
 Eindhoven University of Technology

MASTER

Improvement on the predictability of low frequency vibration performance of timber floors

de Klerk, M.E.

Award date:
2011

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/8cf63d7a-0e3c-4b8c-a3a1-36af14286258


ARR 
2011 
BWK 

4786 

Impravement on the predictability of low frequency vibration 
performance of timber floors 

2011-2-VLl 
M.E. (Matthijs) de Klerk (0559201) 

Graduation supervision committee: 
prof. dr. ir. A.J.M. (André) Jorissen, Eindhoven University of Technology 

ir. S.F.A.J.G. (Sander) Zegers, Eindhoven University of Technology 
dr. B. (Ben) Zhang, Edinburgh Napier University 

June 6, 2011 

Abstract 

The serviceability becomes more decisive nowadays because of the use of high strength 
materials, prefabricated tirober construction elements and longer spans. Beside deflection 
requirements the dynamic aspects must be considered to avoid vibration annoyance to occu
pants. Currently the Eurocode 5 [1] provides three design tools to avoid vibration annoyance 
by occupants of residential tirober floors: a limit for a 1 kN point load deflection; a limit for 
the impulse velocity response and a minimum for the fundamental frequency. 
The prediction of the fundamental frequency appears to be fairly accurate for floors con
structed with solid tirober joists. For floors constructed with tirober 1-joist the predictions 
appear to be considerably higher than the actual measured values. This report shows that 
the shear rigidity has some influence when determining the fundamental frequency of floors 
constructed with composed joists such as 1-joists. An improvement of this design tooi in the 
Eurocode 5 is suggested. 
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1 Introduetion 

The serviceability of timber fioors becomes more decisive because of the use of high strength 
materials, prefabricated timber construction elements and langer spans. Beside defiection require
ments the dynamic aspects must he considered, especially for lightweight timber fioors where a 
pedestrian body mass is quite infiuential. Human footfall is a significant souree of vibration and 
if its effects are not assessed accurately during the design of a lightweight fioor structure it may 
he rendered uncomfortable for occupants. 

This has been the incentive for starting a research project which will he the final project of my 
master Structural Engineering at the Eindhoven University of Technology. On proposal of my 
supervisor André Jorissen the project was used to apply at COST Action FP0702 for a Short 
Term Scientific Mission at the Edinburgh Napier University under supervision of Ben Zhang. The 
application got approved and the mission lasted from May 10 until August 10 2010, although 
research continued until the second quarter of 2011 as subject of my master graduation project. 

Vibrations induced by footsteps in fioors can annoy accupants or disturb operation of sensitive 
equipment and processes, if the vibrations are not properly controlled. Proper cantrolling relies on 
a good understanding of the nature of fioor vibrations induced by footsteps. The magnitude and 
type of fioor vibrations induced by footsteps from normal walking are mainly controlled by the 
inherent dynamic properties of the fioor system: the fioor system stiffness, mass and its capacity to 
dissipate vibration energy (damping). These properties are in turn determined by fioor materials, 
design and construction. 

In this graduation project the effect of pedestrian induced vibration on timber fioor structures will 
he reviewed. For fioors constructed with composed timber joists, such as I-joists, the prediction 
of the fundamental frequency appears to he considerably higher than the actual measured values. 
With theoretica! analysis, Finite Element Modeling and laboratory testing it is attempted to 
imprave the predictability of the fundamental frequency. 



Symbols 

Latin symbol Unit 
a,b 
A m2 

B m 
c Nf(mfs) 
Ccr N/(m/s) 
D Nm2 

E Nfm2 

I Hz 
F N 
G N/m2 

h m 
I m4 

k N/m 
k 
KT Nfm 
KR Nmfrad 
L m 
m kg 
M Nm 
m,n 
N4o 
p N 
s m 
t s 
t m 
u m 
V 

V N 
x,y m 
z m 

Greek symbol Unit 
a rad 
/3 rad 
ó m 
( 

'f/ 
w lfrad 
n 1/rad 
p kgfm3 

'1/J 

<P rad 
cp 

Description 
Wave number 
Area of the cross-section 
Plate width (in transverse direction) 
Damping 
Critica! damping 
Plate bending stiffness 
Young's modulus 
Frequency 
Force 
Shear modulus 
Height 
Moment of inertia 
Stiffness 
Timoshenko shear correction factor 
Translational spring stiffness 
Rotational spring stiffness 
Span length 
Mass, also often in mass per unit of length or area 
Bending moment 
Shape mode numbers 
N urnher of shape modes under the frequency of 40 Hertz 
Force 
Joist spacing in a floor 
Time 
Thickness 
Displacement or deflection 
lmpulse velocity response 
Shear force 
Length variables 
Displacement or deflection 

Description 
Angle of rotation of the cross-section 
Angle of shear at the neutral axis 
Deflection 
Damping ratio 
Frequency ratio Ofw 
Radian frequency 
Forcing frequency 
Mass density 
Curve or function of the shape mode 
Initia! phase condition 
Shape function 
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2 Basic principles of vibrating systems 

In this chapter the basic principles of vibrating systems are described for understanding the char
acteristics of dynamic structural behavior. A single degree of freedom (SDOF) model will he used, 
which is illustrated in Figure 1. 

F(t) 

Figure 1: Single degree of freedom (SDOF) model. 

A one dimensional system can exhibit simple harmonie vibration after it is being displaced from 
its equilibrant position and released (free vibration) or is being continuously forced into vibration 
(forced vibration). The system is constrained by its mass inertia (Fi), spring stiffness (Fk) and 
a damper (Fe)- A restoring force proportional to the system's displacement z(t) and stiffness k 
will occur as shown by Hooke's Law (Fk = kz(t)). The restoring force will cause acceleration of 
the system's mass m which is described by Newton's Second Law (Fi = mz(t)). The vibration 
will damp out over time proportional to the system's damping c (Fe = c.i(t)). The system can 
he loaded with a forcing function F(t). Any vibrating SDOF can he described with the following 
equilibrium: 

Fi +Fe+ Fk = F(t) 

mz+ci+kz=F(t) 

(1) 

(2) 

Where Fi is the inertial force, depending on the mass which is put into motion and is responding 
to the acceleration of the system. Fe is the damping force, depending on the damping parameter 
and is responding to the velocity of the system. Fk is the elastic force, depending on the stiffness 
of the system and responding to the displacement of the system. These three forces need to he in 
equilibrium with the externally applied force F(t). This is also called the "equation of motion". 
When the equation of motion is solved when the externally applied force equals zero, the solution 
describes the free vibration of the system. 
The basicprinciplesin vibrations can he verified in Weckendorf [4], Rao [8], Kraker et al. [9] and 
various other hooks and reports. 

Free vibration 

A simple single degree of freedom model as illustrated in Figure 1 and described in Eq.(2) can he 
expressed using the following equation of motion where the externally applied force equals zero. 
This means the system has been displaced and is released at the start of its vibration. lt wants 
to restore to its equilibrant position. 

mz+ci +kz = 0 (3) 

Using a solution of the form z(t) = ert the following partial solution is found: 

-c± Jc2 - 4km 
2m 

(4) 

The nature of the sol ut ion depends on the state of the discriminant of the square root J c2 - 4km. 
When the discriminant equals zero the damping parameter c is called critica! damping, Cer = 
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2Vkm. Most analysis are not interested in the critica! damping of a system, but rather the 
damping as a fraction of the critica! dam ping. This is also called the damping ratio (. For most 
normal structures the value for the damping ratio lies between 0 and 1. 

(=~ 
Ccr 

(5) 

In this report building materials are analyzed which wil! always have a damping ratio of ( < 1, 
which wil! result in a discriminant of the square root with a value lower than zero, creating a 
complex expression: 

r1,2 = ~ ( -( ± iJ(2=1) 
Using z(t) = ert a complex solution for z(t) can be found for the equation of motion: 

z(t) = Clertt + C2er2t = e-(..j!t ( Clei~..J!t + C2e-i~..J!t) 

(6) 

(7) 

Where C1 and C2 are determined by the initia! conditions at the start of the vibration. This can 
be rewritten into a real solution for the displacement z(t): 

z(t) = ~ sin (y'N2fft-~) 
damped amplitude "-v--' 

frequency 

(8) 

vibration 

The variables determined by the initia! conditions now have more meaning: zo is the initia! 
displacement and ~ the initia! phase constant of the vibration. Both constants are determined by 
the initia! conditions (the moment ofreleasing the system into its free vibration). The displacement 
z(t) is now dependedon the system properties (damping, mass and stiffness), initia! conditions 
and time. An example of Eq.(8) is shown in Figure 2. The parts which are of interest to the 
serviceability of timber floors are the frequency and the decay (or damping) of the amplitude of 
vibration. 

z(t) I 

0.8 
Damped amplitude \ 

0.6 zO \ q> 

\ 7\ o.• 

0) \ I \ 7 / \ 

\ 
IC / \ 11m 

-D:l 

I I 
-o.• Vlbration 

\ / 
• 0.5 \/ 

Figure 2: Example of the damped vibration as described in Eq.(8). 

Note that the amplitude decreases over time due to the damping. In Eq.(8) the radian frequency 
can be found, which wil! from now on be symbolized by w. For low values of damping (which is 
the case in normal structures), the effect of the damping factor on the frequency can be neglected. 

k [f· w= JI -(2 - <;::::! -

m m 
(9) 

Herree the radian frequency of a free vibrating system depends on its stiffness and mass. Note 
that the relation between the radian frequency and a frequency in Hertz is f = 2~ . 
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Forced vibration 

In the case of a pedestrian walking on a floor the floor is continuously being forced into a vibration 
by the pedestrian's walking force F(t). The following external force will be assumed: 

F(t) = Fo sin(flt) (10) 

Where F0 is the constant force and fl the forcing frequency. The solution for z(t) now becomes: 

( ) Fo . (fl rP) zt= sm t-
J(k- mfl2)2 + (cfl)2 

(ll) 

A frequency ratio Tl is introducedof the forcing frequency over natural frequency, Tl= fljw where 
wis described in Eq.9. The frequency ratio is substitued into Eq.11. 

Fo 1 
z(t) = k sin(flt- rP) (12) 

......._" /1 + ....2(1- 1'2) (-2 + '12(1-(2) + __K._) ~ 
static deflection V •r "' m v'kffi v•bratton 

dynamic modification factor 

From Eq.(12) it can he seen that the amplitude is equivalent to the static deftection magnified 
by a fraction term. That fraction term is described as the dynamic magnification factor (DMF) 
which is varying with the frequency ratio and the damping ratio. The closer the frequency factor 
to unity, the more the amplitude will increase. This effect is called resonance. Figure 3 shows 
a plot of Eq.(12) for some low levels of damping (0-5%). This plot explains the very essence of 
research on vibrational behavior of tirober floor structures: of most importsnee to the response to 
vibration are the frequency ratio and the damping ratio. 

10 

" 
Figure 3: Dynamic magnification factor (DMF), see Eq. 12. Damping varying from (=0% (red), 
1% (green), 2% (yellow) and 5% (blue) . Damping can greatly reduce the resonance effect which 
is illustrated by a greatly reduced DMF. 

Tirober floor structures generally have a lowest eigenfrequency of about 10-30 Hertz. Pedestrians 
walk with a pacing rate of about 2 Hz, but have components with higher frequencies up to about 



8 Hertz as well. This means that when reviewing timber floor structures loaded with pedestrian 
induced excitation, the frequency ratio TJ is generally smaller than one (situated on the left side of 
the peaks in Figure 3). Optimization of floor design therefore yields two major subjects in order 
to reduce the response of the structure: 

• Impravement of damping and 

• lncreasing the fundamental frequency. 

Damping 

In many systems, vibrational energy is gradually decreasing. Due to the reduction in energy, the 
response, such as the displacement of the system, gradually decreases. The mechanism by which 
the vibrational energy is gradually decreasing is known as damping. The total damping is the sum 
of: dissipation (heat), radiance (sound), transfer via joints. Once transferred via the joints to any 
supporting structure, the vibration is again damped by either dissipation, radiance or joints, etc. 
In the case of timber floor structures loaded with low frequency pedestrian induced excitation, 
energy dissipation into heat is expected to be the main cause of damping. 
It is difficult to determine the causes of damping in actual structures. Hence,. damping it is modeled 
as one or more of the following types of energy dissipation [8]: viseaus damping, coulomb (or dry 
friction) damping and material (or solid, or hysteretic) damping. 
Viseaus damping is the most commonly used damping mechanism in vibration analysis. When 
mechanica! systems vibrate in a fluid medium such as air, gas, water and oil, the resistance affered 
by the fluid to the rnaving body causes energy to be dissipated. In this case, the amount of 
dissipated energy depends on many factors, such as the size and shape of the vibrating body, the 
viscosity of the fluid, the frequency and velocity of the vibration. In viseaus dam ping, the damping 
force is proportional to the velocity of the vibrating body. 
The coulomb or dry friction damping force is constant in magnitude but opposite in direction to 
that of the motion of the vibrating body. It is caused by friction between rubbing surfaces that 
are either dry or have insufficient lubrication. 
Material, solid or hysteretic damping occurs when materials are deformed. Energy is absorbed 
and dissipated by the materiaL The effect is due to friction between the internal planes, which 
slip or slide as the deformations take place. 

Damping in timber structures 

The damping parameter is a representation of the efficiency of a system with which it dissipates 
the energy input to it from an action such as walking induced vibration. lt is convenient to 
mathematically consider that the parameter is proportional to only the velocity of the excitation. 
However, this implies a viseaus physical model, and such viseaus mechanism cannot be observed 
in real timber structures. Simply said, real structures are not viseaus (like air, gas, water or oil) 
but quite solid (timber, nails, glue). What is actually observed in structures is a friction model 
with the friction occurring in the imperfections in the structure when it is subject of excitation. 
Unfortunately, this is mathematically inconvenient. This dilemma is further complicated by the 
fact that the response of structures looks in fact remarkably similar to what would be the case if 
the viseaus model did occur in practice. 
To solve this theoretica! dilemma, Wyatt [10] proposed that damping mechanisms in structures 
are frictional in nature, but there are many of them, the sum of which can be approximated by a 
viseaus model. The frictional mechanisms only engage after certain amplitude is reached, so the 
summation of the engaged mechanisms provide the appearance of viseaus damping which allows 
for an equivalent viseaus damping value. This model suggests that damping wil! be non-linear 
and wil! increase as the amplitude increases. 
Jeary [11] explains the viseaus damping as proposed by Wyatt in terms of fracture mechanics. 
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He explained that damping can be understood by the fact that the working of imperfections 
in the materials of structures is a ready made energy sink, which equates conveniently with the 
Wyatt model. Fracture mechanics allows us to establish a relationship for the surface energy inside 
imperfections throughout a structure, and accordingly to establish what dirneusion of imperfection 
will be mobilized by a force acting on the structure. 
The imperfections can take the form of structural joints or of micr<rimperfections within the 
material of the structure itself. The largest imperfections will be mobilized at the smallest forces. 
The "zero amplitude dam ping" is effectively set by the mobilization of big structural imperfections 
like joints, walls, cables, etc. Sirree these are so much larger than the imperfections within the 
material of the structure, the structure quickly moves under even the smallest of actions to opera te 
within the imperfection gap. As forces become larger, smallerand smaller material imperfections 
are mobilized until the point at which all imperfections are mobilized and the damping quotient 
reaches the upper plateau constant level. So when using fracture mechanics in understanding 
damping, we can explain why damping varies with the amplitude of excitation. This principle is 
drawn in Figure 4. 

Damping (%) 

: 1----· 
2 1--

0 

Smallest impel1eetions 
111 mobdiMd 

- -------- --·---, 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 

Amplitude 

Figure 4: Generalized damping characteristics for structures [11]. 

Because the amplitude of excitation in structures usually is relatively small, the effect of increasing 
amplitude on the damping parameter is usually neglected. Wyatts argumentation to use viscous 
damping to model the damping parameter of the response of a structure to vibration has become 
the most common approach. It is generally assumed that using viscous damping will not introduce 
significant errors, and a constant damping value can be used for the small amplitude of oscillation 
of ftoors. 
Weckendorf et al. [12] has performed a study on the effect of increased mass on the damping of 
timber floors. Although his tests were limited, he concludes that increased mass decreases the 
damping ratio of the first mode of vibration considerably. 
For damping in timber structures appears to be caused by the imperfections, it is nearly impossible 
to accurately predict the damping ratio of a timber structure. lt is however possible to improve 
damping by using extra damping material at the connections. Timber design however focuses on 
avoiding resonance rather than damping it. 

