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The impact sound insulation quality of floors is vital for theoustic comfort in buildings.
Although impact sound insulation can be experimentallyesssd, a numerical prediction tool is
important for design and optimization purposes. The deraknt of such a prediction tool is
challenging, because of the difficulties in predicting thgpact force and the dynamic response
of building elements, the quantification of the sound raeoliefrom the floor, and coupling effects
between the floor and other parts of the building. In this gbuation, the impact force produced
by a tapping machine is predicted by a conventional impaatehoro predict the impact sound
radiation at medium and high frequencies, a decoupled thgmproach is developed to model the
floor and the receiving room. The floor is deterministicallgdrled with finite elements (FE) and
the radiated sound power is obtained by integrating thegouansity over the vibrating floor sur-
face. The receiving room is modeled as a pure-tone diffuggiberant field using statistic energy
analysis (SEA), and the sound pressure level in the roomneis dietermined by a rigorous power
balance within the decoupled floor-room system. This apras applied to predict the impact
sound level in a receiving room under a concrete floor, andebealt shows good agreement with
measurements at medium and high frequencies.
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1. Introduction

The impact sound insulation of a floor structure is requieeérnsure the acoustical comfort in
engineering applications. Laboratory measurements alisgansable to assess the impact sound
insulation of an existing floor structure. A numerical pidin tool, however, is required for design
and optimization of new floors.

To generate a complete prediction tool of impact sound atgri, the knowledge of the input
impact force is required. To produce repetitive impact éoand rate the impact sound level, stan-
dardized sources are often used such as the standard tapgamgne (STM) according to ISO 10140
[1]. Depending on the type of floor, the description of the Siffypact force ranges from basic impact
scenario [2], to the specific consideration of interactietween an impact hammer and an excited
floor structure, e.g. [3]. Furthermore, a fully determimistumerical model, e.g., using the finite ele-
ment (FE) method, to analyze the vibro-acoustic responsedium and high excitation frequencies
confronts two challenges. First, the decreasing wavelengftsystem deformation require increasing
number of degrees of freedom (DOFs) to capture the compkporese pattern, which is computa-
tionally demanding [4]. Second, the local response is c@mably sensitive to wave scattering caused
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by random system properties, such as the spatial variatigeometry, material properties and bound-
ary conditions [5]. In order to overcome these difficulti@a$)ybrid strategy given in [6], [7] and [8]
has been proposed to model the vibro-acoustic system. drstrategy the floor is modeled in full
detail with FE, while the acoustical system is stochadficabdeled as a random diffuse field using
statistical energy analysis (SEA). This paper presentsrgtzie tool to predict the sound pressure
level (SPL) in the receiving room under a floor excited by a SHuF typical heavyweight floors, the
floor-room coupling is regarded as weak or negligible toaffbe vibro-acoustic response [9], and
therefore is disregarded.

The paper is organized as follows. In Section 2, the impacehand the hybrid FE-SEA model
are presented. In Section 3, a case study is given to validetgrediction tool. Conclusions are
given in Section 4.

2. Methodology

2.1 Impact model

The 1ISO STM consists of five cylindrical hammers, with massnof= 0.5 kg. Each hammer
impacts the floor surface after a free fall from a height 4 cm. The interval between each two
impacts isT = 0.1 s. The impact model in [2] assumes that the floor structure figitely stiff
and therefore the contact time per impact is extremely sliisregarding the hammer rebound, the
periodic impact signal of infinite time length is subseqlyedecomposed in a Fourier series at any
excitationn /T, n € N, such that

A 2muyg

fure 27

wherev, = +/2gh, with g the acceleration of gravity. As the impact signal is peatiithe power
spectral density (PSD) of the impact signal is taken to bfoumiy distributed over frequency domain,
instead of nonzero only at excitation frequencies. Theeefy ... = f2../fo = 3.92 N?/Hz [2].
Integrating the impact PSD over 1/1 and 1/3 octave bandsdhe corresponding squared RMS
force spectrum, as shown in Fig. 1. A rough prognosis of thed tiormalized SPL over a frequency

band is given regarding on a STM excited isotropic floor, shel [2]

