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Abstract

Timber joist floors are widely applied in residential buildings. The accurate impact sound radiation prediction
of a bare timber joist floor is characterized by three main challenges. First, the prediction of the impact force
on a timber joist floor is more difficult than that for a traditional heavyweight floor, since the low impedance of
the timber joist floor induces more complex interaction between the excitation source and the floor. Second, the
dynamic behavior of the floor is strongly affected by several characteristics, such as the finite dimensions, plate-
joist coupling, orthotropic mechanical properties, boundary conditions, etc. Third, it is difficult to efficiently
compute the precise acoustic field for the whole building acoustic frequency range. This work proposes a two-
step numerical prediction model for impact sound radiation. First, the impact force of the ISO tapping machine
is computed, considering the floor-hammer interaction. Second, the vibration field is accurately computed by
a detailed finite element model of the floor, and the sound field in the room is subsequently computed by an
efficient diffuse field model. This prediction model is experimentally validated in a case study of a timber joist
floor. Differences between the measured and computed normalized impact sound pressure level according to
ISO 717-2 did not exceed 2dB.

Keywords: impact sound radiation, lightweight timber joist floor, ISO tapping machine, finite element
method, diffuse field model

1 INTRODUCTION

The market share of timber joist floors in residential buildings has steadily increased in recent years [1]. How-
ever, it is challenging to achieve good impact sound insulation with a bare timber joist floor, due to its light
weight [2]. The sound insulation of bare timber joist floors can be improved by adding components such as
a floating screed or a suspended ceiling, as demonstrated in experimental studies [3]. Homb et al. [4] cate-
gorized timber joist configurations into different groups, and experimentally investigated the effects of various
configurations on the impact sound insulation.

The efficient and cost-effective development and optimization of lightweight floor systems requires a compu-
tationally efficient and sufficiently accurate mathematical prediction of their impact sound radiation, because the
experimental testing of a large number of alternative configurations is usually expensive and time-consuming.
However, such a prediction generally needs to address several challenges, including the predictions of (i) the
impact force, (ii) the vibration field of the timber joist floor, and (iii) the sound power radiated by the floor
into a room.

The first challenge lies in the prediction of the impact force that is exerted onto the floor. Even for the
standardized ISO tapping machine [5], predicting the impact force with sufficient accuracy is challenging be-
cause, in contrast to heavy floors, the interaction between the actuator and the lightweight timber joist floor
cannot be neglected. Timoshenko and Goodier [6] investigated the local reaction of a rigid hammer excitation
on an infinite plate, and derived expressions of local force mobility. Brunskog and Hammer [7] analyzed the
hammer-floor interaction using a lumped mass-spring-dashpot model. However, the precise prediction of the
ISO tapping machine impact force on a lightweight floor remains challenging. The impact force is for example
determined by the hammer momentum change and the floor impedance [7, 8], which are generally difficult to
quantify precisely.

The second challenge is predicting the vibration field of timber joist floors. Analytical solutions for the vi-




bration of lightweight periodical rib-stiffened plates have been provided, considering plate-joist coupling effects
[9]. Since the amount of complexity that can be handled by analytical prediction models is limited, numer-
ical approaches have also been presented. Kohrmann [I] constructed detailed finite element (FE) models to
extensively analyze vibrations of various Cross-Laminated Timber (CLT) plates with lumber joists, hollow box
girders, floating floors, and suspended ceilings. Paolini et al. [10] developed a high-order FE model of a CLT
structure, and the unknown model parameters were determined by matching simulated and measured modal re-
sults in a model calibration process. Nevertheless, also the predictive accuracy of the numerical models heavily
depends on the accuracy of the dynamic material properties of the floor components, and on whether the as-
sumptions regarding the connections between the different components and the boundary conditions are realistic
or not.

The third challenge, i.e., the prediction of the sound power that is radiated by the floor into the receiving
room, requires the consideration of different frequency regimes. Neves e Sousa and Gibbs [11] developed an
analytical model to compute the acoustic response in the room under a point-loaded floor at low frequencies.
They highlighted the effects of floor-room modal coupling on the acoustic response. Bard et al. [12] analyzed
the pressure field in the receiving room using a basis of analytical solutions of the Helmholtz equation. At
medium and high frequencies, the sound field in the room is usually modeled as diffuse [13]. Rayleigh integral
is typically available to numerically evaluate the radiated sound power [14].