Frequencies and shape modes 

Inspeetion of not only the fundamental mode is of interest sirree some researchers [12] [13] highlight 
that higher frequency components also contribute to annoyance from vibrations. Hu et al. [13] 
indicated that at least the first four modes are well-excited by walking or a heel-drop. 
When assessing the response of lightweight floor structures to pedestrian induced vibration, only 
natura! frequencies between 8 and 40-50 Hertz are of interest. Simply said, floors with a funda
mental frequency below 8 Hertz are labeled as a low-frequency floor (such as most concrete floor 
structures) and will have to deal with resonance effects caused by walking action. Hu et al. [13] 
use 9 instead of 8 Hertz with the same argumentation. Low-frequency floors will have to avoid 
vibration issues by altering mass or damping to avoid resonance annoyance by the occupants. 
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Frequency components above 50 Hertz are considered not to be perceptible by humans. Ohlsson 
[5] [6] proposes an upper limit of 40 instead of 50 Hertz . 
When assessing vibration modes of a timber floor structure it is assumed that in the main span di
rection only the fundamental vibration mode is occuring. Since the stiffness in transverse direction 
is usually much lower than in span direction, higher vibration modes wil! excite in the transverse 
direction. Several natura! frequencies in the 8-50 Hertz range may occur. Figure 5 illustrates the 
first five shape modes of a timber floor simply supported at the joist ends. 

Figure 5: Illustrations of the first five shape modes of a two side supported timber floor model [4]. 

Predicting the natural frequency 

By performing an eigenvalue analysis an expression of the natura! frequency (!I) can be obtained. 
Usually only bending properties are considered. Consiclering simple supports, the expression for 
the natura! frequency of a beam is commonly predicted by: 

(13) 

Where Eis the Young's modulus, I the moment of inertia, p the mass density, A the area of the 
cross-section and L the span length. This expression is also used to predict the natura! frequencies 
of floors by the Eurocode 5 [1] . 
Floors or plates can be modeled as a rectangular orthotropic plate which is simply supported along 
all four sides. The shape modes of such a plate are expressed in the letters m (main direction or 
span direction) and n (transverse direction, perpendicular tothespan direction) . The expression 
for the natura! frequencies of an orthotropic plate can be predicted by: 

fn.m = ~ J pl~-1 D7 m4 +2D3m2n2 ( ~ ) 
2 

+ Dyn4 (~) 
4 

(14) 

Where h is the height of the plate, Dx is the plate stiffness in the main direction, Dy is the 
plate stiffness in transverse direction (Dx > Dy) , Da is a combined stiffness parameter (2D3 = 
2Dxy + VyxDx + VxyDy) , Dxy is the plate shear stiffness and v .. are the respective Poisson ratio 's. 
This expression is detailedly explained in Biancolini et al. [2]. 

Ohlsson [5] proposed to use the orthotropic plate theory for timber floors, despite timber floors not 
being orthotropic at all. Because both Dy and Da are usually very smal! compared to Dx, Ohlsson 
proposed a simplification assuming only the first vibration mode in span direction (m = 1) and 
by assuming D 3 approximately equal to Dy: 

(15) 

Vibrations caused by pedestrian walking 

Consicier a person who walks along a rigid base. Each footstep gives rise to a contact force that 
wil! vary in time. If these footstep forces are combined in a series of footsteps and the fact that 
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the person is not stationary is ignored, a typical function can be found for the contact force on the 
rigid base. An example of such a function is given in Figure 6. According to many researchers, 
among who Hu et al. [17] and Ohlsson [5], it can be concluded that the footstep force generated 
by walking comprises two components: 

• A short duration heel impact of each footstep. 

• A continuous series of footsteps consisting of a wave train of harmonies. 

~ 
~ 

1500 r------r---.----r:--.--.----r---, 

1000 

nrur FOOI 
• __ • 1 r.rr 11111 r 
__ Jf.JI'O LS!IIJ 

af 500 -

0 u__....__....___....__ .... _ __.___.........._......_ ....... 
0.0 0.2 0.4 o.a n o 

nme(s) 
1.0 1.2 1.4 

Figure 6: Measured load-time histories of two footsteps from one person walking normally [17]. 

According to Hu et al. [17], among others, the duration of the heel impact force varies from about 
30 ms to 100 ms. The variation is mainly depending on the conditions and the materials of the 
two contact surfaces, such as the floor and the shoes worn by the person walking, and on the 
weight and gait of the person walking. When analyzing series of footsteps, a frequency domain 
can be extracted from the force function. As can be expected, the footstep force is dominated 
by low frequency components, but may also contain contributions at higher frequencies. The low 
frequency contributions are generally contained within the first three to four harmonies, i.e. below 
8-10 Hertz. An example of such a frequency domain extraction of a pedestrian force is shown in 
Figure 7. 

1600 

uoo 

1200 

... lODO ... 
:::0 

= 100 • .. 
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600 :11 
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0 
0 

bi FOURIER AMPLITUDE 
SPECTRUM 

KARMONIC 

2 

' 

FREQUEHCV, Hl 
10 

Figure 7: The frequency spectrum of the loading time history of a person walking normally [17]. 
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3 Eurocode 5: Floor vibration 

The Eurocode 5 chapter 7.3 [1] presents some guideline to the aspect of vibration performance in 
timber floor structures. In genera), the following statement is essential: 
ft shall be ensured that the actions which can be reasonably anticipated on a member, component 
or structure, do not cause vibmtions that can impair the function of the structure or cause unac
ceptable discomfort to the users. 
This thesis assumes the guidelines consiclering vibration presented in the Eurocode 5 [1] are based 
on research clone by Ohlsson [5] and [6]. Many formulas seem to be copied directly from his work. 

Background 

The Eurocode 5 [1] regarding floor vibrations appears to be basedon the work ofresearcher Ohlsson 
[5] and [6], who contributed a lot to research on vibration performance of timber floors. Ohlsson 
explained that ordinary floors generally have a number of resonance frequencies or eigenfrequencies 
within the concerned frequency range of 0 to 40 Hz. He uses the graphs in Figure 8 to introduce 
his view on the vibration response of timber floors: 

0 F raquency (Hz) 50 

Foetstep 
force as a function 
of frequency due to 
a walking person 

0 
Frequency (H zl 

Mobllit.y. 
The peaks mark the 
resonance frequen
cies 

0 50 
Frequency (Hzl 

The result· 
ing vibration velo
city 

Figure 8: Footstep force, mobility of the structure and the resulting vibrating velocity [5] . 

Ohlsson introduces the mobility of a structure, which represents the response of the floor for any 
given frequency. In [5] mobility is explained as dynamic flexibility that is most relevant in regard 
to human sensitivity and is represented by variabie M(f) with frequency as a unit and definition 
M(f) = vibration velocity /force. 

The first graph in 8 shows the footstep force versus the frequency caused by a walking person. 
As expected the contribution is large within low frequencies and decays rapidly with increasing 
frequency. This can be explained by the pacing rate of average about 2 Hz and some contributions 
up to 8-10 Hz. The second graph shows the mobility of the floor. lt can be interpreted as the 
dynamic modification factor which represent the eigenfrequencies of the floor . Once excited with 
a harmonie force of the same frequency as the eigenfrequency, the response is much higher than 
when the frequencies do not overlap. The third graph shows the combination of both the footstep 
force and the mobility which results in vibmtion velocity. lt illustrates relatively large effects 
in both the low frequency range and around the first resonance frequencies. Ohlsson uses this 
approach to identify two possible causes for vibration annoyance in timber floors : 
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• A low frequency semi-static component (large force times small mobility) and 

• A number of resonance dominated components (small force times high mobility). 

In view of the above, Ohlsson suggests that design methods must take into consideration both 
these types of components. This is clone by reviewing the static deftection and impulse velocity 
response. To avoid resonance components in the range of walking frequencies, the Eurocode also 
requires a minimum fundamental frequency. 

Maximum static deflection 

As proposed by Ohlsson [5], the Eurocode reflects the maximum initial vertical deflection. The 
maximum initial vertical deflection w as a response to a point load F on any point of the floor 
structure is tested on the following criterion: 

w 
-<a p- (16) 

Where wis the static deflection in mm, Fis the point load in kN and a in mmjkN is a parameter 
found in the National Appendices on the Eurocode, which have been summarized in Appendix B. 
Note that the maximum deflection of a is an absolute value. It is not relative to the span length, 
like other serviceability criteria are. 

Damping 

The Eurocode uses a damping ratio of 1%. However most timber floors will have a higher damping 
ratio - especially when loaded with furniture - but the nature of this parameter is very unpre
dictable. 

Minimum fundamental frequency 

For timber floor structures with a fundamental frequency below 8 Hz additional research must be 
clone. Additional research is not further specified. All further calculations assume the structure to 
have a fundamental frequency higher than 8 Hz. The fundamental frequency of a rectangle floor 
with sizes L x B, simply supported along all four sides, with timber joists and span length L, can 
be approximated by: 

(17) 

With: m the mass per square meter in kgjm2 , L the length ofthe span in mand EI the equivalent 
stiffness per meter floor in Nm2 /m. When using this equation the floor is basically modeled as a 
simply supported beam with the properties of a 1 meter wide floor. It is however described as the 
approximation of the fundamental frequency of a Jour side supported ftoor, instead of a two side 
supported ftoor. 

What is not emphasized by the Eurocode is that the considered mass should include the mass of 
the ftoor (permanent mass} and mass of furniture (temporary mass). Neglecting the temporary 
mass may lead into a considerable over-prediction of the fundamental frequency of the floor. 

Maximum impulse velocity response 

The Eurocode 5 uses an impulse velocity response symbolized by and expressed in the units 
(m/s)/(Ns). lt is an expression for the initial vertical vibration velocity due to an idealized 
vertical impulse. This velocity is to be limited. The idea of an impulsive velocity response as 
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a method to evaluate vibration performance of a timber floor was introduced by Ohlsson [5], 
although he used the symbol hmax· Figure 9 illustrates the meaning of this parameter. The 
impulse velocity response can he described as the initia! velocity of the response to a unit impulse 
of 1 Newton second (or Ns). 

Figure 9: Graphof an idealized impulse and resulting vibration velocityfora typical floor [5]. 

In the Eurocode the following expression is used to determine the impulse velocity response: 

With: 

4(0.4 + 0.6N4o) 
Vmax(Eurocode) = hmax(Ohlsson) = moLB + 200 (18) 

(19) 

Where Vmax is the impulse velocity response, N40 is the number of natural frequencies with a 
value lower than 40 Hertz, m0 is the average mass per unit of area in kg/m2 , L is the span length 
in m, B is the floor width in m, h is the fundamental frequency in Hz and EI represents the 
equivalent bending stiffness of the floor in the respective direction in Nm2 /m with EI8 < Eh. 

In Appendix A the expressions Eq. 18 and Eq. 19 are explained in further detail. Several doubts 
are raised: 

• The validity of the expression used todetermine an impulse velocity response is unclear. 

• The vibrating mass is based on a four side supported plate with a constant mass per unit of 
area, which is usually not the case for timber floors. 

• The determination of the number N40 is based on a four side supported orthotropic plate, 
which is usually not the case for timber floors. 

• In the determination of the number N40 two terms are neglected. At least one of those is 
expected to have considerable influence on the value of N40 . 

• Workof Chui, Hu and Onysko [13] raises serious doubts a bout the accuracy of the procedures 
for calculating N40 and the impulse velocity response due to the difficulties predicting higher 
natural frequency accurately. 

• No method to measure the impulse velocity response is given or found. 
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Ohlsson [5] includes the damping ratio in the evaluation ofthe impulse velocity response. He states 
that people tolerate a much higher initial vibration velocity if the vibration is rapidly damped. The 
parameter that determines how rapidly a harmonie vibration is damped in time is introduced as 
the damping coefficient, which can he written as the product of relative damping and the frequency 
((fi). Although it seems plausible to assume vibration toleranee is increased when the vibration 
damps out rapidly, no reference to verify this given. The classification graph which Ohlsson used 
in his design guide [5] is shown in Figure 10. 

24--+--r-~-+~~+--r~--+-~ 

0.0 0.1 11.2 0.3 0.4 

Damping coefflclent G-0 (11) 
0.5 

Figure 10: Classification of the response of a floor construction toanimpact load [5]. 

The impulse velocity response as calculated with Eq. 18 and Eq. 19 is evaluated by the Eurocode 
with the following criterion: 

(20) 

Where v is the impulse velocity response, h is the fundamental frequency in Hertz, ( the damping 
ratio in % and b is a value without units which can he found in the National Appendices on the 
Eurocode, which have been summarized in Appendix B. As noted before, the Eurocode assumes 
a damping ratio of 1%. Plotting v from Eq. 20 with (h on the horizontal axis and b around 100 
produces a graph which resembles the uncertain band in Figure 10. 
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4 Project definition 

In this section the problem definition consiclering low frequency floor vibrations is introduced. The 
research scope, assumptions and hypotheses are presented. 

Problem introduetion 

Dynamic properties of beam and plate models have been introduced and the design guidelines from 
the Eurocode 5 have been discussed. Previous research on the topic of low frequency vibrations 
in timber floors have resulted in mainly frequency measurements. Data from two studies will he 
used to verify the accuracy of the frequency prediction of the Eurocode: 

• Weckendorf [4] tested 39 timber two side supported floors constructed with timber 1-joists 
for his PhD thesis at the Edinburgh Napier University. 

• Ohlsson [6] whose PhD thesis is being used for the Eurocode. He tested 8 floors supported 
on two sides and constructed with solid timber joists. 

Both references have described the floor properties in detail. The properties of the floors have been 
averaged fora 1 meter wide floor segment which can he used in Eq. 17. The support conditions 
are considered simply supported. A comparison of the measured frequencies from [4] and [6] with 
the predicted frequencies is shown in Figure 11. 
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Figure 11: Predicted frequencies plotted against measured frequencies of the [4] and [6] data. Blue 
dots represent the 1-joist floors [4], red dots represent the solid timber joist floors [6]. 
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Basedon the frequency predictions from the Eurocode 5 [1] used on the test results of 39 I-joist 
floors [4] and 8 solid timber joist floors [6], the following conclusions can he drawn: 

• The predicted frequencies are generally higher than the measured frequencies. 

• The solid timber joist predictions are fairly accurate with an average accuracy of 107.5% 
and most predictions between the accuracy range of 100-115%. 

• The 1-joist predictions are poor with an average accuracy of 125.5% and only three predictions 
within a 10% error range. 

Problem defi.nition 

Basedon data from Weckendorf [4], the prediction of the fundamental frequency of floors con
structed with I-joists using the model from the Eurocode 5 [1] appears to he poor. Frequencies 
appear to he generally over-predicted. For vibration performance of lightweight floor requires 
a minimum fundamental frequency - and generally higher fundamental frequencies are favored 
- this may lead to occupant annoyance. An improvement of the frequency prediction of floors 
constructed with I-joists is needed. 

Scope and assumptions 

Bare floors are assumed, i.e. the floor structures have no partition walls, interior finishes, furniture 
and human presence. Only two sided simply supported floors are considered. It is assumed that 
the properties of such floors can he averaged for a 1 meter wide floor segment which can he modeled 
as a beam element. Only the fundamental frequency is of interest. 
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5 Theoretica! analyses 

The theory used for the Eurocode 5 frequency prediction model, Eq. 17, is the Euler-Bernoulli 
theory on a simply supported beam, i.e. a beam supported on two hinged supports. This theory 
assumes a relatively slender beam where shear and rotational contributions to the deformation 
are neglected. Also the supports are assumed to be rigid. Use of this theory result in an over
prediction of the stiffness. However, for the contribution of the neglected variables is so small on 
deformation, it generally prediets the deformation fairly accurate. 

Chui et al. [18] and [19] reported that supports cannot be assumed to be rigid. lts effect on the 
deformation is very small, but on the fundamental frequency might be considerable. Reduction of 
the fundamental frequency by 10 to 15 percent is reported. 

Han et al. [21] reported that the effect of shear deformation and rotary inertia can be significant 
on the fundamental frequency. 

