living comfort it is a condition that the floor has its first 

natural frequency above about 8 Hz. Also the damping plays an important role in vibrations - 

the higher the damping the faster a transient response will decay. It was shown already in the 

sixties [5] that damping is the main key in preventing floor vibrations and that occupants will 

tolerate higher initial response if the damping is increased. 

Floor vibrations can be divided into two categories. In the first category, resonant vibrations 

are found. They act as global movements where the complete floor oscillates. In the second 

category, we have local movements that appear when the force generates a local deflection in 

the direct vicinity of the occupant. Resonant vibrations are generally a result of lack of 

damping where the induced force generates a long lasting vibration of the floor. Local 

movements are a phenomenon mainly experienced by active persons. As the pedestrian 

moves along the floor, local modes that are noticeable only to the walking person himself and 

to nearby residents are excited. Since walking traffic also might be a source to resonant 

vibrations, the total vibrations experienced will be the sum of resonant- and local vibrations. It 

should be pointed out that vibrations from humans are treated as transients. In opposite to 

steady state vibrations, for instant from a rotating machine where effective vibration 

insulation is fairly easy to achieve, it is a superior task to find an effective vibration absorber 

dealing with transients. 

The parameters that influence the dynamics of a floor can be summarised as follows: 

• Stiffness — The stiffness decides the springiness. The higher the stiffness the less 

deflection amplitude when a force is applied. A high stiffness is therefore strongly 

preferable but since high stiffness is achieved by either increasing the physical dimension 

or using stronger material, it is a contradiction to low weight and economy. 

• Damping — All materials have their own specific internal damping. But it is far more 

complicated since all joints, couplings, screws etc. affect the damping as well. It is 

extremely difficult to predict damping, illustrated by the fact that most  FE-software's do 

not support calculation of internal damping. High damping is always favourable. 

• Mass — Low mass is economically desirable since the supporting walls can be slimmer. 

Regarding floor vibrations, it is favourable to have high mass, as the floor response due to 

an impact force then possesses lower amplitude. 
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• Fundamental frequency — The experienced floor vibrations are often assumed to be a 

result of the first natural frequency. A higher frequency is normally less annoying. The 

natural frequency depends on the stiffness and the mass and can be estimated according to 

equation (2.1) [6].  

1 
±2

( 	 E' f  = 	
y  

2 1 m/ 4 	

[

w) 

(i1 EI 
(Hz) 	 (2.1)  

E  = modulus of elasticity 
= moment of inertia, main direction 
= moment of inertia, transverse direction 

m = weight of the floor (kg/m2) 
/ = span width 
w = width of the floor 

The complexity of floor vibrations is well illustrated by the fact that despite years of research 

and product development, no common standardised design rules exist. The Swedish building 

code BKR [7] does not give any rules but recommends that certain guidelines [8] are 

followed which are based upon one static criteria and one dynamic. The design was worked 

out by  Ohlson  [9], a criterion often criticised to be too conservative. Floor vibrations also 

seems to be an increasing problem since there is a tendency towards more slender 

constructions combined with increasing spans for flexibility, yielding floors that often are 

sensitive to dynamic forces. 

2.2 Measures to reduce floor vibrations 

The supporters of lightweight building are eager to find solutions that generate better floors 

with respect of vibrations and of sound insulation at low frequencies. In the literature, several 

vibration reduction methods are described and some of the most interesting and common will 

be presented. 

2.2.1 Tuned mass damper 

The use of a tuned mass damper (TMD) is, judging from the numbers of scientific papers 

published in the field [10-12], a quite popular arrangement to mitigate vibrations. The 

damping device must be tuned by adjusting its mass and/or stiffness so its  eigen  frequency is 

slightly lower than the natural frequency of the floor [13]. Thereby, the kinetic energy of the 

floor, when oscillating as its natural frequency, is transmitted to the TMD where the energy 

can be dissipated. The damping unit is normally small compare to the main object, typical one 
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or a few percents of the objects mass, but its oscillating amplitude is several times higher than 

the amplitude of the floor. The idea of a TMD is presented in Fig. 2.2-2.3,  

Y 4,  

Fig. 2.2. A tuned mass damper modelled as a two degree of freedom system with two rigid bodies 
representing the floor (F) and the damping device (TMD). The parameters KTMD3 CTMD and MTmD  are 
crucial for the operation and must be carefully chosen. 

Frequency response function 

Original 

With TMD 

9.000 	10.00 	11.00 
	

12.00 
Frequency (Hz) 

Fig. 2.3. The effect of introducing a tuned mass damper to a single degree of freedom system. The 
sharp resonance peak has been transformed to two more soft ones. 

The TMD might look great in theory but the device is in fact very sensitive, as will be further 

shown in chapter 6.3, which is one of the major drawbacks of the technique. A dynamic 

change of the floor, e.g. due to changed load conditions in terms of occupants, might be 

enough to violate the TMD's effect. Another disadvantage is the fact that one TMD does only 

affect one natural frequency. If more resonances occur, then additionally dampers are needed. 

A problem that also might occur in designing a TMD is to find sufficient damping since the 

device is working with small amplitudes. The reported use of TMD:s are restricted, more or 

less as makeshift solutions, to building suffering from severe vibration problems, where the 

floor response probably was ignored in the design phase. 
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2.2.2 Active control 

The field of active control continues to find new applications and in resent years, experiments 

are found dealing with floor vibrations. Compared to all other methods presented here, the 

active control is unique in the respect that it brings additional energy into the system. A 

system that utilises an electromagnetic shaker, modelled in Fig. 2.4, to induce a force 

controlled by a computer is presented [14]. Consider a single degree of freedom system 

(similar to that in Fig. 2.2 except for the TMD-device) exposed to a force F(t). The equation 

of motion of the system is then as follows. 

mji(t)+ cy(t)+ ky(t)= F(t) 	 (2.2) 

Using active structural control we can write the equation as 

mY(t)+ cY(t)+ ky(t) = F(t)— F,(t) 	 (2.3) 

where F(t) is the control force in the form given below. The control gain constant is labelled  

g.  

F, = gy(t) 	 (2.4) 

Thus, the control force is proportional to the velocity and the control force ads damping to the 

system. The arrangement is reported as effective, with velocity amplitude reductions up to 

70%. 

Floor-structure 

Fig. 2.4. Theoretical model of the shaker used in an active control system. A control force Fa  is 
generated between the reaction mass Ma  and a support frame M. 
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2.2.3 Semi-avtive tuned vibration absorber 

As an intermediate of the two previous solutions the semi-active tuned vibration absorber 

(SA-TVA) was reported [13]. It is highly based on the TMD but with one major difference. 

The damper in this case works under a control unit and is able to change the damping force. 

The used control policy is "Displacement-Relative Velocity" which means that a sensor reads 

the displacement of the floor, which is compared with the relative velocity of the damper. If 

the product of the two quantities is positive the damper will act in level "high", and when the 

product is negative the damper acts in level "low", given that an  "on-off'  control system is 

used. The method is relatively new and even though simulations intimate an improvement 

related to the TMD, it must be argued that the SA-TVA holds the same disadvantages as the 

TMD. 

2.2.4 Visco-elastic damper 

Experimental results of visco-elastic dampers mounted between a floor and an adjacent 

construction have been presented [15]. Even though the device in some cases seems to be 

effective, the author claims that since the damper requires a coupling to a fix point like a 

foundation wall to perform well, its use is limited. If connected to more mobile parts, like 

lightweight partitions- and external walls, the relative movement of the damper is too small. 

2.2.5 Admixtures 

In the case where the floor is provided with a concrete top layer, visco-elastic admixture can 

replace some of the water content in the concrete. A study of two long span composite floors 

was reported [16] and the result shows that the damping ratio is approximately twice as high 

compared to similar floors without the admixture. 

2.3 Reflections about existing methods to reduce floor vibrations 

There is agreement about that many lightweight floors give rise to annoying vibrations and 

that it is of great importance to find efficient methods that can reduce them to acceptable 

levels. To considerably change the stiffness and/or mass of the floor is not an appropriate way 

to go, since both the lightweight idea as well as the economical limit will be violated. 

Therefore the majority of the presented methods are focused on increased damping. The 

difficulty to develop satisfactory methods is emphasised by the fact that no such methods 
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have reached a major breakthrough. The reasons are mainly that either does the intended 

method not restrain the vibrations enough or it is not economically justified. The discussed 

TMD and SA-TVA are both too sensitive. The active control is at the moment not a serious 

alternative due to its enormous cost and the fact that the technique to high extent is in the 

development stage, at least when it comes to floor vibrations. The visco-elastic damper is very 

restricted in its use while the admixture is not applicable dealing with "true" lightweight 

constructions (those that contain no concrete). In addition, common drawbacks of the existing 

methods are that they are often fairly complicated to install as well as they are not cost 

effective. With few exceptions, the methods are used as afterwards solutions and hence, are 

not designed in the first place to be a part of the construction. The need for alternative 

solutions is evident and an effective technique will probably increase in the market of 

lightweight floors significantly. 
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3. Test object and measurement technique 

3.1 The test object 

The main test object in this thesis has been a steel framed floor representative for common 

constructions used in the building industry. The floor is prefabricated in sections of 1.2 m 

width and each section is built upon two load bearing  C-profiled beams, one at each long side, 

which height and thickness of material are varied due to the span. A cross bar of comparable 

size, which also serves as a bearing plate, connects the beams at the short sides. The span of 

the tested floor is either 6.8 m or 7.2 m yielding a beam height of 350 mm and a thickness of 

material of 2.5 mm. On top of the beams, there is a profiled sheet metal in the transverse 

direction to form stiffness. Two layers of plasterboards constitute as the top layer and together 

with mineral wool between the beams, the upper part of the floor is completed. Underneath, a 

resilient ceiling is installed. It consists of two layers of plasterboard that are mounted to the 

beams by soft ceiling joists, which act as springs with the primary purpose to reduce sound 

transmission. The floor is viewed in Fig. 3.1. 

1 
1.  
2.  