The aim of the this work is to investigate to which degree of accuracy the impact sound insulation of timber
joist floors can be predicted with currently available, computationally efficient state-of-the-art approaches. A
practical numerical model is elaborated in this work for the prediction of impact forces, structural vibrations
and impact sound radiation. A case study of a timber joist floor is presented, in which the numerical model is
experimentally validated.

The outline of the paper is as follows. Section 2 introduces the proposed numerical prediction model for
impact sound radiation prediction of timber joist floors. Section 3 performs an experimental validation of the
numerical model in a case study of a timber joist floor. Finally, section 4 concludes the work.

2 NUMERICAL PREDICTION MODEL

This section presents a two-step numerical prediction model for impact sound radiation by a lightweight timber
joist floor. First, in section 2.1, the impact force of the ISO tapping machine is computed using the mass-
impedance model proposed by Brunskog and Hammer [7]. In the second step, the structural response of the
floor and sound pressure levels in the underlying room are subsequently computed by a FE-diffuse field model,
as given in section 2.2.

2.1 ISO tapping machine impact force

As commonly assumed, the tapping machine is modeled as a point excitation source with an impact period
To =0.1s. Figure 1 shows a model for the tapping machine excitation at an angular frequency w,, with n € Z.
The hammer is described by its mass my = 0.50kg and a blocked force with an amplitude of fbl’n. Using the
momentum-impulse theorem, the blocked force is given by [8]

Foln = mnAv/Ty = myAvfy (D

where fy =1/Ty = 10Hz is the impact frequency, and Av is the hammer velocity change during an impact. Av
equals vy and 2vq for perfectly plastic and elastic collisions, respectively. An assumption is often made based
on the type of floor; alternatively, it is numerically approximated [7, 8].

As shown in Figure 1, the driving point impedance Zgy, consists of a local part Z; and a global part Zg,
representing the resistance to local deformation at the hammer-floor contact surface, and the resistance to global
floor motion, respectively. For periodical excitation of the hammer, the impact force in the frequency domain is
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written as Fourier series coefficients:

Join _ myAv fo @
1+ iwnmh/de 1 +iw,my (ZG + ZL)/(Zc,ZL)

fimp,n =

The global impedance Zg for a finite floor is complex, with its real and imaginary part representing the energy
dissipating part and stiffness part, respectively. In this work, the global impedance Zg is computed using the
detailed FE model of the floor presented in section 3. On the other hand, the local impedance Z; is analytically
computed using Timoshenko and Goodier’s approach [6]:

2El’h
io(1+v)(1—-v) )

where E and v are the Young’s modulus and Poisson’s ratio for isotropic floor materials, and r, = 1.5cm is the
radius of the tapping machine hammer.

L=

2.2 Impact sound radiation

This section describes a FE-diffuse field model to compute the structural vibration of the floor and resulting
impact sound pressure level in the underlying room. The structural vibration is predicted by a fully detailed FE
model of the floor. The sound field in the room is regarded as a combination of a direct field and a diffuse
field, such that the radiated sound power flows into the direct field, and then is reflected and dissipated at the
random boundaries of the diffuse field. The diffuse field model is computationally efficient, and its predictive
accuracy is satisfactory at middle and high frequencies.
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Figure 1. Model for the ISO tapping ma-

Figure 2. Top, front, and side view of the timber floor. The di-
chine hammer excitation on a floor.

mensions are in [cm].

At an angular frequency o, the structural displacement at an arbitrary coordinate x due to an excitation at
the coordinate xo is computed using modal decomposition:

% X)9;(Xo0) (0)

—a)2 + a)2 +ins0o;

“

where f(xo) is the impact force at the coordinate Xo, ¢j(x) and @, are the mode shape at the coordinate x and
angular natural frequency of the structural mode j, ny, is the number of structural modes that are considered
to contribute to the structural response, and 1 is the structural damping loss factor. Next, the sound power
radiated by the infinitely baffled floor into the direct field is computed by

Bag = (0/2)Im{i" (0)Dy;d(w)} 3)



in which @ € C™of is the displacement vector, with ngor the number of structural DOFs along the floor-room
interface. Dgj, € C'dof*"dof js the dynamic stiffness matrix of the direct field, as seen from the floor-room
interface [17]. The notation ()H denotes the Hermitian transpose, i.e., @l = &*T. Next, the radiated power Prq
is dissipated in the diffuse field of the room:

prad = pdiss (6)

in which the dissipated power Py is computed by [18]
pdiss = wnaEa @)

where E, is the sound energy averaged over an ensemble of rooms with the same volume V and acoustic
damping loss factor 7,, but with random wave scattering in the room and at its boundaries. The ensemble
mean of the sound energy E, is easily computed using equations (5) to (7). The normalized impact sound
pressure level in the receiving room equals

Ly = 101og (Eupoc®/(V p5)) + 101og(A/Ag) ®)

where ¢ is the sound speed in air, po is the air density, pp = 2 X 1075 Pa, and Ag = 10m? are the reference
sound pressure and the reference absorption area, respectively.