So far the following theory has been used: 

• Classica! beam theory (Euler-Bernoulli theory, only bending rigidity considered). 

This paper will continue to attempt to obtain an accurate analytic prediction model. lnspired 
by Han et al. [21], the model to predict the fundamental frequency will be modified to analyze 
the effect of usually neglected shear and rotary inertia. Also the effect of spring supports will be 
analyzed. The following topics will be reviewed on its influence on predicting the fundamental 
frequency: 

• Shear deformation ( using Euler-Bernoulli with added shear distartion effect); 

• Rotary inertia (using the Rayleigh beam theory); 

• Combined shear & rotary effects ( using the Timoshenko beam theory); 

• Support conditions (using support stiffness and boundary conditions). 

The goal of this section is to obtain a model which is easy and understandable to use by designers 
and produces a more consistently accurate prediction of the fundamental frequency than the current 
model. The models will be tested on the data available from the Weckendorf [4] and Ohlsson [6] 
studies. 

Basic assumptions made for all models are as follows: 

• One dimension (axial direction) is considerably larger than the other two; 

• Linear elastic stress-strain material behavior; 

• Poisson effect is neglected; 

• Cross-sectional area is symmetrie; 

• Planes perpendicular to the neutral axis remain perpendicular after deformation; 

• Small angles of rotation. 

Euler beam model 

The classica! beam theory, or Euler-Bernouilli theory, only takes into account the bending stiffness 
and mass of the beam. Figure 13 illustrates an equilibrium a small part with length dx of such a 
beam. 

19 



11 

Figure 12: Equilibrium of partiele dx using the classica! beam theory. [7] 

The equilibrium I: M = 0 for partiele dx is formulated in Eq. 21. 

LM=O 

L:M =M- ( M + 
88~ dx) + (v + ~:dx) dx~-88~ dx+Vdx 

8M 
--dx+Vdx=O 

8x 
V=8M 

8x 

(21) 

Where M is the bending moment as a function of time and place and V is the shear force as a 
function of time and place. Newton's second law of motion, force equals mass times acceleration, 
can be included: 

(22) 

Where m is the mass in kilograms, p is the mass density in kg J m3 , A is the area of the cross-section 
in m2 and u the deflection curve as a function of time and place. The bending moment can also 
be expressedas a function of the bending stiffness EI in Nm2 : 

M= -EI82u 
8x2 

Substituting Eq. 23 in Eq. 22 results in the equation of motion: 

tru 82u 
EI 8x4 +pA &t2 = 0 

(23) 

(24) 

The equation of motion is verified in [7] and [21]. Now that the equation of motion is found it 
is possible to work towards an expression for the natural frequency. The first step is to separate 
the deflection curve u( x, t) into two functions 1/J(x) and z(t) . The function 1/J(x) represents the 
curve of the shape mode representing the vibration. For convenience a variabie w, representing 
the angular frequency, is introduced in Eq. 26. 

u(x, t) = 1/J(x)z(t) (25) 
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éJ41.j; éPz 
EI ox4 z +pA 8t21.j; = 0 

EI841.j;1 82z1 
---+--=0 
pA 8x4 1.j; 8t2 z 

EI841.j;1 2 82z1 
----=w =---
pA 8x4 'Ij; 8t2 z 

The equation of motion can now he separated into two ordinary differential equations. 

()2z 
8t2 +w2z = 0 

841.j; 2pA 
8x4 -w EI 'Ij;= 0 

Introducing a wave number a. The wave number is related to the angular frequency: 

4 2PA 
a =wEI 

(26) 

(27) 

(28) 

In the more complex theories in upcoming subsections there will he two wave numbers, a and b. 
In the case of an classica! beam a = b. The differential equations in Eq. 27 can he solved for z 
and 'Ij; with parameters a and b and length variable x resulting in a standard solution: 

z(t) = d1 sin(wt) + d2 cos(wt) 

'l.j;(x) =cl sin(ax) + c2 cos(ax) + c3 sinh(bx) + c4 cosh(bx) 
(29) 

Where d; and C; are constant coefficients which depend on the initial and boundary conditions of 
the beam. 

To obtain an expression for the natural frequency, Eq. 28 can he rewritten: 

2{Ei 
WEuier = a V PA 

a2 {Ei 
fEuler = 271" V PA 

(30) 

With a = 1r / L for the fundamental frequency of a simply supported beam this expression matches 
the ones used in Eq. 13 and Eq. 17. This entire subsection can he verified in [7]. The same 
methad is now used for the more complex models. 

Rayleigh beam model 

The Rayleigh beam model adds the rotary inerlia effects to the Euler-Bernoulli beam model. 
The term rotary inertia may raise some questions and is therefore further explained. lnertia is a 
resistance to change of motion (acceleration); the more inertia an object has, the less it responds 
to being pushed. For linear motion, the measure of an object's inertia is its mass density. The 
more mass an object has, the less it responds to being pushed. Rotational inertia is a resistance 
to change of rotation. The more rotational inertia an object has, the less it responds to being 
rotated. The outside parts of a rotating object have to move much faster than inside parts near 
the axis. Rotary inertia is the resistance to the change of speed of the rotation ( acceleration of 
angle) and is related to its cross-section and mass density properties. The angle rotation cjJ is equal 
to the slope of the elastic curve. From the angle rotation the angular acceleration can he derived. 

(31) 
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The inertial moment of the differential element about its mass center and perpendicular to the 
x-y plane is: 

&Ju 
-pi öxéJt2dx 

Eq. 32 is added in the equilibrium for partiele dx which was already found in Eq. 21. 

öAf ö3u 
--dx + Vdx- pi--dx = 0 

Öx öxöt2 

(32) 

(33) 

Again, with the same substitution for Af and V as for the classica! beam theory, the equation of 
motion is obtained: 

~u ö2u ö4u 
EI öx4 +pA éJt2 -pi öx2éJt2 = 0 (34) 

The equation of motion is verified in [7] and [21]. Expanding u using Eq. 25: 

841/J 1 ö2 z 1 8 21/J ö2 z 1 1 
EI öx4 "";fi +pA éJt2 ;- - pi öx2 éJt2 "";fi ;- = 0 

~1/J1 ~z1( ~1/J1) 
EI öx4 "";fi = öt2 ;- -pA+pi öx2 "";fi (35) 

EI~'Ij; .!_ 1 - w2--~z ~ 
öx4 1/J pA- pi~l. - - 8t2 z 

ax "' 
The equation of motion can now he separated into two differential equations. 

(36) 

Which can he solved for z and 1/J. Forthese are essentially the same order differential equations 
as the differential equations from the Euler-Bernoulli model, the solution is the same as in the 
Euler-Bernoulli model as shown in Eq. 29, but with different relations for wave numbers a and b. 
The relations between wave numbers a and b and the angular frequency w are: 

a= 

b = 

pJw2 
2EI + (

pJw2 ) 2 pAw2 
2EI + E I 

(
pJw2 ) 2 p w2 
2EJ + EI 

(37) 

To work towards a solution for w, these are he rewritten into temporary variables B1 and B2 : 

a
2 = B1 + V B~ + B2 

b2 
= - B1 + ~ B~ + B2 

a2 -b2 
B1 = --- B2 = a 2b2 

2 
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Examining the ratio B1 to B2 : 

(39) 

The ratio I I A is also known in liter at ure as the radius of gyration, or inverse of the slenderness 
ratio to the power two. The slenderness ratio has thus become a factor in vibration performance. 
Now consider a very slender beam, with a slenderness ratio being very large. The inverse of the 
slenderness ratio will thus he very small. The factor under the squared root in Eq. 39 will have a 
value near 1, which means a~ b, i.e. the slender beam will approximate a normal Euler beam. 

To obtain an expression for the natura! frequency, Eq. 38 and Eq. 39 can he combined: 

2{Eï 
WRayleigh = a V PA 

a2 {EÏ ~ 
!Rayleigh = 271" v PA V~ 

1 

(40) 

With a depending on the boundary conditions and vibration mode, for instanee a = 71" I L for the 
fundamental frequency of a simply supported beam. 

Shear beam model 

The shear beam model adds the effect of shear distoriion to the Euler-Bernoulli model. The shear 
distartion is the sum of the angle of rotation of the cross-section due to the bending moment 
and the angle of shear in radials. The variabie a represents the angle of rotation due to the 
bending moment. It can also he described as the slope of the deflection curve while ignoring shear 
deformation. The variabie (J represents the angle of shear at the neutral axis. According to Han 
et al. [21], the total sum of a and (J can he approximated by the first derivative of the deflection. 

r--------------------+ x 

11 
l'crpe:ndicular to 
buro cross secdon 

Figure 13: Equilibrium of partiele dx using the shear beam theory. [7] 
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According to Han et al. [21), the expression for the bending momentMand shear force V can he 
modified to fit the the newly defined derivative of the deflection. 

M=-EI0a 
ox 

1 
(3 = kGA V 

V= (JkGA = kGA (~~-a) 

(42) 

(43) 

(44) 

Where G is the shear stiffness and A is the area of the cross-section. The parameter k is described 
as the Timoshenko shear correction factor. The shear correction factor was introduced to account 
for the error in the shear strain energy caused by assuming a constant shear strain through the 
depth of the beam, as opposed to the classical parabalie distribution. The shear correction factor 
depends u pon the cross-sectional shape and material properties. The determination of kG A is both 
analytically and and experimentally very difficult [15) [21). For homogeneaus isotropie beams, k 
depends only on the geometry and the Poissons ratio. For a solid rectangular section, k approaches 
the value of 5/6 as the Poisson's ratio approaches zero. 

Again, continuing from the equilibrium for partiele dx which was found in Eq. 21. Now substi
tuting M and V with the newly found expressions. 

oM oM 
--dx+ Vdx R:J --+V= 0 

OX OX 

kG A (
811 -a) + EI

02a = o 
ax ox2 (45) 

(
82

u oa) o3a 
kG A a 2- OX +EI ox3 = 0 

The expression for Newton's second law, as introduced in Eq. 22, is rewritten for the new definition 
of V in Eq. 44. 

ov _ Ao2u 
ox - P ot2 

kG A (o2u - oa) = A o2u 
ox2 ox p ot2 

Substituting Eq. 46 in Eq. 45 results in an equation of motion with two functions, a and u. 

(46) 

(47) 

To simplify the expression in Eq. 47, a is rewritten in a function of u. This is done by differentiating 
Eq. 46 twice: 

::2 (kGA (~:~-::)-pA~~)= 0 

(
f14u aaa) f14u 

kG A ox4 - axa - pA ox28t2 = 0 (48) 

o3a f14u pA f14u 
8x3 ox4 - kG A ox28t2 

By substituting Eq. 48 in Eq. 47 the equation of motion is obtained: 

o4u o2u pAEI f14u 
EI ox4 +pA at2 - kG A ox2at2 = 0 (49) 
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The equation of motion is verified in [7] and [21]. Expanding u using Eq. 25: 

EI8
4"P ]:_ A 8

2 
z ~ _ pAEI 821/J éP z ]:_ ~ = 0 

8x4 1/J + p 8t2 z kG A 8x2 at2 1/J z 

EI~'I/J ]:_ = 8
2
z ~ (pAEI 8

2
1/J ]:_ _ A) 

8x4 1/J at2 z kG A 8x2 1/J p 

~1/J 1 1 2 82 z 1 
EI 8x4 -:;p pA - pAEI IJ21/J.! = w = - at2 ~ 

kGA ~1/J 

The equation of motion can now be separated into two differential equations. 

82z 
8t2 +w2z = 0 

~1/J 2 pA a2"p 2 pA 
8x4 +w kGA8x2 -w EI'I/J=O 

(50} 

(51} 

Which can he solved for z and 1/J. Forthese are essentially the sameorder differential equations 
as the differential equations from the Euler-Bernoulli model, the solution is the same as in the 
Euler-Bernoulli model as shown in Eq. 29, but with different relations for wave numbers a and b. 
The relations between wave numbers a and b and the angular frequency w are: 

pAw2 

a= 2kGA + 

b = 
pAw2 

- 2kGA + 

( 
pAw2 )2 fl w2 
2kGA +El 

(52) 

To work towards a solution for w, these are be rewritten into temporary variables B 1 and B2 : 

Examining the ratio B1 to B2: 

pAw2 pAw2 
Bl = 2kGA B2 = ~ 

a
2 = B1 + ~ Bf + B2 

b2 = -B1 +V Bf + B2 

B1 ~ EI 
B = P w• = 2kGA 2 EI 

Bl _ ~ (2. _ _!_) 
B2 - 2 b2 a2 

b=a 
1 

a2 (k~~) + 1 

To obtain an expression for the natural frequency, Eq. 53 and Eq. 54 can be combined: 

2fJI 
Wsbear =a pA a2 ( El ) + 1 

kC A 

1 

/sn ar=~ {EÏ 
2r. V PA a2 ( k~~) + 1 

(53} 

(54) 

(55} 

With a depending on the boundary conditions and vibration mode, for instanee a = 1r / L for the 
fundamental frequency of a simply supported beam. 
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Timoshenko beam model 

In the Timoshenko beam model both the effects of rotary inertia and shear distartion are added 
to the standard beam model. The angle rotation 4> as used in Eq. 31 is a function of a insteadof 
u. The equilibrium for partiele dx which was found in Eq. 33 is therefore slightly altered by the 
last term now being a function of a instead of u. Substituting M as found in Eq. 42 and V as 
found in Eq. 44. 

(56) 

Substituting Eq. 46 in Eq. 56 results in an equation of motion with two functions, a and u. 

83a 82u 83a 
EI 8x3 +pA 8t2 -pi 8x8t2 = 0 (57) 

To simplify the expression in Eq. 57, a is rewritten in a function of u. This is clone by differentiating 
Eq. 46 to x (see Eq. 48) and to t twice: 

8
2 

( (8
2
u 8a) 8

2
u) 

8t2 kG A 8x2 - 8x - pA 8t2 = 0 

( 
84u 83a ) 84u 

kG A 8x28t2 - 8x8t2 -pA 8t4 = 0 (58) 

84u pA 84u 
8x28t2 - kGA 8t4 

By substituting Eq. 48 and Eq. 58 in Eq. 57 the equation of motion is obtained: 

84u éPu pAEI 84u 84u p2 AI 84u 
EI 8x4 +pA 8t2 - kG A 8x28t2 -pi 8x2at2 + kG A at4 = 0 (59) 

The next step is to expand u in the equation of motion using Eq. 25. Due to the last term in 
the equation of motion, where the rotational kinetic energy associated with the shear distartion 
is expressed, this is nat possible. To be able to solve the equation of motion, this term wil! be 
neglected. Consiclering that the rotation due to shear distortion is very smal!, this should not 
cause significant errors. The equation of motion is now rewritten into an expression which can be 
further analyzed: 

84u 82u pAEI 84u 84u 
EI 8x4 +pA 8t2 - kG A 8x28t2 -pi 8x28t2 = O (60) 

The equation of motion is verified in [7] and [21]. Expanding u using Eq. 25: 

84'1/J 1 82z 1 pAEI 82'1/J 82z 1 1 82 '1j; 82z 1 1 
EI-- +pA----------- -pi----= 0 

8x4 'Ij; 8t2 z kG A 8x2 8t2 'Ij; z 8x2 8t2 'Ij; z 

84
'1/J 1 82z 1 (pAEI 82

'1/J 1 82
'1/J 1 ) 

EI 8x4 ~ = 8t2 -;; kG A 8x2 ~+pi 8x2 ~-pA (61) 

84 '1/J 1 1 82 z 1 
EI 8x4 ~pA- .e:i§!.H-1.- piH-1. = w2 =- 8t2-;; 

kGA Bx 1/J ax 1/J 

The equation of motion can now be separated into two differential equations. 