(1)

opocB
mnm// Dm/" AgWj

where B equals to 0.71 and 0.23 for 1/1 and 1/3 octave bands, regelgcth, m” and D are the
radiation efficiency, damping loss factor, surface deraitgt bending stiffness of the floos. is the
frequency dependent sound radiation efficiency of the flodr@an be roughly determined using an
approach of Cremer [10h, andc are the air density and sound speed in air, respectivigly= 10 m?
andW, = 1 x 10712 W the reference room absorption area and sound power.

Ly ar = 101log (2)

2.2 Hybrid FE-SEA approach
2.2.1 The decoupled FE-SEA system

A 'floor-room’ system of interest is simulated using a hykagproach for the prediction of impact
sound insulation. As shown in Fig. 2, the floor is determio@ly modeled using FE, while the room
is considered as a superposition of a deterministic diretd ind a random reverberant field, and
modeled by SEA. The equation of motion for this decoupledfisavritten as

Ddu =f (3)
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whereDy €Naor*Naot js the dynamic stiffness matrix of the deterministic floarg Vet andf ¢Naot
are the vectors of displacements and external forces,Wijththe number degrees of freedom (DOFs)
of the floor. The cross-spectrum of floor displacements it&rias

Su. = uu = (D 'f)(f"Dy") = Dy'S ;D" 4)

wheresS,,, andS;; are the power spectrums of displacements and externakfatdde floor DOFs,
respectively. The notatio®' denotes the Hermitian transpose, itg!,= u*™.

315 63 125 250 500 1000 2000
Frequency [Hz]

Figure 1: The squared RMS force spectrum in 1/1 octave bafigure 2: A ‘floor-room’ system
(square) and 1/3 octave bands (circle). Dashed lines are ithenodeled by FE method and
bounds between adjacent bands. SEA.

2.2.2 Impact sound radiation from a floor structure

For a point-excited floor panel in an infinite baffle is poirtied, the overall sound powét..q
radiated to an adjacent half-space can be estimated byatiteg the sound intensity over the vibrat-
ing planar surface [11], such that

Praq = % /S Re{v(z,y)"p(z,y) tdrdy = g [S Im{u(z,y)"p(z,y) }dzdy (5)

wherev(z, y) = iwu(x, y) is the magnitude of the harmonic velocity at coordinatgy) of the floor.
p(z,y) is the magnitude of the sound pressure, which can be compsteee Rayleigh integral as

2 s
play) = —= pO/U(x’,y’)Mdaf’dy’ (6)
S T

2

wherek, = w/c is the acoustic wavenumber in the airis the distance between the impact point
(«’,y") and observation poirit:, y). This deterministic expression refers to the mean surfeesspre
field, as the random effects from reverberant field are asguaige zero mean. Inserting Eq. (6) into
(5) gives the mean radiated power as

Pro — g (-‘*’ po)// w(z, y) u(, y)Im{M}dz dy dzdy @)

In discretized form, this expression becomes:

Prad - _Im{u Ddlru} = Zlm{Ddlr rs uu rs Zlm{Ddlr rs 1SffD(;H)rs (8)

whereDy;, ¢Naor*Naot js the dynamic stiffness matrix of the direct field of the rq@s seen from the
plate. The entnDy;, s, representing the acoustic load along th&a DOF required to generate a unit
response along theth DOF, is expressed as
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2 —ik
Ddir,rs = ( ~ po) eXp( ! aTTS)A%A?/rA%Ays (9)

2 Trs

whereAz, andAy,, e.g., are dimensions of tributary mesh area for the nodetivér-th DOF.
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Figure 3: The power flows within the FE-SEA system.