13+13 mm Plasterboard 
45 mm Profiled sheet metal 

2 

3.  C-beams, height 350mm 
3 4.  95 mm Mineral wool 

5.  35 mm Ceiling joist c450 
6.  13+15 mm Plasterboard 

4 

5  
6 

Support 

  

  

1200 mm 
4 	  

 

Fig. 3.1. Design of the tested floor with sections of the main- (upper) and transverse (lower left) 
direction. The cross bar acts as bearing plate (lower right). 
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3.2 Modal testing 

Experimental modal analysis is an established technique to experimentally determine the 

dynamics of a structure. A pioneering work is found in a paper from 1947 [17] where a 

method that accurately determines natural frequencies and damping is described. In the 

sixties, when the technique of electronic measurements and analysis rapidly grew, 

experimental modal analysis made its breakthrough. To enable a modal testing some 

conditions of the structure must be fulfilled [18]: 

• The dynamic behaviour of the structure must be linear 

• The structure's dynamics must be time invariant 

• The structure's dynamics must be observable 

• The structure should obey Maxwell's reciprocity principle — the response at a point  p  

caused by a force applied at the reference point  q  is equal to the response at the point  q  as 

a result of applying the same force in point  p.  

The basic idea is to measure frequency response functions (FRF:s) from one (or more) 

reference point to one (or more) response point, where the quantities often represent force 

and/or acceleration. Any  FRF,  II pq( of a system can be expressed in the form of equation 

3.1 [19]  

X 
H p q  (CO) = 	 

N  Apq 
 P  = E 	 
Fq 	Å2 w 2  

X,  = response at point  p  
Fq = force input at point  q  
r = mode index  
N  = degrees of freedom 
Apq = modal constant, the relative displacement during 

vibration in the rth  mode 
År2  = eigenvalue of the rth  mode 
a)= angular frequency 

(3.1) 
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In the analysis phase, a curve-fitting algorithm is applied that attempts to find a mathematical 

model that match the measured data. Then from the model, the desired information of the 

structure is extracted in terms of the modal parameters: 1) Natural frequencies 2) Modal 

damping and 3) Mode shapes. Although the  FRF  is the most common function to use in the 

analysis, some algorithms are instead dealing with the time history. However, the final goal, 

to estimate the modal parameters, is exactly the same. 

The process of modal testing of floor structures is treated in some papers [20-21]. Even 

though experimental modal analysis of a floor essentially does not differ from an analysis of 

any other structure, some special difficulties might appear. A large construction like a floor 

requires a certain amount of energy input to set the structure into vibration and to excite all 

the modes of interest. To make that possible, a relatively high input force might be needed 

which in turn can lead to non-linear phenomena. A better way can then be to use 

simultaneous input forces that will distribute the energy more evenly into the floor. Another 

difficulty appears when a heavily damped structure undergoes a modal test. Since the modal 

parameters are revealed from the response peaks the accuracy of the analysis can be 

questioned if the structure is damped to such level that response peaks is hard to detect. 

3.3 Measuring equipment 

In the measuring procedure reported in this thesis, the following equipment has been used: 

• FFT-analyser: Brüel &  Kjær  front-end type 2827 

• Electromagnetic shakers: LDS v406 

LDS v201 

• Amplifiers: LDS PA 25E (In combination with LDS v201) 

LDS PA 100E (In combination with LDS v406) 

LDS PA 500L (In combination with LDS v406) 

• Impedance head: Brüel &  Kjær  type 8001 

• Accelerometers: Brüel &  Kjær  type 4508 

• Charge Amplifier: Brüel &  Kjær  type 2635 (In combination with Brüel &  Kjær  type 

8001) 

• Softwares:  Brad &  Kjær  Pulse LabsShop 5.2 (Data acquisition) 

SDRC: 1-DEAS  Master Series 7.0 (Post processing) 
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4. Development of a new method to reduce resonant vibrations 

4.1 Objectives of a new method to increase damping 

A new method to reduce floor vibrations must possess some particular properties in order to 

stand out. The objectives of such a project is established below. 

The new device should: 

• increase the level of damping at natural frequencies 

• be a non-complicated installation 

• be unsusceptible to dynamic changes of the floor, e.g. due to different load conditions 

• be economically accepted 

In addition, the specific floor type designated for testing should undergo a detailed dynamic 

analysis in order to see how the dynamic response is affected and to see whether changes 

should be done in the design. 

4.2 Introductory measurement 

To get knowledge in the dynamic behaviour of the specific test floor, an introductory 

vibration measurement was performed on one floor section of 7.2m span. The floor was lying, 

simply supported, on concrete supports to attain ground condition. It is a strong wish to have 

supports that are considerably stiffer than the measured floor to avoid interaction between the 

two items. A measuring grid of 33 points were chosen according to Fig. 4.1 where also the 

placement of the shaker is shown. The grid should be sufficiently dense to generate 

acceptable accuracy in the determination of the modal parameters. The acceleration was 

measured both at the floor surface and at the ceiling, totally 66 response points. 

The measurement was performed from 5 to 30 Hz, a range where the natural frequencies that 

will be significant in the assessment of living comfort should be found. The resulting 

averaged  FRF  from the 11 points at the centre line is seen in Fig.4.2. 
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Fig. 4.1. Location of shaker and accelerometers of the floor section, 1.2x7.2 m2. 

Floor 

Ceiling 

Fig.4.2. Average frequency response function of the measured acceleration along the centre line, 11 
points at the floor surface and 11 points at the ceiling. 

The five most stable poles found by the algorithm used for the curve fitting, least squares 

complex exponential, correspond to the four distinct peaks in Fig.4.2, the floor part, together 

with one peak, hardly detectable at around 21 Hz. The results are presented in Table 4.1 and 

Fig. 4.3. The damping ratio, Ç is the relation between the actual damping and critical, and is 

defined according to =C/C„,ii,„/, where  C  is the (equivalent) viscous damping coefficient. 

Table 4.1. Modal parameters of one floor section. 
Mode no. Frequency (Hz) Damping ratio (%) 

1 8.2 3.7 
2 11.5 2.0 
3 14.2 1.1 
4 21.5 ,g.-3.3 
5 26.8 1.9 
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1) 8.2 Hz 
	

2) 11.5 Hz 
	

3) 14.2 Hz 

-441.111111111ft.- 
4) 21.5 Hz 	 5) 26.8 Hz 

Fig. 4.3. Mode shapes as a result of measuring the acceleration in 66 points. The accelerometers were 
equally distributed on floor (upper) and ceiling (lower). 

It is stated that the floor has its fundamental frequency at 8.2 Hz, corresponding to an 

oscillation of the 1:st order bending mode (1). The frequency is low, alarmingly close to what 

is recommendable. A similar mode shape (3) occurs at 14.2 Hz with the major difference that 

the ceiling is oscillating out of phase relative to the floor in contradiction to the former case 

where there is an in phase relation. The behaviour is expected and is equivalent to the 

situation in a two-degree of freedom system. The 2:nd order bending mode (5) of the floor is 

found within the measured range, at 26.8 Hz. Also two torsion modes, (2) and (4) at 11.5 and 

21.5 Hz, respectively, are found. 

4.3 The acoustic properties 

The basic idea of using the soft ceiling joist is to achieve higher sound insulation by 

preventing vibration transmissions through the floor structure. From Fig. 4.2, where the  FRF  

of the floor and ceiling are shown, it can be seen that the ceiling very much acts as a low pass 

filter with a cut-off frequency at about 15-17 Hz. The behaviour is typical for floors equipped 

with resilient ceiling and is a result of the elastic ceiling joist. Since the human audible range 

start from about 20 Hz the solution tends to be effective from an acoustical point of view. The 

situation fades a bit considering that even though the audible frequencies are restrained, the 

vibration level in the ceiling below the cut-off frequency are unaffected, or even accentuated. 

Then secondary vibrations within the audible range may very well be induced to other objects 

as lamp fittings and chandeliers. Overall, the flexible ceiling joist is a popular and fairly 

effective technique to improve the acoustical properties of a floor 
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4.4 Finite element model of a floor section 

When the dynamic properties of the floor section are experimentally determined it is 

meaningful to create a finite element  (FE)  model as it can be correlated. Because of the 

inconsistencies in the torsion modes' frequencies (according to chapter 5.3), a two-

dimensional model is chosen as it will be considerably simpler to build up. The floor and 

ceiling are modelled as beam elements, joined together with vertical springs that correspond 

to the ceiling joists, Fig. 4.4. The used boundary condition is simply supported. 

Fig. 4.4. The finite element model of the floor section consists of two beams with spring elements in 
between which represent the stiffness of the ceiling joist. 

The material parameters of the beam elements are produced through calculations of the real 

floors which parameters are translated into equivalent parameters in terms of density, moment 

of inertia and modulus of elasticity. (More about the model can be found in [22]) The spring 

constant of the ceiling joist needs some consideration. To get a relevant value, a separate  FE-

model of the ceiling joist is used. It is seen from the deformation pattern in Fig. 4.5 that 

mechanical stress is concentrated to the two areas close to the two fasten screws near the 

edges. 

The placement of the mounting screws is indeed very important. The vertical deflection, and 

hence the spring stiffness, undergoes a considerable change as the position of the screws are 

varied. For the present case, the screws are assumed to have the placement a/b = 15/25 mm 

(which was the case for the measured floor in chapter 4.2) according to Fig. 4.5, which yields 

a spring constant of 55 kN/m. If the position as an example is changed to alb = 10/20 mm, the 

stiffness is reduced by about 30 %. Not only the position of the screw, but the treatment of its 

head is of importance. In the  FE-model of the ceiling joist, a grid that consists of 5x5 mm2  

squares was used. Then the screw head, for simplicity, was assumed to have the size of four 

squares, i.e. 10x10 mm2, where the actual nodes were restrained as locked. However, the true 
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shape of the head was circular with a diameter of 10 mm. Although the chosen condition is 

not identical to the real head, the result will correlate comparatively well, but treating the head 

as one locked node only, a lumped screw head, proved to have a large deviation from the true 

case. The small-scale model presented in chapter 4.6 has verified the spring constant. 