82z 2 
8t2 +wz=O 

84
'1/J ( 2 pA 2 pi ) 8

2
'1/J 2 pA 

8x4 + w kGA+w EI 8x2 -w EI'Ij;=O 

(62) 
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Which can be solved for z and 'Ij;. For these are essentially the same order differential equations 
as the differential equations from the Euler-Bernoulli model, the solution is the same as in the 
Euler-Bernoulli model as shown in Eq. 29, but with different relations for wave numbers a and b. 
The relations between wave numbers a and b and the angular frequency w are: 

a= 2 ( p 
2 kGA 

(63) 

b = 

To work towards a solution for w, these are be rewritten into temporary variables B1 and B2 : 

Examining the ratio B1 to B2 : 

pAw2 

B2=~ 

a
2 = B1 + V Bf + B2 

b2 = - B1 + V Bf + B2 

w2 ( _cl_ P.!.. ) 
2 kGA + EI = ! ( EI pi) 

mw 2 2 kGA +pA 
EI 

~ = ~(~-~) 
1 

a2 (//;~+*)+I 
b= a 

To obtain an expression for the natura! frequency, Eq. 64 and Eq. 65 can he combined: 

2tli I I WTimoshenko =a -A\ 2 ( EI L) l 
p a kGA +A + 

a2 {Ei 
fTimoshenko = 27!" y PA 

(64) 

(65) 

(66) 

With a dep en ding on the boundary conditions and vibration mode, for instanee a = 1r / L for the 
fundamental frequency of a simply supported beam. 

Support rigidity 

This subsection wil! analyze the infiuence of the boundary conditions on solving the equation of 
motion and therefore ultimately the expression for the fundamental frequency. The solution to 
the equation of motion was had the same form for all theories stuclied and shown in Eq. 29, but 
relations for wave numbers a and b varied. So far the expressions for a and b have been found which 
led to expressions for the fundamental frequency. Those frequency expressions however depend 
on the value a, which in turn depends on the vibmtion mode and the boundary conditions. So far 
it was assumed timber fioors can be assumed to be hinged supported at both ends. However, for 
vibration prediction it might be more infiuential and wil! therefore be analyzed in this chapter. 
Of interest is still the fundamental frequency (or first natura! frequency), but now the boundary 
conditions are altered to investigate its theoretica! effect on the frequency. 
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Frequency prediction with rigid supports 

In order to have a reference, first the situation of a hinged-hinged beam model will he analyzed 
and its wave numbers obtained. An illustration of such a model is given in Figure 14. The end 
conditions are tabled in Table 1. Applying these conditions on the solution as shown in Eq. 29: 

L 

Figure 14: Beam on hinged supports. 

Table 1: End conditions fora hinged beam model. 

at x =0 
1/J = 0 

~=0 

at x =L 
1/J=O 
a~w 
~=0 

1/J(x) = C1 sin(ax) + C2 cos(ax) +Ca sinh(bx) + C4 cosh(bx) 

1/J(x = 0) = c2 + c4 = 0 

1/J(x = L) = C1 sin( aL)+ C2 cos( aL)+ Ca sinh(bL) + C4 cosh(bL) = 0 
2 (67) 

81/J 2 2 
8x2 (x = 0) = -a c2 + b c4 = 0 

~:~(x= L) = -a2C1 sin( aL)+ -a2C2 cos( aL)+ b2Ca sinh(bL) + b2C4 cosh(bL) = 0 

Ignoring trivial solutions a= 0 and b = 0, solving C2 and C4: 

Which leaves C1 and Ca. 

c2 +C4 =O 

-a2C2 + b2C4 = 0 

c2 =C4 =O 

C1 sin aL+ Ca sinhbL = 0 

-a2C1 sin aL + b2Ca sinh bL = 0 

A nontrivial solution exists only if the determinant of the coefficient matrix equals zero: 

D [ si~h bL sin ~L ] = -a2 sin aL sinh bL - b2 sin aL sinh bL = 0 
b2 smh bL -a2 smaL 

(a2 + b2
) sinaLsinhbL = 0 

(a2 + b2
) # 0 

sin aL sinh bL = 0 

In the case of an Euler-Bernoulli model a equals b. The parameter a can now he solved. 

sin aL sinhaL = 0 

sinhaL = 0---+ aL= 0 (trivial) 

sin aL= 0---+ aL= mr 
n1l' 

an=y 

(68) 

(69) 

(70) 

(71) 

Resulting in a = 1r / L for application in the prediction of the fundamental frequency of a simply 
supported beam as used in the models earlier explained and expressed in Eq. 30, 40, 55 and 66. 
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Frequency prediction with ftexible translational supports 

Translational flexible supports are introduced. Rotation at the supports is unrestricted. Equal 
stiffness properties at both supports is assumed. The determination translational spring stiffness 
KT is explained in Appendix C. An illustration of such a model is given in Figure 15. The 
end conditions are tabled in Table 2. Applying the boundary conditions on Eq. 29 is rather 

L 

Figure 15: Beam on flexible translational supports. 

Table 2: End conditions for a beam model with flexible translational supports. 

at x= 0 

EifJ = 0 
~ EI ox3 + KT'I/J = 0 

at x= L 

Eif!-J=O 
~ -EI ox3 - KT'I/J - 0 

complex. Maurizi et al. [20] have reported solutions to many possible boundary combinations of 
a beam model using the Euler-Bernoulli theory. Their solution to the Euler-Bernoulli model with 
translational flexible supports is: 

With: 

T2 c/>4Y~ + 2Tc/>6Y~- 2c/>I = 0 
EI 

T =KTV 

c/>1 = sin Yn sinh Yn 

c/>4 = cos Yn cosh Yn - 1 

c/>6 = sin Yn cosh Yn - cos Yn sinh Yn 

(72) 

(73) 

A function Yn is introduced which depends on the shape mode and varies with the ratio T, 
which will he shown below. The ratio T is introduced which represents the ratio between the 
stiffness of the beam and the translational support stiffness and span length. Now imagine that 
the translational spring supports are acting very rigid, which resembles a hinged-hinged model. 
KT would he very high, therefore T will he near zero, leaving only c/>1 in the frequency equation 
which resembles the salution of the hinged beam model. 

Function Eq. 72 is too complex to he rewritten into an expression for Yn· lt can however he 
plotted for varying ratio T, see Figure 16. For decreasing translational support stiffness (thus 
increasing T) the function Yn decreases. For comparison: a hinged beam model results in Yn = mr. 
The curves are all starting at Yn = mr and decreasing with increasing T. It can he concluded 
that including translational support stiffness within the prediction of natura! frequencies will 
decrease the predicted frequency. For small values of T, the relationship between T and y1 can 
he approximated by YI ::::::: 7T'- 26.46T. The expression used for the prediction of the fundamental 
frequency for small values of T becomes: 

7T' - 26.46T {Ei 
fTranslational flexible supports = 2L2 V PA (74) 
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Figure 16: First three curves for Yn with decreasing translational support stiffness. T = 0 resembles 
a hinged beam on a rigid support. lncreasing T represents a lower spring stiffness at the supports. 
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Frequency prediction with flexible rotational supports 

Rotational flexible supports are introduced. Translation at the supports is considered restricted 
like a normal hinged support. The determination rotational spring stiffness KR is explained in 
Appendix C. An illustration of such a model is given in Figure 17. The end conditions are tabled 
in Table 3. Using Maurizi et al. [20] and Eq. 73 the solution to the Euler-Bernoulli model with 

L 

Figure 17: Beam on flexible rotational supports. 

Table 3: End conditions for a beam model with flexible rotational supports. 

at x =0 at x=L 
t/J = 0 t/J=O 

821/J ~-Elaz'E- KTaz- 0 
821/J ~ 

EI 1JZ'E + KT az = 0 

rotational flexible supports is: 

(75) 

Like the introduetion of T when analyzing the translational support stiffness, the ratio R is now 
introduced for the ratio between beam stiffness and rotational support stiffness. The function Eq. 
75 is also too complex to be rewritten into an expression for Yn· It is plotted for varying ratio 
R, see Figure 18. The curves are all starting at Yn > > mr and nearing on Yn = mr. lncluding 

------------------------------------~~ 

~------------------ 2nd mode 

, 

-------------------- lst mode 

o+--~--r----~------r---~--~-------, 
0 I ID 

Figure 18: Three curves for Yn with decreasing rotational support stiffness. R = 0 resembles a 
clamped support. 

rotational support stiffness within the prediction of natural frequencies will thus always increase 
the predicted frequency. The graph shows that the curves become near-horizontal for large values 
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of R, which resembles a hinged supports. For the tirober floors in this study are all hinged or 
near-hinged supported their values for R wil! he very high. Therefore, the resulting value for Yn 
will he approximately equal to mr, which means that the rotational stiffness does nat affect the 
prediction of the fundamental frequency for near-hinged beams. It can be concluded that rotational 
stiffness is nat a factor which will imprave the prediction of vibration performance of timber fioors 
structures. 

Applying analytic models on measured data 

In this section several analytic roodels for predicting the fundamental frequency of tirober floor 
structures have been analytically obtained. The roodels account for the contributions of shear, 
rotary inertia and support stiffness on the predicted frequency. Test results of 39 1-joist floors [4] 
and 8 solid tirober joists [6] have been compared with the predicted results. Accuracy within a 
10 percent error range would he considered acceptable, however for the 1-joists this proved to he 
hard to accomplish. The average accuracy per model and per joist type is tabled in Table 4. 

Predicted 
Accuracy = M d x 100% 

easure 

Table 4: Average accuracy of the prediction roodels used on the measured data from [4] and [6]. 

Joist type 

1-joist floors 
Solid joist floors 

Euler-Bernoulli 
(Eurocode 5) 
125.5% 
107.5% 

Rayleigh 

125.8% 
107.7% 

Shear 

116.7% 
105.6% 

Timoshenko 

116.6% 
105.5% 

Translational support 
stiffness 
124.5% 
104.7% 

Accuracy higher than 100% means an over-prediction of the actual frequency, which could cause 
unwelcome vibration annoyance. Accuracy lower than 100% means an under-prediction of the 
actual frequency, which could cause a waste of resources to improve the predicted frequency. 

Clearly the solid joist floors seem to he wel! predicted by an Euler-Bernoulli model as is already 
being used in the Eurocode 5 [1]. However the fundamental frequencies ofl-joist floors appeared to 
he much lower than predicted. It appears that shear stiffness of I-joists is affecting the frequency, 
which seems reasonable to conclude for 1-joists are designed to optimize bending stiffness and 
reduce the cross-section area and thus reduce the shear stiffness. Accounting rotary inertia and 
support stiffness hardly impraves the accuracy of prediction. 

The predicted frequencies using the shear beam model are plotted versus the measured frequencies 
in Figure 19. 
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Figure 19: Predicted frequencies using the shear beam model plotted against measured frequencies 
of the [4] and [6] data. Blue dots represent the I-joist floors, red dots represent the solid timber 
joist floors. 
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6 FEM analyses 

In this section it is attempted to use the computer based finite element method (FEM) to model 
the Weckendorf JJI 2A floor [4]. This specific floor will be used because it has also been modeled in 
Weckendorf [4]. The sameinput data will be used for comparison. Weckendorf however used many 
springs at the supports and connections to get the natural frequencies in the range of the measured 
values. Although his method succeeded in creating a model which has a great accuracy for that 
particular floor, it hardly gives any tools for a designer to predict frequencies of a yet untested 
floor. The goal of this FEM analysis is therefore to create a simple model which should be able to 
predict the natural frequencies quite accurately with the implementation of shear distortion. The 
FEM package from ANSYS 1 will be used. 

Working method 

First the floor is modeled as a beam element with averaged properties of a 1 meter width floor 
strip. The simplest element type is used: BEAM3. This is a 2D elastic element with three degrees 
of freedom at each node and can describe tension, compression and bending. 

Next step is to work with a 3D elastic element: BEAM4. This element is basically the same as 
the BEAM3 element, but has six degrees of freedom at each node. Next to tension, compression 
and bending it can also describe torsion. Shear deformation is turned of by default, but can be 
activated. 

Finally the joists are each modeled as a BEAM4 element and are joined tagether with an element 
representing the floor deck: SHELL63. This element type is the simplest shell element available 
with elastic properties and ability to describe both bending and membrane capabilities. All ele
ments are modeled in the same plane, i.e. the joists are not modeled as support under the deck 
but inside it. Although not perfectly descrihing the real test object, this method creates a very 
simple and understandable model which is able to produce accurate frequency predictions. 

Element properties 

The floor has size LxB of 3.5x2.4 meter supported at two sides. The deck is supported by 5 joists. 
Deck thickness is 19mm P5 partieleboard with isotropie properties Emean = 2900N/mm2 and 
p = 600kg / m3

. A Poissons ratio of 0.35 is used. Input data for the SHELL element is tabled in 
Table 5. 

Table 5: FEM Input data: deck as SHELL63 element. 

Code 
ET,1,SHELL63 
R,1,0.019 
MP,EX,1,2.90e9 
MP,DENS,1,600 
MP,PRXY,1,0.35 

Description 
Element type 
Real const: plate thickness [m] 
Material prop: E-modulus [N/m2] 

Material prop: Density [kg/m3 ] 

Material prop: Poissons ratio [ -] 

The 1-joists consist of C24 solid timber flanges of 45x45mm with properties Eo,mean = 11000N/mm2 

and p = 420kg/m3
. The web is made of 9mm OSB with Eo,mean = 4930N/mm2 and p = 

550kg/m3
. The shear modulus ofthe OSB web is Gmean = 1080N/mm2

. The totaljoist height is 
220mm. The 1-joist is modeled as a single BEAM element the properties of the flanges and web 
have to be combined. The total shear stiffness of the web GA= 2.14MN. Therefore the input 

1 ANSYS 8.0 release UP 20030930, Ansys Inc. 
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value for the beams area wil! be A = 1.98 x 10-3 m 2 . The total weight per meter of the joist is 
2.34kgjm. Consiclering the altered beam area the beams density wil! be 1181.8kg/m3 . The beams 
moment of inertia is I= 3.17 x w-5m 4 . Input data for the BEAM elements BEAM3 and BEAM4 
are tabled in Table 6 and Table 7. 

Table 6: FEM Input data: 1-Joist as BEAM3 element. 

Code 
ET,2,BEAM3 
R,2,1.98e-3,3.17e-5 
MP,EX,2,1.10e+10 
MP,GXY,2,1.08e+9 
MP,DENS,2,1181.8 

Description 
Element type 
Real const: area [m2], moment of inertia [m4] 

Material prop: E-modulus [N/m2
] 

Material prop: Shear modulus [N/m2 ] 

Material prop: Density [kgjm3 ] 

Table 7: FEM Input data: 1-Joist as BEAM4 element. 

Code 
ET,2,BEAM4 
R,2,1.98e-3,10e-4,3.17e-5,0.22,0.045 

RMORE , , , 1 . 2 , 1 . 2 , , , 

MP,EX,2,1.10e+10 
MP,GXY,2,1.08e+9 
MP,DENS,2,1181.8 

Shear distortion 

Description 
Element type 
Real const: area [m2 ], moment of inertia lzz [m4 ], 

[yy [m4
], height [m], width [m] 

Re al const: , "shear defiection contant SHEARz, 
SHEARy", 

Material prop: E-modulus [N/m2] 

Material prop: Shear modulus [N/m2] 

Material prop: Density [kgjm3] 

In the theory analysis section an indication has been found that shear distartion can significantly 
affect the fundamental frequency of beams with composed cross-sections such as an 1-joist. In 
Tables 6 and 7 the same properties are inputted for a BEAM3 and BEAM4 element, with the 
exception of the shear defiection constant. The shear defiection constant is turned off by default, 
but when any number is inputted the beam element accounts for shear distortion. The effect on the 
natura! frequencies is considerable. Unfortunately ANSYS hardly explains what this parameter is 
and no further information on the parameter could be found on the web or literature. The help 
file of ANSYS suggests the following values for common sections: rectangle 6/5, solid circle 10/9, 
hollow thin-walled circle 2, hollow thin-walled square 12/5. The shear defiection constant is not 
the same as the Timoshenko shear correction factor, for the latter equals approximately 5/6 for 
a rectangle cross-section. Consiclering the help file suggests values around 1-2, some variation in 
that range has been experimented with and hardly or no effect on the frequencies has been found 
when varying in such a smal! range. 