2.2.3 SPL in the adjacent room

The sound power flow within the FE-SEA system is presentedgn & The input power in the
direct field, P, 4i, consists not only of the radiated powgy, from the excited floor, but also of the
power flowed from the reverberation field .., so that

P dir = Prad + Prrev (10)
The input powet”,, 4, flows to the reverberant field, and then either flows back taltfet field
or the floor, or is dissipated within the reverberant fieldthsd
P dgir = Prrev + Pa + Piss (11)
in which Py, and Py are described as [7]
Py = wnaE

. (12)
Pdiss - wnrevE

whereE andn,., are the average sound energy and damping loss factor whithireverberation field.
74 IS the coupling loss factor between the floor and room, whaohloe expressed as [7]

2 _ _
i Z Im{Dyg},s (D 'Tm{Dy;: } D) (13)

wheren,, is the modal density of the room. Using Egs. (10) to (12) thaldgium of power flows
within the FE-SEA system is given as

W(T/rev + nd)E - Prad (14)
The normalized impact SPL in the receiving room is deterchize
Pt | 10105 A — 10108 Z22C | 10108 A (15)
og — —= (0] o —
Py g Vi g
in which p?; is the square of spatial averaged effective sound presdusadV’ the absorption area
and volume of the receiving room, apgl= 2 x 10~° Pa the reference sound pressure.

L, =10log
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3. Validation

3.1 Description of the floor structure and experimental moda | analysis

A concrete floor of dimensions2 x 2.2 x 0.1 m?, densityp = 2300 kg/m?, Young’'s modulus
E = 30 GPa and Poisson’s ratio = 0.33 is studied. This floor is suspended in the opening between
two transmission rooms via eight bolts, as shown in Fig. 4w 8xternal floor frame has a thickness
of 0.38 m, and an irregular shape as shown in Fig. 4b.

4.50
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vy T
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(b)

Figure 4: The concrete floor between two transmission roda)she upper and lower surface of the
suspended concrete floor. The bolts are indicated by cir¢lgsthe top view of the full floor. The
dimensions are in meter.

In order to investigate the modal behavior of the floor, amgunammer test was performed, in
which the floor was excited by a hammer at 81 different pas#j@nd the response of the floor was
measured with accelerometers at five fixed positions. Thewate processed and a modal analysis
performed using MACEC, a MatLab toolbox for experimentadl aperational modal analysis [13].
The identified modal characteristics of the first five modess&wown in Fig. 5.

3.2 FE model and updates

A FE model of the floor was constructed with ANSYS. The suspérnitbor was modeled with
3D solid elements (of SOLID45 type), while the external pas#ts regarded as infinitely stiff and
therefore not considered. Each bolt is modeled as a spring @OMBIN14 element, and the elastic
stiffness of a bolt128 MN/m, is adopted as the stiffness of each spring. The mesh of théehis
given in Fig. 6. The simulated modes are partly inconsisietit the identified ones given in Fig.
5. Although some identified mode shapes are well predichedpatural frequencies are significantly
overestimated, especially the first natural frequencyctviig 40 % larger than the identified one
(44.51 Hz in Fig. 5a).

(a) 44.51 Hz (b) 78.91 Hz (c) 84.35 Hz (d) 118.72 Hz () 142.53 Hz

Figure 5: Natural frequencies and mode shapes of the firsidemtified modes of the suspended
concrete floor.

The overestimation of the first several natural frequenciag have been caused by the fact that
the external floor was assumed as infinitely stiff. This wasfieel by an updated FE model in which
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the external floor frame was simulated as a cantilever streaising 3D SOLID45 elements, as
shown in Fig. 7. The first simulated natural frequency was5 Hz, which nearly corresponds with
the identified value. Moreover, the dynamic behavior of tberfimay also be affected by different
pretension status of the bolts. Talking these two aspettscionsideration, as well as the lack of
information regarding the pretension status of each buodt,simall suspended floor model in Fig. 6
was readopted as the final model, while the stiffnesses afidemy bolts were calibrated to meet the
identified modal characteristics in Fig. 5. The calibratett btiffness is decreased 83.7 MN/m,
which compensates for the flexibility of the external flooheTirst five updated natural frequencies
and mode shapes are given in Fig. 8.