Fig. 4.5. Cross section, mounting screws position and deformation pattern of the 1185 mm. long 
ceiling joist as a result of a static line load equal to the dead weight of the ceiling. The thickness of 
material is 0.5 mm. 

The resulting  eigen  frequencies from the  FE-model (Fig. 4.4) concerning the in- and out of 

phase first order bending modes, are 7.8 and 14.4 Hz respectively, which correlate fairly well 

with the frequencies 8.2 and 14.2 Hz obtained from testing. The second order bending mode 

however, shows a larger discrepancy, but since the two former modes are of greater interest 

due to higher significance in the human perception, it is left without measure. 

4.5 An idea to a new damper 

When studying the mode shapes of the floor (Fig. 4.3) it is seen that there is, at least for the 

out of phase modes, a considerable movement between the floor and ceiling, i.e. in the ceiling 

joists. If then a visco-elastic material in some way could be added to the joists, an increment 

of damping might be achieved. In fact, there is also a relative movement of the ceiling joists 

in the case of in phase modes due to amplitude difference between floor and ceiling. Since 

visco-elastic materials in general need a certain motion in order to operate, it is questioned 

how the damping will be affected in these cases. The visco-elastic material Terostat 81®  made 

of butyl rubber normally used as self-adhering garter strap will be utilised for testing. The 

idea is further investigated both experimentally and by  FE-modelling. 

4.6 Small-scale experiments to test a visco-elastic material 

The experiments in this chapter are performed as a first step in evaluating the use of a visco-

elastic damper in conjunction with the ceiling joists. The experiments are conducted with a 

small-scale model that contains a 0.9x1.2 m2  piece of the resilient ceiling. It consists of two 

ceiling joists, 450 mm in between, together with two layers of plasterboard. The ceiling joists 
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are then fastened to a steel/timber support frame, freely placed on the laboratory floor. Even 

though the frame does not acts a perfect grounder of the system, its motion should be 

considerable lower than the soft ceiling joists'. In each test, a small shaker (LDS v201) excites 

the structure with a random signal, 0-50 Hz, and the response is measured with 

accelerometers in six positions according to Fig. 4.6. 

Fig.4.6. Outline of the experimental set-up showing the position of the shaker (S) and the 
accelerometers (1-6). 

Two different ways of applying the visco-elastic material are investigated. In the first (1), the 

idea is to make use of the horizontal bending motion. Locally, around the mounting screws, a 

piece of sheet metal with Terostat®  in between is added and damping is thus introduced by 

shearing between the joist and the sheet metal. In the second case (2), the visco-elastic 

material should utilise the shearing force that appears if Terostat®  is placed between the 

ceiling joist and an extra angle piece. Two angel pieces are used for every ceiling joist, 

positioned at each end where the maximum deformation occurs. An outline of the two 

methods is shown in Fig. 4.7. 

Both methods are tested for various amount of Terostat®  and method (1) also for various 

thickness of the extra sheet metal. In the first method (1), bending motion, the damping ratio 

was increased from originally 1.0 % to, as a maximum, 3.9 %. At the same time the natural 

frequency has increased from 9.0 to 14.5 Hz. The natural frequency refers to the mode shape 

where the ceiling is oscillating vertically as a rigid body in a single degree of freedom system 

(SDOF). The natural frequency and damping ratio are extracted from post processing of the 

recorded data while the spring constant and viscous damping coefficient of the Terostat®  is 

calculated by treating the system as being a SDOF. The results are presented in Table 4.2. 
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Angle piece 

Terostat®  

Fig. 4.7. Two ways of mounting the visco-elastic material. To the left it is operating by bending 
motion (1) and to the right by shearing motion (2). 

Table 4.2. Method (1). The amount of visco-elastic material as well as the size of the extra piece of 
sheet metal is varied. n=number of strings,t=thickness w=width  /=len h.  

Experiment 
identification 

no 

Extra 
sheet 
metal 
(MM) 

Amount of 
Terostat®  
n*Cw*1  
(mm) 

Frequency 
(Hz) 

Damping 
ratio 
(%) 

Terostat's® 
spring 

constant  Ko  
(IN/m/joist) 

Terostats® 

vise. damping 
coeff , CD  

(Ns/ni/joist) 
1 - - 9.0 1.0 - - 
2 0.6 2*2*10*250 11.2 2.5 21 28 
3 0.6 

screwed 
2*2*10*250 11.5 2.6 24 31 

4 1.5 2*2*10*250 14.5 3.9 61 70 
5 1.5 4*2*10*250 14.1 3.4 54 57 
6 0.6 4*2*10*250 12.1 2.9 29 38 

For the second method (2), shearing motion, the damping ratio reached a maximum of 9.4% 

for two configurations and the natural frequency was 12.1 and 14.1 Hz. The results are 

presented in Table 4.3. 

Comparing the two methods shows that shearing towards an angle (2) is more efficient, the 

maximum obtained damping ratio and viscous damping coefficient is about twice as high. The 

reason is probably that the visco-elastic material in this case is exposed to a greater motion 

(velocity) than the bending technique (1). The behaviour is also well illustrated in Fig. 4.8 

where the shearing method shows wider and lower resonance peaks that indicates higher 
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Fig.4.8. Averaged frequency response function from 
experimental conditions. 

3209 

six measured points from three different 

damping. Also the difference in stiffness, which yields different natural frequencies, is easily 

noticed for the selected experiments. 

Table 4.3. Method(2).   The amount of visco-elastic is varied. t=thickness, h=hei th,  /=len h.  
Experiment 

identification 
no 

Amount of 
Terostat®  

t*h*1 
(mm) 

Frequency 
(Hz) 

Damping 
ratio 
(%) 

Terostat's®  
spring 

constant,KD  
(kN/m/joist) 

Terostat's®  
vise, damping 

coeff., CD 
(Ns/m/joist) 

1 9.0 1.0 - - 
7 3*15*80 15.9 6.5 79 138 
8 3*15*30 13.7 7.5 49 136 
9 6*15*30 14.1 9.4 54 172 
10 12*15*15 10.5 6.3 14 84 
11 12*15*30 11.1 8.1 20 119 
12 12*15*60 12.1 9.4 30 154 

4.7 Finite element modelling of the effect of an extra damper 

The effect of an extra damper can also be simulated in the  FE-model presented in chapter 4.4. 

Then one spring- and one damper element, in conjunction to each ceiling joist, are added to 

incorporate the properties of a visco-elastic material. From the small-scale experiments it was 

shown that a proper choice of Terostat®-amount corresponds to a spring constant of about 20-

30 Ith/m and a damping coefficient of about 100-150 Ns/m. The ratio spring constant divided 

by damping coefficient is then about 200, which has been used in the simulations. 
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The influence of the first order bending modes, (1) and (3) in Fig. 4.3, using different amount 

of the visco-elastic material, are considered in the modelling. In Fig. 4.9 the increased 

damping ratio of the floor are plotted vs. the damping coefficient per ceiling joist of the added 

Terostat®. The in phase mode (1) possesses a maximum increased damping ratio at a certain 

viscous damping coefficient. If an ever higher damping coefficient, and thereby an ever 

higher spring constant of the visco-elastic material is chosen, the arrangement gets too stiff to 

enable enough relative motion of the ceiling joists, and the increased damping ratio decreases. 

In case of the out of phase mode (3), the damping ratio increases as the damping coefficient 

increases without any maximum. 

In phase 	 Out of phase 
25  

"E  

15  
.g  

2-  10 

5  

0.8 

0.6 

5i 0.4 

1.4 

1.2 

100 	200 	300 	400 	500 	600 	700 	 0 	100 	200 	300 	400 	500 
	

700 
Damping coefficient (Ns/m) 	 Damping coefficient (Ns/m) 

Fig. 4.9. Simulated increased damping ratio as a function of damping coefficient of the visco-elastic 
material. The in phase mode (1) to the left has a maximum level at a certain damping coefficient while 
the out of phase mode (3) to the right increases as the damping coefficient increases. 

The optimal solution according to the finite element model, in order to get as high damping 

ratio as possible, is then to choose an amount of Terostat®  that corresponds to a damping 

coefficient of about 250 Ns/m. However, the soft ceiling joist is important to reduce sound 

transmission, and it is not desirable to increase its stiffness too much by the visco-elastic 

material. Therefore a better choice may be an amount that corresponds to a damping 

coefficient of about 150-200 Ns/m per ceiling joist since the increased damping ratio is not 

very affected in the interval 00130-450 Ns/m. Such a choice should yield an increased 

damping ratio of the in- and out of phase modes of about 1.2 and 7-9 percent units 

respectively. If the damping coefficient specifically is set to 200 Ns/m, the damper will 

increase the damping ratio 1.3 and 9.2 percent units for the mode (1) and (3) respectively. No 

such configuration was tested in the small-scale experiments but according to the conducted 
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measurements it might correspond to an amount of Terostat®  of approximately 12x30x60 

mm. That amount is however tested in the forthcoming full-scale experiments. 

4.8 Full-scale experiments to test the visco-elastic damper 

The same test procedure as described in chapter 4.2 was used to verify the benefits of the 

visco-elastic damper. Terostat®  was applied to the 17 ceiling joists by means of angle pieces 

rigidly fastened to the main beams where small pieces of Terostat®  was positioned at the ends 

of each joist. A series of experiments were conducted on the floor section, where three 

different amounts of Terostat®  were used. The results are presented in Fig. 4.10.as a 

comparison of the vibrations of the floor part, and in Fig. 4.11 as a comparison of the best 

obtained extra damper vs. undamped. In the former case, the measurements were performed 

using steel supports that gave rise to a not perfect coherence for the lowest frequencies 

revealed by a jagged  FRF  curve below 10 Hz. In the latter case both floor and ceiling are 

shown when concrete supports were used. 
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Fig.4.10. Averaged  FRF  from 11 points of the floor surface. Four different cases are shown, one 
reference i.e. without any extra damper (undamped) and three cases with various amount of Terostat®. 