The input logfiles are explained below: Document opening and preprocessor phase: 
FINISH 
/CLEAR 
/TITLE, Dynamic Analysis 
/PREP7 

Entering keypoints and line, length in meters: 
K,1,0,0 
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K,2,3.5,0 
L,1,2 

Modeling the joists onto the lines, either BEAM3 or BEAM4 as shown in Tables 6 and 7. Meshing 
the model. Meshing the lines in 10 elements. 
LESIZE,ALL,,, 10 
LMESH,ALL 

Entering solution phase. Creating supports restricting displacement. 
FINISH 
/SOLU 
DK,1,uy,,, ,ux 
DK, 2, uy, , , , ux 

For the BEAM4 element is a 3D element, some additional restrictions must he applied. 
DK,1,ux,,,,uy,uz,rotx,rotz 
DK,2,uy,,,,uz,ux,rotx,rotz 
DL,1, ,uy 

Setting up the analysis type: Modal analysis with the first five modes expanded. 
ANTYPE,2 
MODOPT,SUBSP,5 
EQSLV,FRONT 
MXPAND,5 

Solve and display the first shape mode: 
SOLVE 
FINISH 
/POST1 
SET" 1 
/PBC,ALL, ,1 
/VIEW,1,,1 
PLDISP 

The input data is also used in Eq. 30 and Eq. 55 to estimate the fundamental frequency: 

1r{Ei 
h,Euler-Bernoulli = 

2
L 2 v PA= 49.50Hz 

( Only bending rigidity taken into account) 

1r(Ei 
II,shea.r = 2L2 v PA 

1 
2 = 45.88Hz 

(i) k~~ + 1 

(Both bending and shear rigidity taken into account, a 7.3% reduction) 

The output from the FEM model is shown in Figure 20. The fundamental frequency of the model 
when using the BEAM3 element is 49.18 Hertz. The fundamental frequency of the model when 
using the BEAM4 element is 45.81 Hertz, which is a 6.8% reduction. Almost identical outcomes 
are obtained using the theoretical models Eq. 90 and Eq. 55 and the FEM model. 
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(s) BEAM3 element, no shesr distortion. {b) BEAM4 element, shesr distartion included. 

Figure 20: FEM model results. 

Benchmark for the FEM floor model 

The floor will now he modeled in a 3D model using BEAM4 and SHELL63 elements to see if a 
simple model can still accurately predict the natural frequencies. The frequencies in Table 8 were 
measured by Weckendorf [4]. The floor was measured two times; therefore two series are available. 

Test 
JJI 2A 
JJI 2A 2nd test 

Table 8: Measured frequencies by Weckendorf [4]. 

h in Hertz 
22.66 
22.49 

h in Hertz 
28.81 
28.58 

fa in Hertz 
34.88 
33.98 

!4 in Hertz 
47.65 
45.87 

/sin Hertz 
59.63 
58.27 

When averaging the properties of the floor for use in a beam element, those can he used in Eq. 
30 and Eq. 55 to estimate the fundamental frequency: 

rr{Ei 
/I,Euler-Bernoulli = 2L 2 y PA= 26.86Hz 

(Only bending rigidity taken into account) 

rr{Ei 
h,sbear = 2p v PA 

1 
2 = 25.00Hz 

(i) k~~ + 1 

(Both bending and shear rigidity taken into account, a 6.9% reduction) 

Clearly these predictions are still higher than the measured fundamental frequencies from Weck
endorf [4] in Table 8. Now the same input data is used in an FEM floor model to see if its outcomes 
produce any similarities. 

FEM floor model 

The joists are individually modeled as BEAM4 elements and a deck as SHELL63 element has been 
glued on top of the joists. The input logfile is explained below: 
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Document opening and preprocessor phase: 
FINISH 
/CLEAR 
/TITLE, Dynamic Analysis 
/PREP7 

Entering keypoints, length in meters: 
K,1,0,0 
K,2,0,0.6 
K,3,0,1.2 
K,4,0,1.8 
K,5,0,2.4 
K,6,3.5,0 
K,7,3.5,0.6 
K,8,3.5,1.2 
K,9,3.5,1.8 
K,10,3 .5,2.4 

Creating the deck areas. Lines are created automatically at the area edges. 
A,1,2,7,6 
A,2,3,8,7 
A,3,4,9,8 
A,4,5,10,9 
AGLUE,ALL 

Modeling deck onto the areas: 
ET,1,SHELL63 
R,1,0.019 
MP,EX,1,2.90e9 
MP,DENS,1,600 
MP,PRXY,1,0.35 
ASEL,ALL 
AATT,1,1,1 

Modeling the joists onto the lines: 
ET ,2,BEAM4 
R,2,1.98e-3,10e-4,3.17e-5,0.22,0.045 
RMORE,, ,1.2,1.2,,, 
MP,EX,2, 1.10e+10 
MP,GXY,2,1.08e+9 
MP,DENS,2,1181.8 
LSEL,ALL 
LATT,2,2,2 

Meshing the model. Mesh size for the area is 0.2 meter, forthelines 0.1 meter. 
AESIZE,ALL,0.2 
AMESH,ALL 
LESIZE,ALL,0.1 
LMESH,ALL 

Entering solution phase. Creating supports restricting displacement in all directions. 
FINISH 
/SOLU 
DK,ALL,ux,,,,uy,uz 

Setting up the analysis type: Modal analysis with the first five modes expanded. 
ANTYPE,2 
MODOPT,SUBSP,5 
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EQSLV,FRONT 
MXPAND,5 

Solve and display the first shape mode: 
SOLVE 
FINISH 
/POST! 
SET,, 1 
/PBC,ALL,,l 
/VIEW,1,,1 
PLDISP 

Table 9: FEM model results. 

h in Hertz h in Hertz h in Hertz !4 in Hertz 
24.23 40.94 52.54 63.34 

The output is tabled in Table 9 and shown in Figure 21. 
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Figure 21: FEM model results. For each mode both an overview and a cross-sectionare given. 
The cross-sections show the vibration modi in the transverse direction. 
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Conclusions based on the FEM analysis 

In this section it is attempted to model an I-joist floor using a simple FEM model to predict the 
natural frequencies, specifically the first ( or fundament al) frequency. 

First the influence of shear rigidity on the natural frequencies of a simple beam element is in
vestigated. It is found that when rnadeling a beam as a BEAM3 element and only account for 
bending rigidity, the predictions are the same as those made with the Euler-Bernouilli model (Eq. 
30). When rnadeling a beam as a BEAM4 element and let it account for both bending and shear 
rigidity, the predictions are are the same as those made with the Shear beam model (Eq. 55). The 
infiuence of shear rigidity on the natura[ frequency is thus supported by the FEM model. 

Second a floor is modeled in 3D using BEAM4 and SHELL63 elements. The input data from 
one of the Weckendorf test floors [4] is used to campare the outcomes. When camparing the 
predicted frequencies of the higher vibration modi (Table 9) with the measured frequencies from 
Weckendorf (Table 8) it can be seen that the predictions of frequencies of higher vibration modi 
have large errors. This can be explained by the fact that higher natural vibration modi are very 
easily disturbed by for instanee support details. In the FEM model the supports are modeled as 
ideal hinged supports on a rigid base. This will not be the case in a laboratory test setup, let 
alone the real building practice. 

In Figure 21 the shape modi for the first five vibration modi are plotted. As can beseen all higher 
vibration modi are occurring in the transverse direction. 

The predicted fundamental frequencies using Eq. 30 (accounting only bending rigidity), Eq. 55 
(accounting bending and shear rigidity) and the FEM model as presented in this subsection are 
compared with the measured fundamental frequencies from Weckendorf [4] in Figure 22. Here can 
be seen that accounting for both bending and shear rigidity impraves the accuracy of prediction 
compared to the prediction only accounting for bending rigidity. Further impravement is made 
when the floor is modeled using a shell element in the FEM tool. The implementation of the 
transverse direction of the fioor in the model is thus increasing the accuracy of the prediction. 
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Figure 22: Measured and predicted fundamental frequencies of the Weckendorf JJI 2A floor [4]. 

Unfortunately, using a FEM model must be considered too costly for the prediction of the fun
damental frequency, especially for relatively simple floor designs. One should consider using a 
FEM model when the floor design has irregularities which increase the complexity to use simple 
predictions, such as gaps or varying span size. 
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7 Experimental analyses 

In the previous analysis the effect of low shear stiffness on the fundamental frequency has been 
shown and a prediction model has been obtained. The prediction model has yet to be tested in 
a lab environment. The goal of the lab test is to check the accuracy of prediction of the attained 
prediction model for the fundamental frequency of a two side simply supported timber based floor 
constructed with joists with low shear stiffness such as 1-joists. The following tests have been 
performed: 

• Frequency measurements of a simply supported laminated timber beam; 

• Frequency measurements of five timber 1-joists; 

• Frequency measurements of a timber floor constructed with 1-joists; 

• Four point bending test of five timber 1-joists. 

All test have been performed in the Pietervan Musschenbroek laboratory at the Eindhoven Teeh
uical University during Marchand April 2011. 

Test setup 

All test objects were to be simply supported on two sides. A support structure consisting of 
steel HEA300 beam elements has been build to facilitate these tests. The steel beams are placed 
upon the concrete floor with no further fastening. During the frequency tests the low frequency 
background noise produced by various lab machinery was kept to a minimum to avoid interference 
with the test results. Pietmes presenting an overview of the test setup are given in Figure 23. 
For measuring the vibration three accelerometers2 have been used. The accelerometers measure 

(a) Overview (b) Steel support beams 

Figure 23: Lab test setup. 

the acceleration only in its axial direction, i.e. perpendicular to the surface it is glued upon. The 
accelerometers can be glued to any surface using a few drops of paraffin wax. The signals from 
the accelerometers have been amplified a 100 times using three amplifiers3 . For the collected data 

2 Accelerometers, brand: AP Tech; type: AP37; serial numbers 7349, 7327 and 7322; date of manufacturing: 
06-2008; axial sensitivity 7327: 9.06 pC/g; axial sensitivity 7349: 9.24 pC/g; axial sensitivity 7349: 9.22 pC/g; 
weight without cable: approximately 9 grarns. 

3 Amplifiers, brand: Mesa; type: Mesa C7 /1 Charge Amplifier; serial numbers 1606/1, 1606/4 and 1606/3. 
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is only analyzed for frequencies, calibration of the amplifiers and accelerometers was not needed. 
All amplified accelerometer signals are collected in millivolts. 

The measurement data of the amplified accelerometers was collected and processed by the software 
from Lab VIEW4 . Lab VIEW visualizes the incoming data from the accelerometers and is able to 
perform a Fast Fourier Transformation, on the data to obtain the natura! frequencies. Measure
ment data is saved in a standard text document which can be further analyzed. Further data 
analyses have been performed using Matlab5 . The Matlab script used to obtain the fundamental 
frequency from the data is given in Appendix D. 

To initiate the vibration in the test object a Dirac delta function is desired. According to German 
[22] the Dirac delta function has often been employed to represent the amplitude of concentrated 
harmonie forces in the analysis of vibration of elastic structures, such as beams and plates. The 
Dirac delta function is used because it activates all frequencies in the test object. Once released 
the test object will start vibrating in its own vibration modi. 

During previous vibration test in the Pietervan Musschenbroek laboratory a load dropping device 
has been built which can be used to approximate the Dirac delta function. The test object is 
loaded with a point load of approximately 18kg at mid-span of the test object. A small round 
steel plate with a mass of approximately 410 grams is glued to the test object. The added load 
of the steel plate can be neglected. The load connects with the steel plate using a magnet which 
can be switched on and off manually. The contact surface between the magnet and the steel plate 
is leveled using some layers of thin Teflon to smoothen the release as much as possible to avoid 
producing vibration noise in the test object upon release of the load. The bottorn part of the load 
is cone-shaped and drops in a bucket filled with gravel to absorb the impact shock as much as 
possible. Although damped, the impact shock will still briefty produce some high frequency noise 
in the measurements on the test object. It is attempted to further improve the damping of the 
bucket to further absorb the high frequencies of the impact vibration, but this was unsuccessful. lt 
is therefore expected that the transfer of these high frequency impact vibration can be considered 
sound and transfers via air onto the test object. The interference with low frequency components 
is can be neglected. Pictures of the load dropping device are given in Figure 24. 

Voltage in the magnet, the input voltage and load force are being measured to check if the un
loading process is not producing noise. In Figure 25 the three load signals are graphed. Around 
480ms into the test the magnet power is switched off (green curve). lnstantly the magnet voltage 
drops as a reaction (red curve). After about 20ms the magnet can no longer lift the weight and 
the load starts falling, as can beseen in the rise in measured load (blue curve). The movement of 
the magnet creates a small bump in the voltages measured, but drops to zero shortly after. After 
about 250ms the load crashes into the gravel which creates a bump in the load force (blue curve). 
lt is important to note that the load is not instantly dropping after switching off the magnet, but 
it takes approximately 90ms for it to no longer interfere with the test object. Once no longer 
interfering with the test object, the test object is vibrating in its own free vibration from which 
frequencies can be obtained. 

4 LabVIEW Signa!Express 2010, version 4.0.0, by National Instruments. 
5 Matlab R2010b 64bit, version 7.11.0.584, by Mathworks lnc. 
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(a) Not connected tothetest object (b) Connected tothetest object 

Figure 24: Load dropping device. 
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Figure 25: Load signals at the moment of releasing the load. The green curve represents the 
voltage powering the magnet. The red curve represents the measured voltage in the spool of the 
magnet. The blue curve represents the measurement of force. Units are not of interest. 
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Support detailing 

Togainsome experience with the equipment a laminated timber beam is used for testing. Using 
this test object a small study is performed to investigate the influence of support detailing by 
varying the slat's shape and size. 

The beam's cross-section sizes are 396x78mm and the span length is L = 3m. The total mass of 
the beam is measured at 42.6kg, therefore the density is approximately 460kgfm3 or 14.2kg/m. A 
three point deflection test has been performed to estimate its bending stiffness. A Youngs modulus 
of 1.16e10N/m2 is obtained. Using the standard prediction expression of Eq. 13 its fundamental 
frequency is expected at approximately 19.7 Hertz. 

This test object has been used to study the effect of support detailing, specifically the type and 
characteristics of the slats which were used. The goal of this small study was to obtain a support 
detail which would hebave as a standard simple support, not or hardly affect the fundamental 
frequency and would lead to consistent and reliable frequency measurements. 

Experiments have been performed with (combinations of) the following slat types: 96x47mm 
timber slats ( or positioned on its si de); 49x22mm timber slats ( or positioned on its si de); one or 
two 017mm round timber slats; 6mm cardboard. 

Although the supports were expected to have a substantial effect on the damping, it was not 
expected to have significant effects on the frequencies. However, several comments can he made 
for the support detailing appears to have a major influence on the fundamental frequency, which 
has been varying from 17.0 to 22.1 Hertz for the same test object. Findings are reported below. 

During a lot of tests oscillation was occurring. Oscillation is caused by two or more fundamental 
frequencies located very close to each other. Because of these vibration modi being so close to 
each other, the modi tend to enhance and damp each other creating an oscillating vibration. 
Oscillation is generally considered very disturbing and should he avoided at all times. An example 
of oscillation is given in Figure 26. 

1 }, -r. 
Time (s) 

Figure 26: Example of oscillation. 

There appear to be several causes for oscillation to occur, which makes this a very difficult phe
nomenon to tackle. The following causes have been identified: 

• Oscillation seems to he occurring when the beam is supported by a relatively wide slat. An 
explanation might he that the beam is using both ends of the slat for its span length. This 
is illustrated in Figure 27. When using cardboard at the contact surface of the support this 
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is evened out and therefore no Jonger occurring. This explanation is not supported by the 
fact that a 47x96 slat produces one frequency peak and a 49x22mm slat produces two peaks. 
Also the support using two 017mm round slats with a distance of 96mm at each support 
produces only one frequency peak. This cause of asciilation can be tackled using a relatively 
smal! width of the supporting slat. 

Figure 27: Possible cause of oscillation. 

• The contact surface of the slat is not perfectly supporting along its support line due to imper
fections in the test object or supporting slats. Oscillation occurred when minor imperfections 
like a grain of sand, nail or stapJe was located on the contact surface. 

• The test object is slightly warped torsion-wise. This can be tackled by using wedges. 

• The supporting slat is slightly warped torsion-wise. This can be tackled by using wedges. 

• The supporting slat is slightly bend and therefore acting as a smal! beam on two points 
itself. This can be tackled by carefully planing the supporting slats. Even a hardly visible 
deformation can disturb the measurement. 

• The contact surface of the supporting slat and test object is not perfectly flat, therefore 
making contact on two or one points instead of a surface. The may allow the test object to 
'wobble'. This can be tackled by planing the slats or using wedges. 