3 IMPACT SOUND PREDICTION AND EXPERIMENTAL VALIDATION

In this section, the numerical model presented in the previous section is experimentally validated in the follow-
ing case study of a timber joist floor. Section 3.1 describes the considered floor. Section 3.2 illustrates the FE
model of the floor. Section 3.3 describes the measurement setups of an impact sound radiation test, an acoustic
reverberation test, and a structural reverberation test. Section 3.4 discusses the experimental validation of the
computed sound pressure levels for the ISO tapping machine excitation.

3.1 Description of the timber joist floor

Figure 2 shows the top, front, and side view of the considered lightweight timber joist floor, which is assembled
in a 3m x 3m opening in the KU Leuven Laboratory of Acoustics. The receiving room below the floor has
a volume of V =87m>. The floor consists of two timber plates supported by a total of seven joist beams.
Each plate has nominal dimensions of 3m x 1.5m x 0.018m, and consists of seven thin timber layers. The fiber
orientations of two adjacent thin layers are orthogonal. Each beam has nominal dimensions of 3m x 0.07m X
0.19m, and is connected with the two plates by ten screws along the central longitudinal axis of the beam.

The floor components are assumed to be homogeneous, despite the inhomogeneous nature of the wooden
texture. Table 1 lists the densities p of the floor components, the Young’s moduli Ex and Ey of the seven
beams, and the Young’s moduli Ex and Ey, the major Poisson’s ratio Vxy, and the shear modulus Gy, of two
plates. The stiffness parameters in table 1 were systematically calibrated using the experimentally determined
eigenmodes of separate floor components. The stiffness parameters of floor components that are not shown in
table 1 were either assumed according to [19], or computed from the determined parameters [20].

3.2 FE model of the floor

Figure 3 shows the FE model of the floor, which is assembled from the seven beam models and two plate
models, respectively. The beams and plates were constructed in ANSYS with 3D eight-node linear solid ele-
ments (of the SOLID45 type) of size 2.0cm x 2.0cm x 2.0cm, and with four-node linear thin shell elements (of
the SHELL181 type) of size 2.5cm x 2.5cm, respectively. The neutral plane of the two plates is 9mm higher
than the top surfaces of the beams. It is assumed that, at a screw point, the plate is strongly coupled to the
beam, such that the plate and the beam are vibrating without any relative translation or rotation. To achieve
such a plate-beam connection through the screw, all translational DOFs of the plate within a radius of 4cm to
the screw are coupled to the closest translational DOF of the beam.
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Component plate beam
No. 1 2 1 2 3 4 5 6 7
plkg/m’] | 515 535 | 489 511 593 561 484 524 534
E, [GPa] 524 496 | 0.21 0.19 028 025 0.21 0.18  0.17
E, [GPa] 453 5.06 | 13.99 1342 1628 1533 14.02 15.06 14.84
Gyy[GPa] | 0.30 0.33
Vyy [—] 0.31 0.31

Table 1. Densities and calibrated stiffness parameters of the floor components.

It was assumed that some beam ends were lifted from their support when screwing the plates onto the
beams. Following this assumption, the boundary conditions were investigated by evaluating the effect of each
beam end on the modal characteristics. The boundary conditions were finally specified by keeping four beam
ends free, while constraining the vertical translational DOFs at the other beam ends. These boundary conditions
achieve better correspondences between the measured and computed modal characteristics than other ones that
had been investigated.

3.3 Measurement setup
An impact sound radiation test was performed, consisting of 16 setups. In eight setups, the ISO tapping machine
was placed above a beam, and in the other eight setups, the machine was placed at midspan between two beams.
In each setup, the sound pressure level was measured at eight microphone positions in the central zone of the
receiving room.