The stiffness increases due to the Terostat®  and a frequency increment of the natural modes is 

noticed together with increased damping. The extra damper is especially effective for the out 

of phase modes where a dramatic increment of damping takes place. There is also an 

indication of the earlier stated question, if, and to what extent the damper also should affect 
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the in phase modes. A slightly broader peak in the  FRF  at around 8 Hz shows that the 

damping has indeed increased although the extent is not comparable with the out of phase 

modes. A summary of the modal parameters for the bending modes makes it even clearer, 

Table 4a-b.  The damping ratio of the out of phase mode (3) increased from 1.1 % to more 

than 10 %, the mode has more or less been eliminated. For the important fundamental 

frequency (1) the increment was 1.5 percent units, from 3.7 % to 5.2 % while the second 

order bending mode (5) was even less affected. It is also shown in Table 4.4c that the  FE-

model predicts the damping increment fairly well. 

FRF  floor 
	

FRF  ceiling 

Frequency Hz 

Fig. 4.11. The effect of Terostat®  12x30x60 mm3  for the floor (left) and the ceiling (right). 

Table 4.4a. Modal parameters of the floor nart 
Amount of Terostat®  In phase Mode (1) Out of phase Mode (3) 2:nd bending Mode (5) 

F (Hz)  C  (%) F (Hz)  C  (%) F (Hz)  C  (%) 
Undamped*  8.2 3.7 14.2 1.1 26.8 1.9 
12x15x30**  2.'8.4 - 15.0 4.8 26.7 2.4 
12x30x30**  743.7 - 16.3 8.9 26.9 2.4 
12x30x60*  9.0 5.2 2017.6 > 10 27.1 2.3 

Table 4.4b. Modal parameters of the ceilin 
Amount of Terostat®  In phase Mode (1) Out of phase Mode (3) 2:nd bending Mode (5) 

F (Hz)  C  (%) F (Hz)  C  (%) F (Hz)  C  (%) 
Undamped*  8.2 4.1 14.2 1.2 - - 
12x30x60*  9.0 5.2 - - 27.1 2.8 
(*) Concrete supports 
(**) Steel Supports 

Table 4.4c. Predicted increased dampineratio of the floor com ared to measured 
In phase Mode (1) Out of phase Mode (3) 2:nd bending Mode (5) 

Measured 1.5 >9 0.4 
Predicted by  FEM  1.3 9.2 1.4 
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5. Multiple floor sections joined together 

5.1 General 

Previous tests have been limited to one floor section only, but it is of interest to characterise 

the dynamics of the floor when several sections are joined together. It also gives an 

opportunity to test the Terostat®  damper under more realistic circumstances. The floor used 

for multiple sections testing is slightly different form the floor used in chapter 4. The span is 

now 6.8 m and the ceiling joist is made stiffer since the material is increased from 0.5 to 0.6 

mm thickness. In the case were the extra damper was tested with multiple sections, the 

Terostat® was applied only to the five central joists. It was shown that the effect was nearly 

the same as when using all the joists, Fig. 5.1. 
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Fig. 5.1. The effect of applying the extra damper to the five central ceiling joists compared to all (17) 
joists, an average response of 11 measured points on the floor surface. The test conditions are 7.2m 
span, 0.5 mm. joists, 15x30x30 mm3  Terostat®. 

5.2 Two sections 

The joint between the sections is performed by a metal piece having a cross section that fits in 

the valleys of the profiled sheet metal. It is mounted to the floor with several screws that 

penetrate the main beams. The experimental set-up with two sections can be seen in Fig. 5.2 

and a comparison of the resulting FRF:s of one versus two sections is shown in Fig. 5.3. 
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Fig. 5.2. Location of shaker and accelerometers of the two-section floor, 2.4x6.8 m2. 
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Fig. 5.3. FRF:s of one versus two sections. The curves are an average of 36 respectively 60 measured 
points each, positioned at the floor surface. 

Starting with one section, the result is very much the same as for the case in Fig. 4.2. 

However, it might look like the response has increased for the torsion modes (at about 12 and 

22-25 Hz) but that is more an illusion since the  FRF  here represents an average of 36 

measured points (instead of 11 points distributed along the centre line). With two elements, 

some differences occur. Modes propagating in the main direction are relatively unchanged 

regarding their natural frequencies, as they should be. The response amplitude is about 4-6 dB 

lower, which correlates well with the used dB scale of accelerance (acceleration/force) where 

6 dB corresponds to a doubling/halving of the (linear) level. Modes that contain propagation 

in transverse direction are significantly different in frequencies compared to the one-section 

floor due to different physical size. The mode shapes are presented in Fig. 5.4 
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1) 9.2 Hz 2) 10.1 Hz 3)11.0 Hz 

5) 15.4 Hz 	 6) 16.9 Hz 

7) 22.0 Hz 
	

8) 25.6 Hz 
	

9) 28.6 Hz 

Fig. 5.4. Mode shapes as a result of measuring the acceleration in 60 points. The accelerometers were 
equally distributed on the floor surface. 

5.3 Four sections 

The condition of these measurements is different in the respect that two kinds of support were 

used. Two sections rested on concrete supports as earlier while the remaining sections were 

lying on timber supports, Fig.5.5. The experimental set-up is shown in Fig. 5.6. 

The frequency response function of the floor is shown in Fig. 5.7 together with the response 

when the Terostat®  damper was installed. The FRF:s are a bit tricky to interpret in a straight 

forward way mainly because of the use of different supports which make the situation more 

complex. The response level is lower than expected, taking the response of two sections in 

Fig. 5.3 as a starting point. The reason is that due to the support, the floor can not be 

considered as a uniform object but more as a combination of two structures. Then the 

response level at resonance peaks is often lower since the two structures do not share exactly 

the same dynamic properties. The phenomenon is illustrated by a detailed analysis of the 

FRF:s from two- and four sections in the narrow frequency region 8-13 Hz, Fig. 5.8. 
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Fig.5.5. Two floor sections (out of four) are resting on concrete supports (background) while two 
sections are supported by a timber construction (foreground). 
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Fig. 5.6. Experimental set-up of the four-section floor, 4.8x6.8 m2. 
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Fig. 5.7. The effect of applying the Terostat®  damper of a four-section floor. 
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Fig. 5.8. FRF:s from two- and four-section floors zoomed in narrow frequency band. 

When studying the mode shapes it is seen that the first peak of the two-section floor, 9.2 Hz. - 

first order bending mode, occurs at 8.4 Hz. in the four-section floor. Further more, the 

response level is considerably lower since the motion is concentrated to the part of the floor 

where the timber supports were positioned. The peak at 9.2 Hz — four sections — seems to be a 

combination of the first bending mode at the concrete support side and the first torsion mode. 

The first torsion mode — two sections — is found at 10.1 Hz. The remaining natural frequencies 

of the four-section floor at 9.9, 10.4 and 11.7 Hz., are all modes that propagate transversely. 

The mode shapes are shown in Fig. 5.9. 
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a) 8.4 Hz  b) 9.2 Hz c) 9.9 Hz 

d)  10.4 Hz 	 e)  11.7 Hz 
Fig. 5.9. The fist five mode shapes of the four-section floor, a) is viewed from A-A and  b)-e)  from B-
B, Fig. 5.6. 

A distinction between different kinds of mode shapes can be pointed out if comparing the 

measurements from one, two and four sections. Bending modes propagating in the length 

direction (mode no 1,3 and 5 in Fig. 4.3) are permanent if all other conditions are equal, 

regardless of any sections that might be joined together. Torsion modes on the other hand, 

appear at different frequencies depending on the size in transverse direction, i.e. the amount of 

sections. 

Another noticeable detail, looking at the whole frequency range, is that the four-section floor 

contains several additional natural frequencies compared to two sections. This is explained by 

the fact that the larger floor gives rise to more natural mode shapes in the transverse direction. 

The effect of the damper shows the same tendencies as for the case with one section, the 

efficiency is strongly related to the phase relation between floor and ceiling. A parameter 

comparison of damped vs. undamped condition is presented in Table 5.1. 

Table 5.1 Comparison of the five lowest natural frequencies between original floor versus floor 
equipped with the extra damper. 

Mode type 1st  bending 
(1) 

Transverse 
(2) 

Transverse 
(3) 

Transverse Transverse 
(4) 

F (Hz)  g  (%) F (Hz) Ç (%) F (Hz) Ç (%) F (Hz)  g  (%) F (Hz) (%) 
Original floor 8.4 1.5 9.2 0.9 9.9 1.0 10.4 1.3 11.7 1.1 
Floor with Terostat®  8.6 1.9 9.6 1.8 10.4 2.1 ,A-..,  1().9 - 12.3 2.3 
Increased damp. ratio 0.4 0.9 1.1 - 1.2 
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6. Example of other actions that influence floor vibrations 

6.1 Stiffness of the ceiling joist 

The stiffness of the ceiling joist in the type of floors presented is of great importance. 

Simulations of different stiffness have been performed with the  FE-model presented in 

chapter 4.3. In Table 6.1 it is shown how the two natural frequencies of the first bending 

mode are changed. The stiffness 55 and 94 kN/m are equal to the joists having a thickness of 

material of 0.5 and 0.6 mm respectively, that was used in previous experiments. The span is 

set to 7.2 m. 

Table 6.1 Frequency change of the first order bending modes as the stiffness of the ceiling joist is 
chan ed.  

Stiffness per 
ceiling joist 

kNim 

In phase 
mode 
(Hz) 

Out of phase 
mode 
(Hz) 

5 3.2 11.9 
55a 8.2 15.2 
94b  8.9 18.1 
150 9.3 22.0 
200 9.4 24.9 
300 9.5 29.9 
400 9.6 34.2 
500 9.6 37.9 
700 9.7 44.2 
1000 9.7 51.9 

a) Corresponds to the 0.5 mm joist used in previous measurements.  
b) Corresponds to the 0.6 mm joist used in previous measurements. 

Not only the frequencies but also the mode shapes' amplitude, some of them viewed in Fig. 