• The supporting steel structure vibrates horizontally. Apparently the horizontal vibration of 
the steel structure interferes with the vertical vibration of the test object. A measurement 
of this horizontal vibration is included in Figure 28. Here, the green curve represents the 
acceleration of the test object, the red curve the vertical acceleration of the supporting steel 
structure and the blue curve the horizontal acceleration of the supporting steel structure. 
Vibration of the supporting structure cannot be tackled, but the transferal of the vibration 
onto the test object is tackled by using a relatively low smal! width to height ratio of the 
supporting slat. lt is attempted to enhance the steel structure with horizontal struts, but 
no impravement was gained. 

Deliberately adjusting the supporting slat in a position where its no Jonger perpendicular to the 
test object, but supports under an angle, has no effect on the natura! frequencies. 

Connecting the load device deliberately off-center has no effect on the natura! frequencies. 

When the test object is not making contact with the supporting slat over the full width of the test 
object, an irregularity occurs in the vibration. This is shown in Figure 29. A poor contact can be 
improved using a wedge, using a soft contact material like cardboard or increasing the weight of 
the test object. 
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Figure 28: The steel support structure (blue curve) is interfering with the vibration of the test 
object (green curve). 

Sometimes a jump in frequencies of up to 3 Hertz between measuring the same set up on different 
days. Variation occurred both upwards and downwards. It is expected that slightly different 
positioning on the slats (and its imperfections) caused these differences. 
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Figure 29: Irregularity occurring when the test object and support are not in good contact. 

The frequencies acquired with the Fast Fourier Transformation of Lab VIEW and the Fast Fourier 
Transformation of MATLAB appear to produce slight differences in the order of up to 1 Hertz. 
When examining measured data of several tests by hand, the MATLAB FFT appeared more 
reliable. 
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Measuring the flexural and shear rigidity 

To test the analytic model which has been obtained and explained in the previous sections, five tim
ber 1-joists were tested. The five joists were provided by the timber supplier De Groot Vroomshoop. 
The joists are produced by the company Steico and are of the type Steico Joist SJ 60-240 with a 
lengthof 4 meter, a characteristic cross-sectionis given in Figure 30. The technica! properties are 
provided by the technica! guide [14] and presented in Table 10. 

STElCOjoist S.l 45 ~I SJ60 ~I SJ90 -1 Wlttl 8 mm 1hid< structural 

flbn!board - for h~ 

~· 
shNr appli<atlons "' , ÇI 

......!L. .....J!L.. 

Figure 30: Steico joists [14]. 

Table 10: Technica! properties of the SJ 60 joist [14]. 

Property 
Flange b * h 
Depth H 
Web thickness t 
Weight 

Value according to [14] 
60 * 40 mm 
240 mm 
8mm 
3.9 kg/m 

Measured 
59 * 39 mm 
240mm 
8mm 
± 4.2 kg/m 

lt must he noted that the test objects have been in the Iabaratory for a couple of weeks. No 
effort has been put in stahilizing or measuring air humidity or temperature for it was expected 
the rigidity properties would hardly alter over just a couple of days in laboratory. 

The elastic characteristics of isotropie materials can he described on the bases of two independent 
parameters: the relationships between the modulus of elasticity E and shear G are directly linked 
together. For timber is an anisatrapie material, and particularly composed timber beams such as 
1-joists, this relationship is no longer the case and both the Young's modulus and shear modulus 
must be determined separately. Brandner et al. [16] have evaluated several standardized testing 
procedures for measuring the moduli of timber beams. Although several methods can he used for 
simple beams, in the case ofthe 1-joists it was in the interest ofthis study to measure the combined 
shear rigidity of all composed parts in the joist, not only the web. According to Brandner et al. 
[16] measurement of shear defiections during standardized 4p-bending tests according to EN 408 
enables enlarged knowledge of tested beam and may refiect robustness in case of consideration of 
constraints concerning size and material inhomogeneities. This is believed to he the case for the 
1-joists. Although they warn for a relatively large margin for error this test has been chosen to 
determine theelastic (EI) and shear rigidity (kG A) of the beams. Note that due to the composed 
nature of the I-joist, the interest of this test lies in the rigidities of the entire cross-section, not 
the material properties E and G. 

Hayes [15] explains the 4 point bending test which is referred to as the variabie span method as 
follows. The basis of the test is the appropriate Timoshenko equation. For the tests a four point 
bend test with loads applied at the third points is used. The Timoshenko equation becomes [15]: 

23PL3 PL 
61 = 648EI + 3kGA 

(76) 
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During the tests the mid point deflection 61 is measured. Multiple bending tests at different 
spans are run for each beam. Each test generates an additional Timoshenko equation with two 
unknowns, EI and kGA. Known variables are the force P, the length L and the measured 
deflection 61 . Theoretically, only two span lengtbs are required to solve for the two unknown 
stiffness parameters, but additional tests are normally run to reduce the error. If the Timoshenko 
equation is modified by dividing by P L3 , then the equation can be interpreted as being that of 
a line, with 1/ L2 being the independent variabie on the horizontal axis and 61/ P L3 being the 
dependent variabie on the vertical axis. Eq. 76 becomes: 

61 23 1 1 
PL3 = 648EI + 3kGA L2 (77) 

The deflection quantity 61/ P L3 can be plotted versus 1/ L2 for different tests run at different 
spans, L. The slope of a fitted line will be proportional to the kGA and the intercept will be 
proportional to the EI. A concept of such a plot is illustrated in Figure 31. 

23 
648EI 

1 

JkGA 

Figure 31: The variabie span metbod used to calculate kG A. Slope and intercept quantities shown 
are for four-point bending with loads applied at the third points [15]. 

Additionally, for there was a warning for possible scattered results, the setup was used for a 
second measurement todetermine the flexural rigidity EI. Here a relative mid point deflection 62 
is measured in the middle part of the tested joist where it is only loaded with pure bending. The 
EI can be obtained using: 

(78) 

A concept sketch and pictures of the setup of the four point bending test are given in Figures 32 
and 33. 
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Figure 32: A sketch of the 4 point bending test. §1 is the absolute mid point deflection, §2 is the 
relative deflection in a segment L 0 located in the pure-bending part of the 4 point bending test. 

(a) Overview (b) Loads and sensor positioning 

( c) Sensor set up (d) Load introduetion 

Figure 33: Four point bending test. 
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In 25 tests the five I-joists have been tested for five different setups. For each test setup the span 
length Land the third points L/3 have been altered so that Eq. 77 could be used. To avoid local 
disturbance at the load introduction, the loads are introduced via a small steel plate at all four 
points. For all tests the load has been slowly applied up to approximately P = 2kN, which is 
well under the maximum load. The load has been applied controlled by a constant deflection per 
unit of time. During all tests all test objects have shown perfectly linear behavior. For the use of 
Eq. 78 the lengthof L 0 has been set to 510mm and its connections tothetest object were free to 
rotate and slide. 

An example of the measured results is shown in Figure 34. It takes a moment forthetest object to 
have full contact with the laad introduetion points. The contact is made at a load of about 0.5kN, 
which is approximately the mass of the leveler. Thereafter a linear behavior between deflection 
and laad occurs. Trend lines on the linear part are added. For all tests the values of R2 of the 
trend lines were over 0.99. The derivative of the trend lines then represent the value of respective 
2P/§1 and 2P/§2 neerled for further use in Eq. 77 and Eq. 78 . 

• 1 
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Figure 34: Measured deformations §1 and §2 of the four point bending test of one of the I-joists. 
Linear Trend lines are used to estimate the slope of the force-deformation curves. Test id ijoist1-
121. 

The five results per I-joist are rewritten into §j(PL3 ) are plotted for 1/L2 in Figure 35. In this 
plot can be seen that for all five I-joists the results are lined up quite well well. The measurements 
from §1 are therefore considered good enough to be used for determining the rigidity properties. 
Using Eq. 77 the appropriate values for the EI and kGA propertiescan be obtained. 

Measurements from §2 however produced some scattered values for the bending stiffness EI for 
I-joists 4 and 5. Therefore, next to the methad of Eq. 78, the bending stiffness is also obtained 
from the methad of Eq. 77. The obtained bending stiffness of both methods are graphed in Figure 
36. As can beseen there is a considerable gap between the results for I-joists 4 and 5. Because the 
measurements from §2 produced more scattered values for the bending stiffness, only the obtained 
stiffness from measurements of §1 is used. All stiffness values are tabled in Table 11. 
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Figure 35: Results of the 4 point bending tests for the four 1-joists. 
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Figure 36: Bending stiffness (in Nm2 ) obtained from bath methods compared. Considerable 
differences are found for 1-joists number 4 and 5. 
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Table 11: Measured flexural and shear rigidity values 

1-joist EI in Nm2 kGA in MN 
1 5.97e5 2.64 
2 6.34e5 2.70 
3 6.43e5 3.05 
4 6.74e5 2.38 
5 7.30e5 2.15 

Expected results 

In the previous subsection the rigidity properties have been measured. These have been summa
rized in Table 11. The mass of each 1-joist have also been weighed and given in Table 12. The 

1-joist 
1 
2 
3 
4 
5 

Table 12: Measured mass 

min kg 
16.59 
16.96 
16.84 
16.74 
16.88 

pA in kg/m 
4.15 
4.24 
4.21 
4.19 
4.22 

1-joists are supported by tirober slats of 17x38mm. The wood type of the slats either spruce or 
ayous6 . The spanlengthof the 1-joist is considered from center to center of the slats on either 
side, i.e. L = 3.983m. Now all parameters have been obtained, the fundamental frequencies can 
he predicted using the two expressions obtained in the theory section (Eq. 30 and Eq. 55) , which 
are shown here again: 

1f{EI 
/J.EI = 2VPAf7 (79) 

1f[EJ 
h.ei&kGA = 2 V PAiJ 

l 
(80) 

The predicted frequencies are tabled in Table 13. As can he seen there is a considerable gap in 
Hertz between the two models. 

1-j i l 
1 
2 
3 
4 
5 

Table 13: Predicted frequencies 

37.55 
38.29 
38.70 
39.73 
41.17 

rtz 

6 A softwood from central Africa known for its few imperfections. Botanie name is Triplochiton scleroxylon. A 
picture of the slatsis given in Figure 37. 
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Measuring the frequencies of the timber 1-joists 

The 1-joists have each been installed separately to measure the accelerations from which the funda
mental frequency, and possibly more frequencies , have been obtained. For it has been found that 
support irregularities or imperfections can easily cause disruptions in the vibration performance of 
the test object, extreme care has been put into the supporting slats. Two series of slats have been 
created with cross-section width x height of 19x38mm. The slats have all been carefully planed. 

• Spruce slats with some knot irregularities. The test object has been positioned on five 
locations on the slat for both a normal and an upside-down positioning of the slat. The 
10 test positions have been used to check whether the knot irregularities would have any 
influence. 

• Ayous slatsof near perfect timber quality. The width of the slat has been varied (8, 16 and 
24cm) to check whether the supporting width would have any influence. Again the slats 
have been positioned both normal and upside-down for a total of 6 tests. 

A picture of the slatsis added in Figure 37. 

Figure 37: Supporting slats. 
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An example of the measured acceleration and its Fast Fourier Transformation is given in Figure 
38. Because some experience with poor measurements bas been gained in the previous subsection, 
each of the tests bas been subject to some checks to verify quality of the measurement. The 
acceleration response shows a smooth decay of the vibration. No oscillation and no irregularities 
are occurring. The frequency spectrum (i.e. the FFT) is showing a single sharp peak at the 
fundamental frequency. These are all indicators of a good quality measurement. If irregularities 
occurred, the setup was cleaned and repositioned to make sure good and valid results would be 
obtained. 

(a) Acceleration response 

F~(Hz) 

(b) Fast Fourier Transformation 

Figure 38: Example of the acceleration response and Fast Fourier Transformation of an test 
performed on an 1-joist. Test id ijoistl-001. 

Each test object bas been repeatedly tested on different slat type and positions. The measured 
frequencies are shown in Figure 39. 
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(a) Measured frequencies of joist 1 
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(d) Measured frequencies of joist 4 

( e) Measured frequencies of joist 5 
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Figure 39: Measured frequencies of the I-joists. 



The measured frequencies of all five 1-joists in Figure 39 show that, even though a lot of effort has 
been put in the slat detailing to avoid disturbance in the measurements, the measured frequencies 
are scattered for the setup with spruce slats. The variation is considerably large, for some test 
objects even over 3 Hertz. The measurements of the 1-joists supported by ayous slats are much 
more consistent. lt is expected that the low weight of the test objects is very unforgiving; even 
the slightest imperfection on the supporting slat is not ftattened out by the self-weight and then 
inftuencing the vibration test. Also, although carefully planed, a slight curvature in the spruce 
slats is noticed. Because the measurements from the ayous slat setup are considered more reliable 
and produce more consistent measurements, the tests with the spruce slat setup are ignored. The 
measured frequencies from the tests using the ayous slats are averaged and tabled in Table 14. 
A comparison is made with the predicted frequencies from Table 13 and grapbed in Figure 40. 

In Figure 40 the predicted frequencies are plotted against the measured frequencies. Both the 

Table 14: Averaged measured and predicted frequencies forthetest objectsin Hertz. 

1-joist 

1 
2 
3 
4 
5 

Measured !I 

34.97 
34.90 
36.51 
36.71 
37.78 

ot.l-0(1 

-
Predictions 

Predicted h.EI 

consiclering only bending 
rigidity 
37.55 
38.29 
38.70 
39.73 
41.17 

• 

Predicted h.EI&kGA 

consiclering both bending 
and shear rigidity 
34.94 
34.49 
36.04 
33.57 
37.85 
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Figure 40: Predicted fundamental frequencies of the tested 1-joists plotted against the measured 
frequencies. Both the predictions from the Euler beam model ( only bending rigidity) and the 
Shear beam model (both bending and shear rigidity) are plotted. 
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predictions from the Euler beam model ( only bending rigidity) and the Shear beam model (both 
bending and shear rigidity) are plotted. 

Like in Figure 11, all predictions using the Euler beam model {which is used in the Eurocode 5) 
are considerably higher than the measured values. The predictions using the Shear beam model 
are much better, three out of five even nearly perfect. Two out of five predictions using the 
shear beam model are considerably lower than the measured value. Although the inaccuracy is 
undesired, the inaccuracy lies now in under-predicting the frequency which can he interpreted as 
conservative or safe compared to over-predicting. 
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Analyzing vibrations of a floor constructed with timber 1-joists 

After testing the live 1-joists separately a fioor has been constructed with the joists and a deck 
consisting of 18mm particleboard. The 1-joists are spread even over the width of the plate with a 
spacing of 584mm. The order of positioning of the 1-joists is 1-2-5-4-3 (Figure 41) . The joists are 
positioned on the same ayous slats as used for the individual 1-joist tests. The deck is screwed to 
the joists using 4x40mm screws approximately every 300mm. The fioor deck has a width x length 
of 2.34x3.98m. The deck has a measured mass density of 701kg/m3 . All properties are averaged 
and tabled in Table 15. Stiffness properties of the deck is about a factor 102 lower than of the 
joists and is therefore ignored. 

Figure 41: Joist numbering. 

Table 15: A veraged properties of the tested fioor. 

Property 
L 
Efjoists 

kGAjoists 

pAjoists 

tdeck 

Pdeck 

ffitotal 

A veraged for 1 meter width 
3.98m 
1.44e6Nm2 

5.67MN 
7.37kg/m 
18mm 
701kgjm3 

22.49kg/m 

With these properties the following fundamental frequencies can be predicted: h,EI = 25.04 Hertz 
and h,EI&kGA = 23.27 Hertz. 

Many tests have been performed to gain understanding of how such a fioor structure is vibrating. 
The following setups have been varied: 

• Location of the accelerometers; 

• Relocating the load to an aff-eenter joist; 

• lncreasing the stiffness perpendicular to the span direction; 

• lntroducing rubber mats under the ayous slat supports; 

• Several heel-drop tests; 

• Pedestrian load. 
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Since only one test floor has been tested, hardly any quantitative conclusions can he drawn. In 
this subsection it is attempted to gain understanding of how the vibration modi are occurring 
and interacting. To give an idea which vibration modi are expected to occur the floor has been 
modeled in the FEM model used in the previous section. These are shown in Figure 42. 