L

Figure 6: Finite element mesh. The sus-  Figure 7: Finite element mesh. Both the suspended
pended floor is modeled with 3D solid floor and the external frame are modeled with 3D
elements, and the bolts are modeled as solid elements, and the bolts are modeled as spring
spring elements. elements.

S 'Ppee

(a) 48.58 Hz (b) 83.94 Hz (c) 83.94 Hz (d) 111.62 Hz (e)126.71 Hz

Figure 8: Natural frequencies and mode shapes of the firssimalated modes of the suspended
concrete floor.

3.3 Floor response and receiving room SPL

Based on the developed FE model, the floor response and then3R& receiving room can be
numerically predicted, and then validated by means of nreasents. First, the frequency response
function (FRF), representing the response (e.g., displaog velocity or acceleration) along a DOF
due to the unit load along another DOF, is computed using tbdainsummation approach. The
input modal damping loss factors below and abd¢e Hz are determined by the foregoing modal
identification and a structural reverberation test, rethpalg. Alternatively, the FRF matrix can be
constructed by invoking the principle of reciprocity on ttesult of the roving hammer test. The
numerically and experimentally determined FRFs of acedilens for three randomly selected pairs
of exciting and observing DOFs are plotted in Fig. 9. The alldrend and magnitude of the two
results match relatively well, while the discrepanciesesbnances are present, indicating the errors
of damping loss measurement and modal simulation.

A measurement of the receiving room SPL was performed inrdeoge with the 1ISO 10140
standard [1], with the exception that the measured SPL wss aleraged over 1/48-octave bands
instead of 1/3-octave bands to obtain a finer frequency uésal The STM excitations were given
at eight random positions over the floor area. For each posiie STM was placed at a random
orientation (see Fig. 10), and the sound level is sampledyat eeandom microphone locations in
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Figure 9: The locations of three randomly selected pairscoitiag and observing DOFs (a). FRFs
of accelerations regarding DOF pairs in order (b - d). Satid:Isimulation. Dotted line: experiment.

the receiving room. Besides, each excitation is simulatetithe resultant receiving room SPL is

computed using the tool in Section 2. As the dimensions ofSM are much smaller than the

horizontal dimensions of the floor, the impacts in period’'adre assumed to act at a single location
corresponding to the central hammer of the STM (see Fig. 11).
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Figure 10: Eight randomly arranged excFigure 11: A STM at each excitation lo-
tation positions and STM orientations. cation is simplified as its central hammer.

Ln,Af [dB]

125 250 500 1000 2000 4000
Frequency [Hz]

250 500 1000 2000 4000 315 63
Frequency [Hz]

(@) (b)

Figure 12: The normalized SPLs integrated over 1/3-octavellfa) and 1/48-octave band (b). Thin
line: hybrid approach. Dotted line: measurement. Thick:liprognosis using model of Beranek and
Vér.

315 63 125

In Fig. 12, the normalized SPL averaged over all excitatbmations and microphone positions, in
both 1/3 and 1/48 octave bands, are given by the measureme i@ hybrid approach. A prognosis
using Eg. (2) is also presented. The agreement between gsuneenents and the hybrid predictions
is generally good, except aroud Hz where the SPL is strongly overestimated. This is due to the
modal behavior of this particular room, which is disregardethe model. At higher frequencies,
the sound field in the room becomes diffuse, and the accuraityedybrid predictions is ensured.
Moreover, abov8000 Hz the measured normalized SPL is slightly decreased, whaibates that the
assumed infinitely short impact, adopted in the hybrid apginaand the prognosis, is inappropriate in
this frequency range.
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4.

Conclusion

This work presents a hybrid approach for the prediction gfaot sound insulation at medium

and high frequencies. Confronting the challenges in véxroustic analysis at medium and high
frequencies, the hybrid FE-SEA approach accounts for loceértainties of the room and provides
robust prediction of impact SPL in the receiving room. Thibitid approach is applied to predict the
SPL in aroom under a STM excited concrete floor. The agreemiémimeasured values is generally
good, except at low frequencies where individual room matigsinate the response, as expected.
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