6.1, are affected. If a hypothetical, very soft joist is used, the insulation between floor and 

ceiling will be almost perfect with a result that the in phase mode will be hardly noticeable by 

occupants since the amplitude of the floor surface is almost zero. If, as the other extreme, a 

very stiff joist is used, the coupling between floor and ceiling will be very efficient yielding 

an in phase mode of equal amplitude for the two parts. From a floor vibration perspective, a 

soft ceiling joist as possible should be used but other aspects must be considered. The strength 

does not allow a too soft joist in order to prevent permanent deformation. The used joist of 0.5 

mm — 55 lcN/m — was right on the border and a stiffer joist should be preferred for the actual 

floor. 
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LIT ILL  

5kN/m — 3.2 Hz / 11.9 Hz 	55 kN/m —8.2 Hz / 15.2 Hz 	500 kN/m — 9.6 Hz / 37.9 Hz 

Fig. 6.1.Different appearance of the first order bending modes depends on the ceiling joist stiffness. 

Finally, Fig. 6.2 shows the situation for a real floor section. The effect of different stiffness of 

the ceiling joist is clearly noticeable with a frequency change about 0.5-1.0 Hz. 
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55kN/m. 
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94 lcN/m 
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Fig. 6.2.  FRF  of a 7.2 m span floor with different ceiling joist. An average of 11 measured point at the 
centre line of the floor surface. 

6.1.1 Stiffness of the ceiling joist in combination with the visco-elastic damper 

It is also of interest to see how different ceiling joist stiffness affects the damping when the 

Terostat®  damper is applied. From previous tests in chapter 4, it was found that the Terostat®  

damper increased the damping ration from 3.7 to 5.2% for the fundamental mode. In that 

case, a 0.5 mm joist was used, but if instead a stiffer 0.6 mm joist is mounted, the damping 

ratio will increase from 2.2 to 3.4%, Table 6.2. Thus, the visco-elastic damper is less effective 

when a stiffer ceiling joist is used. The result does not come as surprise since the stiffer joists 

reduce the amplitude difference between floor and ceiling. 
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22x95 mm joist 45x95 mm < 	>  
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Fig. 6.3. Sections of the two types of support used. The height is in both cases 900 mm. 
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Table 6.2. Comparison of two different ceiling joists with and without the visco-elastic damper. The 
floor stun is 7.2m 

Ceiling joists Frequency (Hz) Damping ratio (%) 
Original With damper Original With damper 

0.5 mm 8.2 9.0 3.7 5.2 
0.6 mm 8.8 9.4 2.2 3.4 

6.2 Different supports 

The support plays a crucial role in the total amount of vibrations since it is a part of the 

dynamic system. The stiffer support, the less does it influence the floor, and the higher is the 

first natural  eigen  frequency. The floor was tested for two kinds of supports, a stiff concrete 

wall, and a softer support made of timber. See Fig. 5.5 for a picture of the supports, Fig. 6.3 

for a sketch of the sections and Fig. 6.4 for the resulting FRF:s. The timber support should 

acts as a representative for a lightweight wall and the floor shows lower natural frequencies 

compared to concrete supports. There is also a tendency towards slightly higher responses 

using the timber supports. 

-40.0 

-50.0 

-60.0 

-70.0 

Frequency response 

Concrete 

Timber 

5.000 10.00 5.0 	20.00 
Frequency 

  25.00 30.00 

Fig. 6.4. Comparison of concrete and timber supports of a 6.8 m span, two-section floor. The FRF:s 
are averaged values from 60 measured points each on the floor surface. 
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6.3 Tuned mass damper 

Although it was claimed earlier that a tuned mass damper often is not a serious alternative 

primarily due to its high sensitivity, it might still be interesting to see what a TMD is capable 

to when attached to the steel framed floor. The  FE-model is used to simulate the effect of 

adding a tuned mass damper, positioned in the centre of the floor and connected to the main 

beam. The model represents a 6.75 m span floor with 0.6 mm ceiling joists and the mass 

damper is tuned to increase the damping of the fundamental frequency, the in phase mode. 

The relation of the parameters of the used TMD was found from rules of thumbs. Fig. 2.3 

shows the resulting  FRF  of a nearly perfect tuned damper that splits the original response 

peak into two softer peaks with equal amplitude. Fig. 6.5 presents the results from the 

simulations as the time response of an impact force of 1 kN, where both the force and the 

response origin from the centre node of the floor. Also the sensitivity is demonstrated when a 

lumped mass of 80 kg, positioned about 1 m from the centre, acts as an extra load. The 

response of the floor without any TMD acts as a reference and its measured damping ratio of 

2 % corresponds to the case where the Terostat®  damper is in use. (Note that the Terostat®  

damper was here less effective compared to the case in chapter 4.8.) A consequence of using 

tuned mass dampers is that the internal damping of the floor itself, for the particular 

frequency, is of limited value. The motivation is that the energy flows from the floor into the 

TMD where the major damping take place. TMD:s are therefore best suited for floors with 

substantially low internal damping. The resulting damping ratio of the floor is thus a 

combination of the internal damping and the damping properties of the TMD, but since the 

relation of the two quantities is very hard to predict, the internal damping is neglected in the 

model for simplicity. Thus all damping from the simulations with the TMD comes from the 

damping device. 

It can be seen that the proper TMD performs better than the Terostat®  damper but when the 

floor is subject to an 80 kg extra load the difference is reduced. When the conditions deviate 

even more from the ideal situation from which the TMD was tuned, it is realised that the 

reverberation time using a TMD might get worse compared to the Terostat®  damper. 

However, the sensitivity can be improved by letting the TMD consist of a larger mass. This is 

demonstrated in Fig. 6.6, where the mass is twice as high as before but it should also be noted 
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that the gain in sensitivity is on the expense of poorer optimal behaviour for the treated 

frequency, unless the damping coefficient at the same time can be increased. 

It can also easily be verified that the TMD is very sensitive to a miss-match in the choice of 

parameters, see the summary in Table 6.3. 
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Fig. 6.5. Simulated reverberation time using visco-elastic damper or TMD. Only the fundamental 
frequency is treated which is split into two frequencies when the TMD is used. 

TMD 

TMD  

Fig. 6.6. Simulated reverberation time using visco-elastic damper or TMD. A larger mass of the tuned 
mass damper was used compared to the situation in Fig. 6.5. 
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Table 6.3. A comparison of how different parameters in the damping device affects the damping ratio 
of the fundamental frequency. When a TMD is used the original freauencv splits into two 

Damping 
device 

Mass 
(kg) 

Stiffness 
(IcN/m) 

Damping coef. 
(Ns/M) 

Extra load (kg) Damping ratio 

(%) 
Original 0.9 

Terostate 2.1 
TMD 6.4 23.0 54 3.0 4.0 
TMD 7.0 23.0 54 2.1 4.5 
TMD 6.4 23.7 54 3.4 3.4 
TMD 6.4 23.7 54 80 1.8 5.1 
TMD 12.8 47.4 108 3.3 3.5 
TMD 12.8 47.4 150 4.5 4.9 
TMD 12.8 47.4 150 80 2.8 6.7 
TMD 12.8 47.4 200 6.0 6.6 
TMD 25.6 94.8 54 0.8 0.9 
TMD 25.6 94.8 54 80 0.5 1.1 
TMD 25.6 94.8 150 2.1 2.5 
TMD 25.6 94.8 150 80 1.5 3.2 

6.4 Long sided supports 

Long sided supports might be an alternative to reduce floor vibrations. It is best suited for 

floors with limited dimension in transverse direction. If supported at the long sides, the 

averaged vibration level decreases as a result of less vibration level close to the sides. Another 

effect is that the stiffness of the floor increases yielding higher natural frequencies. The four-

section floor used in chapter 5.4 is here tested with three lumped timber support at each side. 

They are evenly distributed at 1/4  of the span and bolted to the ground floor according to Fig. 

6.7. The resulting frequency response function is shown in Fig. 6.8, where also the case using 

the Terostat®  damper is presented. The vibration level is then further decreased. 

Fig. 6.7. Three lumped supports at each long side, positioned at the 1/4  points of the span. 
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Fig, 6.8. The effect of using supports at the long sides of the four-section floor, with and without the 
visco-elastic damper. The FRF:s are averaged values from 108 measured points each on the floor 
surface. 

6.5 Changed direction of the plasterboards 

The plasterboards are normally installed in such a way that the long sides of the boards are 

parallel to the main direction of the floor. The stiffness of the boards is higher in this long 

direction compared to its short direction. The tested four-section floors suffer from many 

natural frequencies having mode shapes propagating in the transverse direction of the floor. A 

possible way to go, in order to reduce the overall vibration level of the floor, is to change the 

direction of the plasterboards. A drawback is that the response of the important fundamental 

frequency, with propagation in the main direction, might increase to an even more annoying 

level. On the test object, all four layers of plasterboard (two at the floor surface and two for 

the ceiling) where rotated 90 degrees. In addition, the lower floorboards were glued to the 

profiled sheet metal, in stead of using screws, as an attempt to further increase damping and 

stiffness. The resulting  FRF  is shown in Fig. 6.9. 

The major effect of the changed direction of the plasterboards is seen for the second natural 

frequency at about 10.5 Hz, which corresponds to the first torsion mode according to Fig. 

5.9b. The  eigen  frequency is increased about 1 Hz, and the improvement of damping is seen 

in the broader peak. 
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Fig. 6.9. An attempt to reduce vibrations in the transverse direction and to further increase the 
damping. The FRF:s are averaged values from 108 measured points each on the floor surface. 

6.6 Increased stiffness by additional joists, beams and partitions 

Another experiment was performed with the objective to even further increase the stiffness in 

transverse direction. This time, eight additional steel beams, 100 mm high of  C-profile and 

1.5 mm material thickness, were mounted to the ceiling, parallel to the ceiling joists. The 

resulting  FRF  according to Fig. 6.10 shows no dramatic changes. The natural frequencies with 

modes propagating in the transverse direction are slightly increased and some new 

resonances, at about 17 and 23 Hz that correspond to bending modes, are introduced. 