Vibration mode 1 Vibration mode 2 

I 

J 
(a) Mode 1. (b) Mode 2. 

Vibration mode 3 

(c) Mode 3. 

Figure 42: Expected shape modi of the first 3 natura! vibrations. 

60 



..,... 
Magnitude(·) 

Tlme(s) 

(a) Acceleration response 

T 

I 
I 

_..--....-'-·! 

i. 

Frequoncy (Hz) 
" 

(b) Fast Fourier Transformation 

Figure 43: Acceleration responses of the accelerometer positioned at mid-span on joists 5, the 
center joist. Test id ijoistHoor-033. 

Figure 43 shows a measurement which can be considered representative for the Hoor and will be 
used as a base measurement for comparison with altered tests. The accelerometer is positioned at 
the midpoint of the Hoor. 

The test shows the vibration response is affected by higher vibration modi which are interacting, 
causing oscillation. Those higher vibration modi are identified in the FFT: the first three natural 
frequencies located very close to each other in the range of 23 to 30 Hertz. 

Figure 44 shows a measurement where the three accelerometers are positioned at 1/4, 2/4 and 
3/4 on the center joist. This test would show the occurrence of any higher vibration modus in 
the span direction. However, the three signals are identicaL Higher order vibrations must thus be 
occurring in the transverse direction. 

Next the test Hoor is stiffened in the transverse direction using two solid tirober beams (spruce). 
Stiffening the transverse direction should help identifying the vibration modi in the FFT diagrams. 
The solid beams have cross-section sizes width x height 45 x 70 mm. The added weight is 
approximately 4 kilograms per beam. The beams are located at approximately 200mm from mid 
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Figure 44: Acceleration responses of three accelerometers positioned at 1/4, 1/2 and 3/4 length 
of joist 5. Test id ijoistfloor-014. 

span. The beams are connected to the floor using screws at the intersections with the joists. 

The beams are first connected on top of the deck, as if the deck thickness is locally enhanced. 
The FFT of this test is shown in Figure 45b. The FFT can be compared with the one from 
Figure 43 (which is given again in Figure 45a), which was considered representative for as a base 
measurement. The addition of transverse stiffness has caused two identifiable changes. The first 
natural frequency is slightly lower, which can be explained by the slight increase in vibrating mass. 
The third natural frequency is clearly higher. 

Next the beams are connected below the floor onto the bottorn side of the I-joists. Because now 
not only the top but also the bottorn side of the I-joists are (locally) connected, the transverse 
stiffness is even further increased. The FFT of this test is shown in Figure 45c. The first and 
second natural frequencies seem unchanged. The third natural frequency has clearly increased a 
few Hertz. 

In Figure 46 a measurement is shown of the last test setup (added beams in transverse direction 
at the bottorn side of the I-joists) but with alternate loading. Instead of loading the test object 
with the drop device at the mid-floor position (under joist 5), now the drop device is attached aff
eenter (under joist 4). In the FFT the first natural frequency seems unchanged. The second natural 
frequency seems unchanged but much more dominant due to the off-center loading. Remarkably, 
the third natural frequency has almost disappeared. 

When interpreting these results with help of the predicted shape modi from ANSYS in Figure 42, 
the following conclusions can be drawn: 

• Transverse stiffening has no effect on the first natural frequency. 

• Transverse stiffening has no effect on the second natural frequency. Apparently the half sine 
curvature is of this vibration mode is hardly affected. 

• Transverse stiffening has an identifiable effect on the third natural frequency. The full sine 
curvature of this vibration mode now requires more energy and thus a higher frequency to 
be shaped. 

• Although multiple natural vibration modi can be identified, it is possible that not all are 
activated. 
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(b) Stiffness enhanced by two beams on top of the deck in the transverse direction. Test id 
ijoistfloor-053. 
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(c) Stiffness enhanced by two beams below the joists in the transverse direction . Test id 
ijoistfloor-0.5 7. 

Figure 45: Three Fast Fomier Transformations~hich show the effect of stiffening the transverse 
direction on the natura! frequencies. 
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(a) FFT of the fioor loaded at the mid-point of the fioor (joist 5). Test id ijoistfioor-057. 
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(b) FFT of the floor loaded at an oli-eenter position (joist 4) _ Test id ijoistfioor-058. 

Figure 46: Fast Fourier Transformation of the acceleration response of joist 5 when loading the 
test object at mid-span on joist 4 insteadof 5 (off-center). The stiffness in transverse direction is 
enhanced by two beams connected to at the downside of the 1-joists. 
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Although not tested, consiclering these results a considerable increase can be expected for all natural 
frequencies once the free edges of the ftoor are supported . 

. ,. --------.---------.---------------------------~ 
vibratlon damped out 
after - 2_2s 
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(a) Undamped. Test id ijoistfloor-033. 
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(b) Damped. Test id ijoistftoor-047. 

Figure 47: Acceleration response of an accelerometer positioned at mid-span on joists 5. In this 
test rubber mats are added under the supporting ayous slats to increase damping. 

Figure 47 shows a messurement where the damping in the supports is incressed. This is done 
by adding rubber mats of approximately 1.5 m.m thickness under the ayous slats. The rubber 
material is ideal for energy absorption. When compared with the undamped base messurement 
the increased damping is clearly visible in the acceleration signals. Without rubber mats the 
vibration is almost damped out after approximately 2.2 seconds. With the rubber the vibration is 
almost damped out after approximately 1. 7 seconds. This shows that a minor addition of rubber 
mats can improve the damping and therefore vibration performance considerably. 

Figure 48 shows a messurement where the accelerometers are positioned on three adjacent joists: 
the center joist 5, the adjacent joist 4 and the outside joist 3. When zoomed in on the first four 
waves the propagation of the vibration beoomes visible. After the center joist (green) is reacting 
to the release of the load it takes a small delay before the adjacent joist 4 is acting, and another 
delay before the second adjacent joist 3 is acting. The delay of the propagation can he explained 
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(b) Acceleration response, zoomed in at the first four waves 

Figure 48: Acceleration responses of three accelerometers positioned at mid-span on joists 5, 4 
and 3. This test shows the propagation of the vibration from the central joist 5 (green curve) onto 
the adjacent joist 4 (red curve) and finally onto the second adjacent joist 3 at the edge ofthe floor 
(blue curve). Test id ijoistfloor-005. 
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by the deformation of the decking materiaL 

. "· 
I 
4~~-------+.--------~--------..---------T--------7". 

Accelerllllon (V) 

Tlme(s) 

(a) Acceleration response 

5 

Tlrnt (sl 

' "" 

(b) Acceleration response, zoomed in at the first four waves 

Figure 49: Acceleration responses of three accelerometers positioned at mid-span on joists 5, 1 
and 3. This test shows the propagation of the vibration from the central joist (green curve) and 
the two outer joists 3 (red curve) and 1 (blue curve). Test id ijoistfloor-007. 

Figure 49 shows a measurement where the accelerometers are positioned on the center joist 5 
and the two outer joists 1 and 3. When zoomed in on the first four waves the propagation of 
the vibration becomes better visible. The two outer joists are activated almost simultaneously. 
However, after the first wave the vibrations differ. This can he explained by the imperfections 
and differences between the joists which makes the floor unsymmetrical. So although symmetrical 
waves might have been expected from anideal floor, the small differences cause the local variation. 

Figure 50 shows a measurement of a typical heeldrop on the test floor. The acceleration response 
clearly peaks at the impact of the heel-drop, but after the impact the vibration rapidly damps out. 
Note that the damping is now increased by the body of the test person performing the heeldrop. 

In Figure 51 a measurement is performed where a pedestrian was walking over the center joist. 
Startingat the edge of the floor, and thus close to the supports, the accelerations are relatively 
small. When progressing to mid span the accelerations become significantly larger. Each step is 
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Figure 50: Acceleration response of an accelerometer positioned mid span of joist 5. In this test 
a heel-drop has been performed at the floor center. Test id ijoistfloor-040. 

llme(s) 

Figure 51: Acceleration response of an accelerometer positioned mid span of joist 5. In this test a 
pedestrian load test has been performed over the spanlengthof the floor. Test id ijoistfloor-043. 
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looking like a heeldrop. Note that the vibration caused byeach step is almost completely damped 
out at the impact of the subsequent step. 

Conclusions based on the experimental analysis 

In this section five 1-joists have been tested in the laboratory to investigate whether including 
shear rigidity in the prediction of the fundamental frequency has any effect on the accuracy of the 
prediction. Using the same five 1-joists and partieleboard a floor has been constructed to analyze 
the higher vibration modi in a floor. 

First the effect of support detailing on the vibration behavior is investigated. Although the 
supports were expected to have some effect on the damping of the vibration, it appeared to have a 
significant effect on the vibration as well. A vibrating beam proved to be extremely easy disturbed 
by any imperfection at the supports. Even when extreme care was put into perfecting the supports 
disturbance could occur. The disturbance caused by the supports affect the natura! frequencies of 
the test object. The disturbance can be identified when oscillation or high frequency noise occurs 
in the acceleration response. The best setup was acquired when using planed ayous slats which 
show hardly any imperfections. 

The mass, bending and shear rigidity of the 1-joists have been obtained using a four point bending 
test. Using the measured properties the fundamental frequency has been predicted. 

The fundamental frequency of each 1-joist has been measured several times and averaged. The 
measured frequencies have then been compared with the predicted frequencies, see Figure 40. The 
predictions which account for both bending and shear rigidity are better than the predictions 
which account for only the bending rigidity. 

A floor has been constructed using the 1-joists. The first three vibration modi have been iden
tified and described. All higher vibration modi are occurring in transverse direction. Increasing 
the transverse stiffness seems only to affect the third ( and probably all higher) vibration modi. 
lncreasing the transverse stiffness has thus no beneficia! effect on the fundamental frequency. How
ever, it is expected that supporting the free edges of the floor (i.e. creating supports along all four 
si des) will be very beneficia!. 

The vibrations in a floor is propagating between adjacent joists. Although a floor may seem 
symmetrical, no symmetrical behavior occurs due to small differences and imperfections. 
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8 Summary and recommendations 

Lightweight floors, such as timber floors, are becoming more commonly applied in residential 
buildings. For such floors the dynamic aspects of the serviceability criteria become more important 
because the light weight and high stiffness material is easily put into vibration. Of interest to this 
study are the low frequency vibrations up to 40 Hertz which can be feit by occupants. 

A common dynamic load on residential floors is pedestrian load. The footstep force generated 
by walking comprises of two components: the short duration heel impact of each footfall and the 
continuous series of footsteps consisting of a wave train of harmonies up to approximately 8-10 
Hertz. The dynamic analysis has toregard the consequences of both the impact (semi-statie) and 
the harmonie load ( dynamic). 

Vibration basics learn us that vibration performance depends on the frequency ratio (between a 
natura! frequency of the floor and the pacing frequency of the harmonie load) and the damping 
of the structure. A frequency ratio close to unity wil! cause resonance, which is very annoying for 
occupants and must be avoided at all times. Damping is a representation of the efficiency of a 
system with which it dissipates the energy input. The damping mechanic in timber structures is 
frictional in nature. The working of the imperfections in the timber material itself, its connections, 
furniture, etc. dissipate the energy. The damping mechanic can be approximated very wel! by a 
viscous damping model. The working of imperfections is however very unpredictable and cannot 
be used as a design tooi to improve vibration performance. 

The frequency ratio can be predicted much better. We already know that the pedestrian load con
sistsof harmonies up to 8-10 Hertz. Lightweight floor structures, like timber fioors, generally have 
the fundamental frequency around 10-30 Hertz . To avoid vibration annoyance the fundamental 
frequency of a lightweight floor must be kept as high as possible. 

The Eurocode 5 provides designers with three design tools to avoid vibration annoyance in timber 
residential floors . To tackle the semi-static heel impact a maximum static defiection is required . 
For the harmonie load a limit is required for the impulse velocity response. The impulse velocity 
response is a highly theoretica! parameter which raises many questions and cannot be measured. 
The theoretica! validity cannot be confirmed in this report. For the impulse velocity response 
provides a questionable parameter which cannot be verified, it is recommended that the impulse 
velocity response is removed from the Eurocode 5. 

The Eurocode 5 also requires a minimum fundamental frequency of the timber floor structure to 
avoid the frequency ratio getting near unity. lt provides the following expression to predict the 
fundamental frequency: 

(81) 

The expression gives the designer the possibility to alter span length, bending rigidity or mass 
properties in order to modify the fundamental frequency. 

The frequency prediction model has been applied on test data consisting of fioors constructed with 
timber 1-joists and fioors constructed with solid timber joists. The test data were acquired from 
Weckendorf [4] and Ohlsson [6]. While the prediction of the fundamental frequency was acceptable 
for the floors with solid timber joists, it was unacceptable inaccurate for all floors constructed with 
timber 1-joists. All frequency predictions were higher than the measured frequencies, with errors 
up to 40% compared with the measured frequencies . For vibration performance of lightweight 
floor requires a minimum fundamental frequency - and generally higher fundamental frequencies 
are favored - this may lead to unexpected occupant annoyance. An impravement of the frequency 
prediction of floors constructed with 1-joists is needed. 

To improve the frequency prediction model a theoretica! analysis has been performed to identify 
possible causes for the over-prediction of the fundamental frequency of 1-joists. Shear distortion, 
rotary inertia and support rigidity were included in a simply supported beam model. The new 
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found prediction models were again tested and compared with the test data. A considerable 
improvement was found when shear distortion was included. The following expression prediets 
the fundamental frequency much more accurate: 

(82) 

The newly found prediction model had yet to he verified by own results. First step was to build 
a Finite Element Model to check whether the activation of shear distortion would in fact decrease 
the fundamental frequency as predicted by the model. The predictions proved to he spot-on for a 
simple beam element representing an 1-joist. When modelinga smal! floor inaccuracies remained 
compared with measured values, which indicate that there are more factors influencing on the 
natura! frequencies. 

Next five timber 1-joists were tested in the laboratory. Mass, bending rigidity and shear rigidity 
have been carefully obtained for each of the joists. The joists have each been set up in a two sicled 
simply supported beam setup. With accelerometers the vibration response has been measured. 
Using a Fast Fourier Transformation on the acceleration measurement the fundamental frequency 
could he obtained. 

During the frequency measurements it is found that the natura! frequencies are extremely sensitive 
to support imperfections. A slight imperfection, sometimes hardly visible, can throw off the test 
result by several Hertz. Therefore a lot of care has been put in creating a reliable support for the 
frequency tests. However, in building practice this will not he possible. Further research on support 
detailing applicable in the building practice and providing consistent vibration performance is 
advised. 

The measured and predicted frequencies of the five 1-joist test objects are shown graphically 
in Figure 52. Three out of five predictions from the model including both bending and shear 
distortion (Eq. 82) are very accurate. The other two test objects showed considerable higher 
fundamental frequencies than predicted with the shear model. All predictions accounting only 
for bending rigidity are over-predicting by a large margin. Due to the desired minimum for the 
fundamental frequency, over-predicting it can he considered unsafe. 

The FEM analysis and, although limited, laboratory tests in this research project have shown that 
shear distortion has a considerable effect on the fundamental frequency for beams with composed 
cross-sections. An update of the frequency prediction model in the Eurocode 5 consiclering beams 
with composed cross-sections, for instanee Eq. 82, is therefore advised. 

Lastly the five 1-joists were constructed with a timber deck into a floor structure. When aver
aging the floor properties for use in a beam model the prediction of the fundamental frequency 
accounting for shear distortion appears to he fairly accurate, but no conclusions can he drawn. 
Vibration responses from a floor prove to he much more difficult to comprehend. At least 4 nat
ura! frequencies below 40 Hertz were identified. The higher vibration modi are occurring in the 
transverse direction as predicted with the FEM model. The propagation of the vibration from the 
loaded joist onto the adjacent joists has been made visible. 
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Figure 52: Measured and predicted frequencies of the I-joists. 
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A Understanding the impulse velocity response 

Insection 3 the impulse velocity response as used in the Eurocode [1] is discussed. In this appendix 
the origin and forming of the expressions used by the Eurocode are explained. 