An acoustic reverberation test was performed, and the acoustic reverberation time 7, in the receiving room
was evaluated using the interrupted noise method as standardized in ISO-3382 [21]. The acoustic damping loss
factor 7, at angular frequency @ was computed by

M =447/ (0T,) 9)

Analogously, a structural reverberation test was performed, and the structural reverberation time 7y was eval-
uated using the integrated impulse response method as standardized in ISO-3382 [21]. Next, the structure
damping loss factor 7 at angular frequency @ was computed as follows:

ns =4.4n/(0Ty) (10)

Figure 2 shows the measured acoustic reverberation time 7, of the receiving room and the damping loss
factor ng of the floor.

f[Hz] | 63 125 250 500 1000 2000 4000
T,[s] | 218 1.16 1.03 131 152 149 127
ns[%] | 370 232 221 147 231 218 1.59

Table 2. Measured reverberation time T, of the receiving room and the damping loss factor g of the floor.

3.4 Validation for tapping machine excitation

The ISO tapping machine impact force is computed using the approach in section 2.1. in which the hammer
excitation on the timber floor is assumed as a perfectly plastic collision. Figure 4 shows the computed equivalent
power spectra densities of the ISO tapping machine impact force. At frequencies below 100Hz, the magnitudes
of the impact force spectra are controlled by the floor stiffness, and are close to the pseudo force spectra. For
frequencies between 100Hz and 1000Hz, the results for excitation on top of a beam are different from the ones



for excitation between beams. This is mainly due to the considerable difference of the point impedances at beam
and inter-beam positions. For excitation on top of a beam, a resonance peak appears at 550Hz, corresponding
to the mass-spring resonance that is determined by the hammer mass and driving point stiffness. At frequencies
above 1000Hz, the impact force spectra are controlled by the hammer mass.
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Figure 3. FE model of the assembled floor Figure 4. Computed power spectra densities of squared im-
in ANSYS. pact force spectra of excitations on eight beam positions

(black solid line) and eight inter-beam positions (gray solid
line) in the sound radiation test.

Figure 5 shows the measured and computed normalized sound pressure levels in the receiving room that are
integrated over 1/48-octave bands and 1/3-octave bands, and averaged over eight beam positions and eight inter-
beam positions of the tapping machine, respectively. In general, the measured and computed sound pressure
levels have a similar order of magnitudes. The discrepancies between the measured and computed 1/48-octave
band integrated results are attributed to the moderate accuracies of the FE model of the floor, the estimated
structural and acoustic damping loss factors, and the measurement errors. The discrepancies at low frequencies
are also attributed to acoustic resonances, which are not considered in the diffuse room model, but influence the
acoustic response in this frequency range. Furthermore, the impact force of the tapping machine was computed
using the assumptions in section 2.1, resulting in additional model errors.

The correspondence between the measurements and computations is further evaluated by comparing single
number ratings in accordance with ISO-717-2-1996 [22]. The plots in Figure 5(c-f) show the single number
rating values in the form of L, (Ct), for the measured and computed normalized sound pressure levels inte-
grated in 1/3-octave bands. For both the beam and inter-beam excitation, the computed single number rating
differs only 0 —2dB from the measured one. Therefore, the numerical model given in section 2 gives a good
prediction of sound radiation induced by the ISO tapping machine.

4 CONCLUSION

This work proposes a two-step numerical prediction model for impact sound radiation by timber joist floors.
First, the impact force of the ISO tapping machine is computed using both the local and global impedance of the
driving point, and the latter is determined from a detailed FE model of the floor. Second, the structural vibration
and radiated sound power are computed using an FE-diffuse field model, which is both computationally efficient
and accurate at middle and high frequencies. This prediction model is experimentally validated in a case study
of a timber joist floor. Differences between the measured and computed normalized impact sound pressure level
according to ISO 717-2 did not exceed 2dB.
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Figure 5. Measured (red dashed line) and computed (blue solid line) normalized sound pressure levels in the
receiving room integrated over (a,b) 1/48-octave bands and (c-f) 1/3-octave bands, and averaged over tapping

machine excitations at (a,c,e) eight beam positions and (b,d,f) eight inter-beam positions of the floor.

The

measured results are also averaged over the microphone positions in the room. Plots (c-f) additionally display
shifted reference curves (black) and single number rating values L, w(Ci) in accordance with ISO-717-2-1996.

The gray zones indicate the frequency range for single number ratings.
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