Reference. — 
 Long sided 
supports, Terostat®  
damper, changed 
direction of the plaster-
boards and use of 
glue 

As reference and with 
eight additional 
beams connected to 
the ceiling 

As reference and with 
two additional 

5.000 	10.00 	 beams connected to 
the floor 

Fig. 6.10. The effect of adding extra beams connected to the ceiling or floor. The FRF:s are averaged 
values from 108 measured points each on the floor surface. 
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A similar test contained two stiff beams attached to the floor surface according to Fig. 6.11. 

This modification can represent the situation having two partition walls standing on the floor. 

Here it can be seen in Fig. 6.10 that the number of  eigen  frequencies in transverse direction 

has been reduced due to the increased stiffness. Specially note that the first torsion mode, 

originally at 11.3 Hz has been moved upwards in the frequency range and is now found at 

21.7 Hz. That large frequency shift might benefit the human perception, but on the other 

hand, a new natural frequency at 13.0 Hz corresponding to the first order bending mode in 

transverse direction is introduced. It is doubtful whether the dynamic changes would be 

treated as significant or not in a subjective evaluation.  

<140 mm > 

Section of the beams 

Fig. 6.11. Two beams are added to the four-section floor to yield higher stiffness in transverse 
direction. 

Partition walls are known to be one of the most effective ways to reduce floor vibrations, but 

with permanent partitions it can be tough to meat the demands of flexibility and open "free 

landscape". For floors equipped with resilient ceiling, two main installation procedures are 

valid. The most effective is to connect the handrail of the wall to the underside of the main 

beams, through a discontinuing ceiling. That solution is undoubtedly the best but since it will 

violate the demand of flexible interiors it is of interest to see if a wall will affect the floor 

vibrations if the handrail instead is mounted to the ceiling. hi the experimental set-up, a 

timber frame according to Fig. 6.12 is mounted in that way. The resulting response function in 

Fig. 6.13 shows by the increment in natural frequencies that the stiffness has increased while 

the damping tends to decrease. The effects however, do not seem to be very important, maybe 

with exception for the damping of the fundamental frequency. 
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Fig. 6.12. Timber supports mounted to the ceiling act like a partition wall below the floor. 

Frequency response function 
-60.0 

-70.0 

-80.0 

    

  

Long sided 

supports, Terostat®  
damper, changed 
direction of the plaster-
boards and use of 
glue, two beams 
connected to the floor 

As above but with 
"partition wall" 

    

O.000 	10.00 5A9 	2u°  equency Hz 

Fig. 6.13. The  FRF  when timber supports simulating a partition wall has been installed. The FRF:s are 
averaged values from 108 measured points each on the floor surface. 
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7. Discussions and conclusions 

The research about lightweight floors presented in this thesis has illustrated the complexity in 

the problem of reducing floor vibrations. To achieve different dynamic behaviour of the floor, 

either the stiffness, the mass, the damping or a combination of the three must be changed. 

To state the difficulty in such a process, and to get an idea of to what extent the stiffness or 

mass of the floor must be changed in order to significantly change the dynamics, a two-degree 

of freedom system according to Fig. 7.1 is analysed. The model represents a floor equipped 

with resilient ceiling where the load bearing part (1-3, Fig. 3.1) is represented by one 

suspended rigid body and the resilient ceiling by another rigid body suspended to the first one. 

The first natural frequency of the model relates to the fundamental frequency of the floor and 

the model's second natural frequency relates to the out of phase mode. Thus the  eigen  

frequencies of the 2-dof model correspond to mode shapes of the floor according to mode (1) 

and (3) in Fig. 4.3. 

Fig. 7.1. A floor with resilient ceiling can be modelled as a two degree of freedom system. m1,  kl  and 
ci  represent the load-bearing part of the floor while m2, k2, and c2  represent the ceiling. 

A floor of 7.2 m span and 1.2 m width, can be modelled by using the equivalent parameters 

m1=226 kg, m2=96 kg, k1=1260 kNIm, k2=375 kN/m. When realistic viscous damping 

constants are chosen, it can be shown that the damping hardly affect the natural frequencies at 

all. Damping can therefore be neglected in the model; c1=c2=0, yielding the  eigen  frequencies 

8.0 and 14.8 Hz Fig. 7.2 shows the result of changing one equivalent parameter keeping the 

other three at constant level. It can be seen that it is very difficult to get a higher fundamental 

frequency with moderate changes of the mass or the stiffness in the construction. An example: 

If the spring constants k1  and k2  both are increased by 20% and the masses m1  and m2  at the 

same time are decreased by 20%, the resulting fundamental frequency increases from 8.0 to 

9.8 Hz. Thus, to substantially change the fundamental natural frequency, extensive changes in 

40 



the floor construction are required. In fact, the required changes are so extensive that they are 

often impossible to realise. Another reflection is that a floor originally without ceiling, 

(represented by a SDOF) having its fundamental natural frequency above the recommended 8 

Hz, can very well be found having its first resonance below that limit after the ceiling has 

been installed. For the modelled floor, the fundamental frequency drops from about 10 to 8 

Hz if the ceiling is mounted resiliently instead of rigidly. 

An aspect that is not revealed by Fig. 7.2 is the changes of amplitudes that occur in the two 

modes when the parameters are changed. If the stiffness of the floor, kb could be fourfold 

from originally 1260 to about 5000 kN/m, the fundamental frequency shows only a minor 

increment from 8.0 to about 9.5 Hz. But as the stiffness k1  increases, the amplitude of body 

m1  decreases, as far as the mode shape of the fundamental frequency is concerned. Practically, 

if the amplitude of the fundamental mode decreases to a low, insignificant level, it might be 

neglected and thus the second natural frequency, here at about 25 Hz, should be treated as the 

design frequency. 

The lack of damping is quite often the dominant source to annoying vibrations concerning 

long span lightweight floors. The developed damper that utilises pieces of strategically 

positioned visco-elastic material could be an alternative method. In contradiction to existing 

solution of today it is very competitive in economy, it is unsusceptible to moderate changes in 

natural frequency and due to its simplicity it can very well be included in series production. 

However, in order to achieve any affect of the fundamental mode, the coupling between floor 

and ceiling, i.e. the ceiling joist, has to be soft. Since the device is dependent on a relative 

motion, the only way it can handle in-phase modes is to make sure that there is a sufficient 

amplitude difference between floor and ceiling. The need of a soft connection was illustrated 

in the experimental tests where the damping ratio, changing the thickness of material of the 

ceiling joist from 0.5 to 0.6 mm, dropped from about 5 to 3.5 %. The loss of damping is not 

explained only by the reduced effect of the damping device, but also by the internal damping 

which decreases when the amplitude difference is reduced. On the other hand, for out of phase 

modes, the damping device is superior as it almost eliminates the resonant behaviour. 

Thus, Terostat®  indeed affects the damping of the fundamental mode in a lightweight floor 

equipped with a resilient ceiling. The solution should be applicable not only to the specific 

floor used for testing but to all lightweight floors of similar construction including a resilient 

ceiling. If the improvement is enough to reassess a floor from "bad" to "good" is a delicate 

question without any given answer. The suggestion is that floors can be found where the 
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solution might be enough but in more general cases, it is reasonable to believe that the damper 

can contribute, in conjunction with other measures, to solve or reduce the vibration problems. 
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Fig. 7.2. Natural frequencies of the two degree of freedom system as a result of changing different 
parameters, one at a time. Also displayed is the case with a rigid connection between floor and ceiling, 
k2—+ co, i.e. a single degree of freedom system (SDOF). 
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Partition walls are normally an efficient way to reduce disturbing floor vibrations. When 

dealing with floors that contain a resilient ceiling it is tempting to mount the partition's 

handrail to the ceiling instead of the main beams in order to preserve the flexibility. The 

experiments that simulated partitions of the former type, and with the response measured on 

the floor above, only showed minor improvements. If these would be significant or not in the 

respect of occupants' comfort is not clear. 

The results from the measurements, where walls standing on the floors are simulated, showed 

tendencies to lower vibration levels even though the fundamental frequency was unaffected. 

Even here, the effect on occupants of the action when two additional beams are added to the 

floor is questioned. It can however be assumed that the effect of installing real walls on the 

floor should be much greater as the stiffness probably becomes higher. 

If the vibrations are annoying but not too severe, some minor changes of the floor are likely to 

improve the comfort. The type of ceiling joist should be chosen carefully as it affects the 

dynamics of the system. The lack of stiffness in transverse direction can yield several natural 

modes in the low frequency region. These can be restrained, and/or moved upwards in 

frequency, to a moderate cost if actions as using other type of boards, or additional beams in 

the construction take place. Finally, the type of supports, and interactions with other parts of 

the building, e.g. in terms of boundary damping, is essential for the dynamics of the floor. 
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8. Future research 

Leaving no room for doubt, there is strong interest to carry on the research of floor vibrations. 

There is both a need of additional knowledge directly related to the topic of this thesis as well 

as other topics dealing with vibrations in lightweight building constructions. 

• If the Terostat®  damper will be used on the market, its effect when applied to floors in real 

buildings must be evaluated. Also studies regarding subjective evaluations are of great 

importance. 

• As an effect of the visco-elastic damper, the sound transmission will be more efficient as 

the stiffness of the ceiling joist will increase. The degree of transmission gain should be 

evaluated. 

• Other inventions that are efficient, both technically and economically, in the improvement 

of floor vibrations, and then especially for the fundamental frequency, will be appreciated 

and well worth to focus on. 

• Most known design criteria are based upon the fundamental frequency of the floor. It is 

suggested that additional natural frequencies, especially those lying very close to the 

fundamental one, could be of importance. The issue has been treated by a number of 

researchers but no general breakthrough to the design rules has been noticed. It is 

therefore of major interest with further evaluations. 