Ohlsson [5] explains the impulse velocity response by first determining the initia! velocity at a point 
of application of an idealized impulse load. The most critica! position to obtain the maximum 
value for the velocity response is used. Ohlsson presents the following expression for the maximum 
velocity as a reaction to an idealized impulse force of F times t. 

00 2 

hmax =Ft L ifin 

n=l mn 
(83) 

Where Ft is the impulse force which equals 1, if! is the shape function and mis the vibrating mass. 
In the Eurocode this expression has been rewritten into two expressions, Eq. 84 and Eq. 85: 

(84) 

(85) 

Where hmax and Vmax are different symbols the same impulse velocity response. This transfor
mation from Eq. 83 to Eq. 84 will be analyzed with help of the workof Ohlsson [5] [6]. 
For a floor, a deflection function u(x, t) is introduced. This function is the product of a position 
dependent shape function !f!(x) and a time dependent vibrating function z(t). From the SDOF 
analysis a standard function for z(t) is assumed: 

u( x, t) = !f!(x)z(t) = if! ( f sin(wt + cp)) (86) 

With F the initia! force in N, k the stiffness in N/m, w the frequency in 1/rad (and w = ,jk{m), 
m the mass per unit of length in kg, t the timeins and cp the initia! phase condition. Velocity is 
derived: 

v(x, t) = ip(x) :tz(t) = if! ( f{f cos(wt + cp)) (87) 

Only the maximum velocity is of interest, therefore the cosinus equals 1. 

v(x, t)max = if! ( f ff) = ipF k~ (88) 

Using Newton's second law F =ma (or N = kg(m/s2
)), the term J1/km can be rewritten: 

(89) 

Ft<p 
max = (90) 

m 

Which looks a lot like Eq. 83. The appearance of the squared shape function in Eq. 83 is unclear. 
The summation in Eq. 83 is used to sum up the velocity contributions for each shape function. 
For an infinite analysis of all shape functions is hardly possible, Ohlsson proposed to cap this to 
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all modes under the frequency of 40 Hertz. This is symbolized by the number N40 . Continuing 
from Eq. 83, we have now: 

N•o 2 

Vmax =Ft L 'Pn 
n=l mn 

mn represents the vibrating mass of the ftoor. The vibrating mass can be calculated using: 

m =mol~ (t.p(x, y)fdydx 

(91) 

(92) 

Where m0 represents the constant mass per unit of area. Consiclering a shape function of a simply 
supported plate: 'Pm,n(x, y) = sin(1rmx/ L) sin(1rnyj B), Eq. 92 has a very simple solution for 
every shape mode m and n: 

LB 
m=mo4 (93) 

Note that the expression for vibmting mass is based on a Jour side supported plate with constant 
mass per unit of area .. This is not the case for most timber ftoors . The vibrating mass of a simply 
supported beam for instanee is m 0L/2. 
The Eurocode chooses to increase the vibrating mass with a portion of the body mass of a pedes
trian, which is approximated by 50 kilograms. Eq. 91 becomes: 

4 N4o 

Vmax = Ft m LB + 200 L t.p~ 
0 n=l 

(94) 

The number N40 is obtained by rewriting the simplified expression for predicting natura! frequen
cies in orthotropic plates, Eq. 15. Values for the second square root in Eq. 15, 

1 + ( 2n2 ( ~) 2 + n4 ( ~) 4 ) ~, can be plotted as a function of the modal number n . This can 

be solved to obtain an expression for N40 : 

0 
(95) 

(96) 

Which has been simplified in the Eurocode into Eq. 85. What happened to the two neglected 
terms, and why these terms are neglected, is unclear. For the Dy << Dx, it seems reasonable that 
the ratio Dy/Dx is neglected. However, the ratio (B/L) 2 might be quite large for ftoors which 
span in the shortest span direction, which is usually the case. Therefore it is quite common that 
the width of the ftoor is larger than the span length, B > L, making the ratio inftuential for the 
determination of N4o · 
Work by Chui, Hu and Onysko [13] revealed that, while fundamental natura! frequency of a two
way ftoor system can be calculated with a certain degree of accuracy, prediction of higher natura! 
frequencies is not as accurate, even with the use of complex mathematica! models. This raises 
serious doubts about the accuracy of the simplified procedures for calculating N40 and the peak 
velocity. 

Consiclering the summation of squared shape modi is rather complex, Ohlsson proposed an ap
proximation. The approximation is basedon the following approach: the most ftexible point (x,y) 
is the point where the sum of the squares of the shape mode functions (for modes n < N40 ) at
tains its largest value. Inthespan direction (which is the most stiff), only the first vibration mode 
is of interest. Higher vibration modi occur only in the transverse direction (which is much less 
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stiff). The most flexihle point (x,y) is thus located somewhere at the half span line, x = L/2. In 
the transverse direction the most flexihle point depends on the shape modi helow the considered 
40 Hertz frequency. Consirlering a shape function of a simply supported plate (along all sides), 
cp1 ,n(x, y) = sin(1rx/ L) sin(mry/ B), the sum canthen he written as: 

N4o N40 

L (cpn(L/2, y))2 
= L (sin(n1ry/ B))2 (97) 

n=l n=l 

Eq. 97 is plotted in Figure 53 for several values for n. As the numher of participating modes N40 
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Figure 53: Sum of the squares of shape mode functions <p for increasing numhers of n. 

increases, the most flexihle position on the transverse axis gradually approaches one of the short 
sides, which Ohlsson claims to he the case in actual floors. Ohlsson approximates this summation 
hy the following linear expression: 

N4o 

L <p; ~ 0.4 + 0.6N4o (98) 
n=l 

This condurles the forming of the expression to predict the impulse velocity response used hy the 
Eurocode, Eq. 84 and Eq. 85. In this Appendix several douhts are raised: 

• The appearance of the squared shape function in Eq. 83 is unclear. Therefore the validity 
of the expression used todetermine an impulse velocity response is unclear. 

• The vihrating mass is hased on a four side supported plate with a constant mass per unit of 
area, which is usually not the case for timher floors. 

• The determination of the numher N40 is hased on a four side supported orthotropic plate, 
which is usually not the case for timher floors. 

• In the determination of the numher N40 two terms are neglected. At least one of those is 
expected to have considerahle influence on the numher N40 . 

• Workof Chui, Hu and Onysko [13] raises serious douhts ahout the accuracy of the procedures 
for calculating N40 and the impulse velocity response due to the difficulties predicting higher 
natural frequency accurately. 

77 



B N ational Annexes on the Eurocode 

Several countries have modified the design codeintheir National Annexes [3] on the Eurocode 5 [1], 
or NA. In this chapter, the national annexes of the following countries will be reviewed: Austria, 
Denmark, Finland, France, Germany, Netherlands, Norway, Sweden and the United Kingdom. 

The National Annexes will be compared for the following criteria: the fundamental frequency, the 
point load deftection and the impulse velocity response. Figure 54 shows the recommended range 
of and relationship between parameters a (for the point load deftection) and b (for the impulse 
velocity response) by the Eurocode [1]. 
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Figure 54: Recommended range of and relationship between a and b by the Eurocode [1] . 

NA: Fundamental frequency criterion 

Table 16 summarizes the comments in the National Annexes on the fundamental frequency cri
terium in the Eurocode 5 [1], or EC5. 
The NA-Austria provides two specific design equations for 2 sicled and 4 sicled supported ftoors. 
However, the design equation for the 4 side supported ftoor is simplified. The NA-Austria also 
defines the participating mass as the quasi-permanent mass combination. 
The NA-Finland provides two specific design equations for 2 sicled and 4 sicled supported ftoors . 
Finland is using fairly accurate design equations which can be compared with Eq. 15. Finland 
defines mass as the sum of the self-weight of the ftoor and the quasi-permanent value of the im
posed load. The NA-Finland choses to increase the minimum fundamental frequency from 8 to 9 
Hertz. 

NA: Point load deflection 

The point load deftection criterion reflects the low frequency semi-static component of response. 
The criterion tests the deReetion under an load of 1 kN. The maximum deReetion is described by 
parameter a in mm/kN, which can be found in the National Annexes. Table 17 summarizes the 
comments in the National Annexes on the point load deflection criterion in the Eurocode 5 [1] 

The NA-Austria uses a standard beam design equation for the determination of the unit point 
load deftection. In this design equation a factor bt is included, which represents the participation 
width of the ftoor structure when loaded with a point load. Austria halves the parameter a when 
the structure might disturb adjacent structures. 
The NA-Finland has replaced the EC5 criteria, but also uses a point load deftection. Finland 
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Table 16: Comments in the National Annexes [3] on the fundamental frequency criterion in the 
Eurocode 5 [1]. 

A 

Base EC5 

Austria 

Denmark 

Finland 

France 
Germany 
Netherlands 
Norway 
Sweden 
United Kingdom 

Expression 

f -1!: ~ 1-2ymo: 

Little or no support in the transverse direction: 
EC5 

Four side supported ftoor: 

ft=~fi!i 1+(j)4(~) 

EC5 

2 side supported: 
EC5 

4 side supported: 

ft= ~{f!b 1 + (2 (~)2 + (j)4) (~~~) 

EC5 
EC5 
EC5 
EC5 
EC5 
EC5 
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ft> 8Hz 

EC5 

EC5 

ft> 9Hz 

EC5 
EC5 
EC5 
EC5 
EC5 
EC5 



Table 17: Comments in the National Annexes [3] on the point load deflection criterion in the 
Eurocode 5 [1]. 

NA Expression Criterion Parameter a (mm/kN) 

Base EC5 N/A wjF~a NJA 

Normally: 

Austria FL3 
EC5 

a= 1.5 
W = 4BEhbP When adjacent structures are disturbed: 

a=1 

Denmark EC5 EC5 a=4 

Minimum of: For L < 6m: 
FL2 

a= 0.5k Finland 8 = 42k EI 8JF ~a 8 
3 

L 
8- FL For L > 6m: - 4BsEh 

a=0.5 

France EC5 EC5 a= 1.3±0.3 
Germany EC5 EC5 N/A 
Netherlands EC5 EC5 a=1 

For floors with normal stiffness: 

Norway EC5 EC5 
a=0.9 

For floors with high stiffness: 
a=0.6 

Sweden EC5 EC5 a= 1.5 

For L < 4m: 

United Kingdom k J.t :..t .F l ... ~~ knmp EC5 a= 1.8 w- -
- ~J E/.JOI II I For L > 4m: 

a = 16500/ Ll.l 
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uses two expressions to determine a point load deflection of which the minimum value is to be 
used. One expression takes the transverse stiffness into account by the factor kó, the other takes 
the participation width into consideration by using the spacing of floor beams s. Finland uses 
different values fora forspan lengths below or over 6 meter. 
The NA-Germany does not mention any parameter but merely states that vibration behavior in 
floors should be assessed, without stating limits or design guide. 
The NA-Norway use a stiffness classification of normal and high to determine the maximum 
deflection, but definitions of these stiffness charaderistics cannot be found. 
The NA-United Kingdom uses a slightly more complex expression for determining the point load 
deflection. It only takes into account the joist stiffness Eljoist; therefore neglects the composite 
action between deck and joists completely. The factor kdist represents the participation width of 
the floor structure in transverse direction. The factor kamp takes the type of joist into account. 
Also the span length Leq can be slightly limited for end spans and internal spans of continuous 
joists. The United Kingdom uses a value for a which is depended on the span length for floors 
with a span length langer than 4 meter. 

NA: lmpulse velocity response 

The impulse velocity response criterion reflects the resonance dominated components of response 
for frequencies up to 40 Hertz. lt is the concept of the EC5 to limit the combination of the impulse 
velocity response and the unit point deflection, which has been illustrated in Figure 54. Table 18 
summarizes the comments in the National Annexes on the impulse velocity response criterion in 
the Eurocode 5 [1]. 

Table 18: Comments in the National Annexes [3] on the impulse velocity criterion in the Eurocode 
5 [1]. 

NA 

Base EC5 

Austria 

Denmark 
Finland 
France 
Germany 
Netherlands 
Norway 
Sweden 

United Kingdom 

Expression 

Eq. 18 
Eq. 19 

EC5 

EC5 
N/A 
EC5 
EC5 
EC5 
N/A 
EC5 

EC5 

Criterion 

V :S bfi(-1 

with ( = 1% 

EC5 

EC5 
N/A 
EC5 
EC5 
EC5 
N/A 
EC5 

EC5 with ( = 2% 

Parameter b 

N/A 

Normally: 
b ~ 100 

When adjacent structures are disturbed: 
b ~ 120 

b = 50 
N/A 

Corresponding Figure 54. 
N/A 

b = 120 
N/A 

b = 100 

Fora :S_ 1mm: 
b = 180- 60a 
Fora ~ 1mm: 
b = 160- 40a 

All National Annexes except the NA-Finland and NA-Norway use this criterion. The NA-Germany 
does notmention any parameter b. The United Kingdom uses a parameter b dependedon param
eter a, which is effectively depended on the span length of the floor. 
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C Determining support stiffness 

Translational support stiffness 

Translational springs are introduced at the supports. These are meant to model the flexural rigidity 
of timber supports, usually timber slats or beams loaded perpendicular to the grain. This analysis 
is partly based on [19], [18] and [20] . The translational support stiffness KT is approximated by 
Chui et al. [19], which is illustrated in Figure 55 and expressed below: 

F 
f< r=

d 
F/(b ) 

E upport = ódjd 

(99) 

(100) 

(101) 

With Esupport being the Young's modulus of the support, bis the width and s the lengthof the 

, 

Figure 55: Support with flexible translational movement [19]. 

contact area which is being loaded by the support force, and d is the height of the timber grains 
which are loaded. 

Note that both the contact area and the height are subject to interpretation. For now, contributions 
of the participating material next to the contact area are neglected and only the grains of the 
supporting slat or beam are considered compressed. 

Rotational support stiffness 

Rotational springs are introduced at the supports. The analysis is again partly based on [19], 
[18] and [20]. The rotational support stiffness KR is approximated by Chui et al. [19), which is 
illustrated in Figure 56. Due to the rotation two triangular pressure distributions appear. lt is 
assumed that the zero pressure point is located at the midpoint of the support, which results in 
symmetrical behavior. Consiclering half of the length to one side of th midpoint, the resultant 
force F acting on the spring is: 

(102) 

Where P1 is the maximum pressure. Resultant force dF on a small partiele dx at distance x from 
the midpoint is: 

x 
dFx = b sj2P1dx 

The translational stiffness K T ,x within dx is: 

dx 
Krx =Kr-

' s 
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(103) 

(104) 



N 

l 

Figure 56: Support with fl.exible rotation [19]. 

With KT the translational stiffness as is determined in Eq. 101. The deformation ód at x is given 
by: 

ódx = dFx = 2P1xb 
KT,x KT 

(105) 

At x= s/2 the deformation and angle of rotation are: 

(106) 

(107) 

The bending moment M that causes the rotation is the product of the resultant force F (Eq. 102) 
and the distance e between the centroids of the two triangular pressure distributions: 

(108) 

Resulting in the rotational spring stiffness KR in Nm/rad: 

(109) 

Again, both the contact area and the height are subject to interpretation. 
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D Matlab script 

The following script bas been used to obtain the frequency from the messurement data. 

tunetion [X,freq]-naturaltrequency4(tile,mstart,tend) 
warning ott all 

end 

tn = [file '. txt 1
); 

measurements- load(fn); 
t- measurements(:,1); 
v- measurements(:,4); 
v2 measurements(:,3); 
v3- measurements(:,7); 
ts = t (2)-t (1); 
tigure (1) ,plot (t,v, 1 g 1

, t,v2, 1 r 1 ,t,v3, 1 b 1
); 

dv - ditt (v) ; 
threshold = max(dv)-1/10*max(dv); 
start= find(abs(dv)>threshold,1)-10; 
t=t(start: end);v-v(start: end); 
t-t-ones(size(t))*start*ts-ts; 

it mstart -= 0 
matart = ts; 

end 
tm=t(round(mstart/ts) : end ); 
vm=v(round(mstart/ts) : end); 

X= tttshift(abs(fft(vm))); 
L = length (X) ; 
X=X(L/2: end); 
t = linspace(0,1/(2*ts),length(X)); 
t=t(t<fend); 
X=X(t<fend); 
figure(4),semilogy(f,X); 
figure(S),p1ot(t,X); 
treq = t(X--max(X)); 
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