• The interaction between different parts of the building is a highly complex topic. It 

certainly affects the floor vibrations and the work in order to become successful in the 

demanding task to construct a "true" lightweight building with high living comfort. This 

concerns not only the comfort of vibrations but also the sound. 
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Abstract 

Floor vibrations annoying to humans often occur in lightweight constructions. A number 
of methods to solve the problem of resonant vibrations are reported in the literature. Tuned 
mass damper, semi-active tuned vibration absorber and active control system are all examples 
of existing methods. A new method has been tested in laboratory environment on a pre-
fabricated floor containing a resilient ceiling with a size up to 6.8  x  4.8 m2. The method takes 
advantage of small pieces of visco-elastic material connected between the ceiling joists and the 
primary beams. A finite element model is used to calculate the correct amount of visco-elastic 
material. The new damper is especially effective in damping mode shapes where the ceiling 
oscillates out of phase relative to the floor but shows improvements for other mode shapes as 
well.  C)  2002 Elsevier Science Ltd. All rights reserved. 

1. Introduction 

Annoying floor vibrations in dwellings and offices due to human activities is a well 
known phenomenon. When people walk, run or jump they induce energy into the 
floor that leads to vibrations often treated as annoying by the occupants. The 
problem of lightweight floor vibrations seems to be an increasing problem as the 
constructions are being refined. With better computer analysis and higher-strength 
materials the constructions tend to be more slender which often result in floors that 
are sensitive to dynamic forces. Lightweight steel constructions are particularly 
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affected since they are both lighter and have less damping compared to similar wood 
floors, Kraus et al. [1]. 

It can be argued that floors having a low resonance frequency should be avoided 
for at least two reasons. Human activities (walk, run, and jump) comprise a fre-
quency range of 0-3.5 Hz [2]. Harmonics of the step frequency must be considered, 
and according to Bachman et al. [3] composite floors with a fundamental natural 
frequency less than about 7-8 Hz should be avoided in order to prevent annoying 
vibrations. The other important fact is that humans react adversely to frequencies 
between 5 and 8 Hz because several internal human organs have their natural fre-
quency in that range. 

Floor vibrations are normally a result of one, or both, of 1) resonant vibrations 
and 2) local flexibility. The first one, which is on focus in this paper, is an effect of 
lightly damped structures that easily gets into long lasting vibration. The second is 
often induced by walking traffic, or other human activity, and is disturbing primarily 
when the deflection itself is noticeable and secondary when surrounding items like 
cups and pot plants begin to vibrate,  Talja  et al. [4-6]. Combinations of the two groups 
occur, e.g. when a lightly damped floor exposed to walking gets into resonance. 

So, how to reduce resonant vibrations and thereby get a lightweight floor with 
higher comfort? Generally speaking, there are three dynamic factors that can be 
influenced; stiffness, mass and damping. The stiffness is crucial for the deflection 
and, combined with the mass, also for the feeling of springiness. The amount of 
damping in the construction determines how fast a transient response will end and 
can be as well as important considering the human comfort. Changing the stiffness 
and mass is probably the easiest way to go and by making the beams higher and 
using thicker material improvements are achieved. On the other hand, such an 
action will undoubtedly extend the costs and generate a higher and heavier con-
struction that will reduce the benefits of lightweight building technique. If the 
damping can be increased there is a gain in comfort for the occupants and according 
to  Lenzen  [7], damping and mass are the most important factors in preventing floor 
vibrations. It is also well known that occupants can tolerate larger deflections if the 
corresponding vibration is more damped. 

2. Existing methods to reduce resonant vibrations 

Focusing on reduced resonant vibrations, a number of methods are presented in 
the literature. A summary of the most common and interesting methods is given 
below. The use of a tuned mass damper (TMD) is treated by a lot of authors. Shope 
et al. [8], Velivasakis et al. [9] and Setareh et al. [10] have all reported the use of 
TMD's. A TMD can be modelled as in Fig. 1. 

The additional mass is tuned so that its natural frequency is slightly lower than the 
natural frequency of the floor. When the floor is oscillating at its resonance fre-
quency the energy is transmitted to the TMD where it is dissipated. The dissipation is 
possible due to the absorbency from the damping element, usually some kind of visco-
elastic material. Looking in Fig. 2 at the effect of the modelled TMD in a frequency 



-70.0 

-80.0 

-o 

-90.0 

-100.0 

E 

o -110.0 

a 

-120.0 

9.000 	10.00 
Frequency (Hz) 

-130.0 

-135.0 
8.000 11.00 

	
12.00 

F.  Ljunggren,  A.  Ågren  Applied Acoustics  63 (2002) 1267-1280 	 1269  

//  

 

 

Fig. 1. A tuned mass damper modelled as a two degree of freedom system with two rigid bodies repre-
senting the floor (F) and the damping device (TMD). The parameters KTmD, CTMD and MTMD are crucial 
for the operation and must be carefully chosen. 

Frequency response function 

Fig. 2. The effect of introducing a tuned mass damper (thin line) to a single degree of freedom system 
(thick line). The sharp resonance peak has been transformed to two more soft ones. 

response spectrum, the resonance peak of the floor is transferred into two different 
peaks with lower amplitude and higher damping. 

Although TMD's have been proved to be very effective in reducing resonant 
vibrations the technique has several disadvantages. One mass damper can only 
damp one mode of vibration. If two resonant modes are to be reduced then two 
different dampers are needed, etc. The device should be located where respective 
mode has its maximum deflection. It is absolutely vital that the TMD is correctly 
tuned, since it is very sensitive to discrepancies in frequency. It is difficult to produce 



1270 	 F.  Ljunggren,  A.  Ågren  Applied Acoustics  63 (2002) 1267-1280  

tuned mass dampers in mass production since the dynamic properties of each indi-
vidual floor have to be measured carefully before the TMD can be manufactured. 
The reported use of TMD's has been limited to existing buildings with severe 
vibration problems that probably were underestimated in the construction phase. It 
is worth mentioning that even an originally correctly tuned TMD can cause pro-
blems. If the frequency of the floor for some reason is changed, for instance due to 
change in loading, the vibration response can be even worse than it is without the 
TMD. Nevertheless, essential improvements have been reached although the 
method is very expensive. 

Howard et al. [11] have described a kind of modified TMD called semi-active 
tuned vibration absorber (SA-TVA). The major difference compared to the TMD is 
that a controllable fluid damper, capable to rapidly change the damping force, con-
trols the damping device of the SA-TVA. The simplest control is of  on-off  type, i.e. 
high or low damping, where a control unit considering displacement of the floor and 
relative velocity of the damper decides which level to be used. No buildings using 
SA-TVA is known to the authors but according to simulations performed by 
Howard, the floor vibrations are further reduced compared to the TMD. 

Another way of controlling floor vibrations is the use of an active control system. 
A difference between active and passive (like the TMD) controls is that the former 
brings additional energy into the system. Hanagan et al. [12] describes the action of 
an active control system, where a shaker induced force controlled by a computer is 
allowed to work on the floor system. The device has been tested in experimental 
applications using an electromagnetic shaker to generate the control force. Velocity 
amplitude reductions of about 70% have been reported. However, even if the device 
is effective it is far too expensive. 

Another device containing a visco-elastic damper installed between the floor and a 
foundation wall was reported by  Eriksson  [13]. The conclusion was that such a 
design can improve the floor vibrations effectively, but a major drawback seems to 
be its need for a rigid foundation wall. If the damper is connected to other parts of 
the structure the coupling gets too week which unable the damper to work properly. 

Moiseev [14] has for a steel composite floor with a top layer of concrete added an 
extra layer of concrete in which a visco-elastic admixture to some extent replaces the 
water. The damping ratio of the fundamental frequency is measured in two different 
buildings equipped with the "visco-elastic concrete". In both cases, the damping 
ratio is about doubled. 

The disadvantages of existing methods indicate a need for alternative solutions. 

3. The tested floor 

The floor (Fig. 3) is originally built in a quite traditional way with load-bearing 
beams of  C-profile (3) in the main direction. On top of these a 45 mm profiled sheet 
metal (2) and two layers of plasterboard (1) are mounted. Underneath the  C-pro-
files, a suspended ceiling consisting of resilient ceiling joists (5) and another two 
layer of plasterboard (6) is mounted. The floor is manufactured as prefabricated 
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1. 13+13 mm. Plasterboard 
2. 45 mm. Profiled sheet metal 
3. C-beams, height 300-350 mm 
4. 95 mm. Mineral wool 
5. 35 mm. Ceiling joist c450 
6. 13+15 mm. Plasterboard 

Fig. 3. Design of the examined floor. The prefabricated elements have a width of 1.20 m. 

elements, each of the width 1.20 m. The length can be varied but in the conducted 
experiments the span is 6.80 or 7.20 m. 

The described construction has potential to possess severe vibrations. Initially, 
heel-drop tests were performed by several people on single elements as well as on a 
complete floor installed in a building. The results point in the same direction; the 
described floor structure suffers from annoying long lasting vibrations, at least par-
tially as a result of poor damping. The vibrations are worse in the case of freely lying 
elements compared to the situation in a real building, but even in the latter case the 
vibrations were found to be troublesome. 

The objective of the reported study was to find a method that increased the level 
of damping at resonance frequencies, was uncomplicated to install, was unsuscep-
tible to change in natural frequencies in the construction, and perhaps the most 
important, was reasonably cheap. In order to find out the dynamic characteristics of 
the floor in terms of natural frequencies, damping ratios, and mode shapes, a 
vibration measurement was performed on one single element, 7.2 m, followed by a 
modal analysis. Heavy concrete walls about one meter high supported the floor. An 
electromagnetic shaker (type LDS v406) in conjunction with a power amplifier (type 
LDS PA100E) was used to generate a random force from 5 to 30 Hz to excite the 
floor. The response was measured with accelerometers (type Brüel &  Kjær  4508). In 
all the experiments the acceleration was measured at 11 points located on the floor 
surface except for one performed measurement consisting of 33 points in order to 
determine the mode shapes (Brüel &  Kjær  front-end type 2827 was used as FFT-
analayser). The acceleration of the ceiling was simultaneously measured in the same 
way. The experimental set-up is shown in Fig. 4 and the resulting spatially averaged 
frequency response function  (FRF)  is shown in Fig. 5. 
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G  11 Accelerometers 
* 22 Additional accelerometers for determination of mode shapes 
S Electromagnetic shaker 

Fig. 4. Location of shaker and accelerometers used in the measurements. 
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Fig. 5. Frequency response function of the measured acceleration. The graph is an average value of 11 
measured points on the floor. 

Four resonance peaks are immediately noticed. The peaks of 8.2 and 14.2 Hz 
correspond to a bending mode of first order in the floor where the difference is the 
oscillation of the ceiling. At 8.2 Hz the ceiling is moving in the same direction as the 
floor, i.e. in phase. At 14.2 Hz the ceiling is moving in opposite direction relative to 
the floor, i.e. out of phase. A very good parable is the two frequencies and mode 
shapes that occur in a two-degree of freedom system. The peak at 11.5 Hz is 
explained by a torsion mode where the ceiling and floor has equal phase. The hardly 
detectable peak at 21.5 Hz is a torsion mode when the ceiling is moving out of phase 
relative to the floor. Finally, the peak at 26.8 Hz is the bending mode of the floor of 
second order. The mode shapes are described in Fig. 6. 



a) 8.2 Hz  c) 14.2 Hz  b) 11.5 Hz 

d) 21.5 Hz c) 26.8 Hz 
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Fig. 6. Mode shapes as a result of measuring the acceleration in 66 points. The accelerometers are equally 
distributed on floor (upper) and ceiling (lower). 

4. Increase the damping using visco-elastic material 

The authors have provided experiments trying to increase the damping in a light-
weight steel joist floor according to Fig. 3 and a pilot study containing small scale 
experiments is reported,  Ljunggren  et al. [15]. When the system is oscillating with 
floor and ceiling moving out of phase to each other, there is a considerable move-
ment in the ceiling joists. Even when the floor and ceiling are moving completely in 
phase there could be a relative movement in the ceiling joist due to different ampli-
tudes. An idea is proposed that this movement is sufficient to enable the use of visco-
elastic material to increase the damping. 

A finite element model has been used to simulate the effect of adding different 
amount of the contemplated visco-elastic material. The model shown in Fig. 7 con-
sists of two beams where the upper one represents the floor (number 1-3 in Fig. 3) 
and the lower one represents the ceiling. The floor is assumed to be simply sup-
ported. 

The intended visco-elastic material has been tested to have a relation between 
spring constant and viscous damping coefficient of about 200, i.e. the spring con-
stant (N/m) is equal to the damping coefficient (Ns/m) multiplied with 200. This 
relation has been used through all simulations. The effect on the modes originally at 

Fig. 7. Finite element model of the floor section consisting of two beams with spring- and damping ele-
ments in between representing the stiffness of the ceiling joist and the stiffness and viscosity of the visco-
elastic material. Modes only in the main direction of the floor are treated. 
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8.2 and 14.2 Hz (the floor and ceiling are moving in- and out of phase to each other) 
are shown in Fig. 8. The out of phase mode shows higher and higher damping ratio 
as the damping coefficient of the simulated visco-elastic material increases. For the 
in phase mode the damping ratio increases to a maximum level after which it slowly 
decreases. The explanation is that the stiffness has increased to a level where the 
relative motion due to different amplitudes between floor and ceiling has been 
reduced. Then theoretically, the amount of visco-material added should have a 
damping coefficient per ceiling joist corresponding to a value of about 250 Ns/m 
yielding an increment in damping ratio of about 1.35% units. The value seems not 
to be critical since an increased damping ratio above 1.2% units is obtained within 
the interval ,,•--130-450 Ns/m of damping coefficient. Since the main purpose of the 
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Fig. 8. Simulated increased damping ratio as a function of damping coefficient of the visco-elastic mate-
rial. The in phase mode has a maximum level at a certain damping coefficient while the out of phase 
increases as the damping coefficient increases. 
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E— C-beam 

*— Ceiling joist 

Fig. 9. The visco-elastic material is mounted between an angle piece fastened to the main beam and the 
ceiling joist. The damping device is patent pending. 

resilient ceiling is to reduce sound transmission it is not desirable to increase the 
stiffness too much. Therefore a smaller value of damping coefficient, and thereby a 
smaller value of stiffness, should be preferred even though a high damping coeffi-
cient may result in the same damping ratio. According to the simulations, an 
amount of the visco-elastic material corresponding to a damping coefficient of 
150-200 Ns/m per ceiling joist should be suitable. At this level the damping ratio of 
the in phase mode is near its maximum and the damping ratio of the out of phase 
mode is substantially high. The predicted improvement of the bending mode of sec-
ond order is then about 1.4% units. 

In the experiment with the new damper, which is patent pending, two angle pieces 
were mounted beside every ceiling joist, one at each side of the floor element. A piece 
of visco-elastic material designed to have a damping coefficient of about 200 Ns/m 
per ceiling joist was then placed in between. The arrangement is shown in Fig. 9. 

With this modification new measurements were performed and the resulting fre-
quency response function can be seen in Fig. 10. 

There are small increases in the values of natural frequencies which is explained by 
the fact that the visco-elastic material has slightly increased the stiffness of the floor. 
Focusing on damping, there is a considerable change in the 14.2 Hz mode where the 
resonance peak is nearly eliminated and the tendency of the mode at 21.5 Hz is no 
longer noticeable. The effect regarding the other resonance peaks is small, even 
though the damping seems to be slightly higher. A comparison of the increased 
damping ratios demonstrates that the finite element model gives reasonable accu-
racy. The results are summarised in Table 1. 

5. The technique applied to a four sections floor 

The extra damper was in previous chapter applied to a proportionally simple 
structure containing one floor element only. To get better comprehension of how the 
damper will work in a more real situation, four elements (6.8 m span) are joined 
together to form a floor of 6.8x4.8 m2. Joints placed at the centre of the span and 
fastened to the sheet metal layer assembled the sections. The experimental set-up 
and equipment are similar to those used in previous chapter except for some minor 
changes. A more powerful amplifier (LDS PA 500L) is used and two elements are 
resting on concrete supports and the other two on wood supports. The ceiling joists 
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Fig. 10. Comparison between measured  FRF  of the original floor and the floor equipped with visco-
elastic material. The curves are average values from 11 measured points each. 

Table 1 

Comparison between original floor vs. floor equipped with visco-elastic material  (VEM),  and between 
measured and predicted damping ratios 

In phase mode Out of phase mode 2nd order bending mode 

F (Hz) C (%) F (Hz) C (%) F (Hz) C (%)  

Original floor (measured) 8.2 3.7 14.2 1.1 26.8 1.9 
Floor with  VEM  (measured) 9.3 5.2 ';217.6 >10 27.1 2.3 
Increased damping ratio (measured) 1.5 >9 0.4 
Increased damping ratio with  FEM  (predicted) 1.3 9.2 1.4 

a Damping ratios from measurements are calculated using the half-power bandwidth method. 

were of a similar type but with a higher stiffness. Furthermore, the extra damper has 
visco-elastic material applied only to the five central ceiling joists. It was experi-
mentally verified that the difference was small compare to use all the seventeen ceil-
ing joists. The arrangement is shown in Fig. 11. 

The results are shown in Figs. 12-14 and Table 2. Compared to the case where one 
element was used, a lot more resonance peaks are found. The reason is mainly that 
the larger floor gives rise to more modes in transverse direction. As before, the extra 
damper affects the vibrations and some resonances are insignificant in the damped 
cases where others are less affected, although the damping increases. Concerning the 
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Fig. 11. Location of shaker and accelerometers used in the measurements. 
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Fig. 12. Comparison between measured  FRF  of four floor sections, original vs. extra damper. Each curve 
is an average value of 108 measured points on the floor. 
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Fig. 14. The first five mode shapes of the four sections floor: (a) is viewed from A-A and  (b)-(e)  from  B-B,  
Fig. 11. 

Table 2 
Comparison between original floor vs. floor equipped with visco-elastic material  (VEM)  

Mode type  ist  bending Transverse 	Transverse Transverse Transverse 

F (Hz) r (%) F (Hz) C (/0) F (Hz) r(%) F (Hz) C(%)( 	F (Hz) C (°/0) 

Original floor 8.4 1.5 9.2 	0.9 9.9 1.0 10.4 	1.3 11.7 1.1 
Floor with  VEM  8.6 1.9 9.6 	1.8 10.4 2.1 r-:,'10.9 	- 12.3 2.3 
Increased damp ratio 0.4 0.9 1.1 1.2 

a  Damping ratios from measurements are calculated using the half-power bandwidth method. 
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low frequency resonances, according to Fig. 13 and Table 2, the damping ratio has 
increased 0.4-1.3% units except for one resonance, originally at 10.4 Hz, corre-
sponding to an out of phase mode shape, that nearly disappears. 

6. Discussion and conclusions 

Without doubt the use of visco-elastic material connected to the ceiling joists has a 
substantial effect of increasing the damping, and thereby reducing resonant vibra-
tions, in a steel joist floor of the type used in this experiment. However, the method 
is primarily useful for damping resonance peaks corresponding to mode shapes 
where the floor and ceiling are moving out of phase to each other. The other reso-
nant modes were less affected but still increments in damping were noticed. Com-
pared to the use of tuned mass dampers, there is a great advantage in the visco-
elastic method  (VEM)  applied to floors equipped with a resilient ceiling, in respect 
of sensitivity. While a TMD must be tuned exactly to a proper frequency the  VEM  
works in a broader frequency range. Furthermore, one TMD can only damp one 
mode shape. If damping of several mode shapes is necessary the arrangement gets 
very complex. In similarity the  VEM  is working optimally only for a specific type of 
mode shapes. Nevertheless it is a very cheap method that very well can be included 
in the manufacturing from the very beginning. 

The visco-elastic method looks promising so far, although a better result for mode 
shapes that are less affected in the experiments is desirable. A way to proceed is to 
combine the  VEM  with other actions. Tests have been done with lumped wood 
supports, three at each long side of the four-section floor, with improvement of the 
vibration levels. It has also became obvious during the work, that the task of 
building a lightweight long span floor with acceptable dynamic properties is very 
demanding, both in respect of resonant vibrations and deflection caused by walking 
traffic. 
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