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Abstract: In South Korea, the construction of new multi-unit residential structures has been
continuously increasing in order to accommodate multiple households in single structures. However,
the presence of walls and floors shared with neighbors makes these structures exceptionally vulnerable
to floor noise transmission when the noise of everyday life occurs. In particular, South Korea has many
social problems associated with such floor noise, which require the utmost attention and immediate
resolution. In this study, a 17-story structure was selected as a test structure. Field measurements
were carried out. A numerical model for the 17-story structure was developed in order to perform a
vibro-acoustic analysis. The validation of the numerical model comparing with the field measurement
data results shows a good agreement. Finally, it is concluded that numerical analysis can be applied
to resolve floor noise problems arising in multi-unit residential structures.
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1. Introduction

The structure of a multi-unit residential structure enables each household to have its own
independent domestic activities. This is a very effective way to utilize limited space and to solve
dense population problems in modern cities. Accordingly, in South Korea, increasing numbers of
apartments (which are one type of multi-unit residential structure) are being newly constructed.
The 2015 Population and Housing Census revealed that multi-unit residential structures accounted for
approximately 75% of all housing types (with apartments occupying approximately 60%) [1]. In this
study, the meaning of “multi-unit residential structure” is defined as a structure having a residential
purpose, with more than two units in the same floor.

However, building walls, corridors, and stairways are completely or partially shared by residents,
making the structures vulnerable to floor noise transmission originating from the domestic households.
Additionally, floor noise is very difficult to regulate legally due to its individual different sensitivities,
and no clear solution has been presented. Moreover, modern society emphasizes quality of life
improvements, and floor noise causes many social problems. The number of civil complaints related
to floor noise in South Korea has gradually increased from approximately 9000 in 2012 to 19,500 in
2016 [2].

Recently, various studies using numerical analysis methods, such as the finite element method
(FEM), the boundary element method (BEM), and the statistical energy analysis (SEA), on floor noise
sources, transmission paths, and noise reduction are being performed to propose a fundamental
solution [3-15]. The selection of the numerical method depends on the frequency domain of interest.
The low frequency domain is characterized by resonances showing a modal-controlled behavior.
In this domain, the number of modes is low and the wavelengths are long. Therefore, either the
FEM or the BEM is preferred. On the contrary, the high frequency domain has no resonance and the
number of modes is high. The wavelengths are short compared to the characteristic dimensions of the
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system, so the finite element approach costs are excessively high, and so in this case, statistical- and
energy-based methods (e.g., SEA) are broadly used in this range. The intermediate domain between
the low and the high frequency has a feature of complexity whereby the low- and high-frequencies
behavior coexist, and for that reason, a hybrid deterministic-statistical method is recommended [14].

It should be noted that the FEM was considered to be an expensive numerical tool for room
acoustics simulations with complex boundary conditions, and so the application of the method was
limited to low-frequency regions. However, the situation has been changed rapidly owing to the
outstanding progress of computational power and the development of efficient elements and methods.
Therefore, the application of the method is no longer restricted in predicting the sound field in a
residential structure at the high-frequency regions [3,4,8-12].

Vibro-acoustic analysis has been applied to solve structural acoustic problems. Legault et al.
investigated the effects of finite dimensions on the vibro-acoustic response of orthogonally stiffened
panels. Three types of excitations, such as acoustical excitation, point force excitation, and random
excitation, were considered. Their models were compared with numerical simulations and experimental
results in order to complement them [16]. Nuraini et al. performed vibro-acoustic modeling and
simulations using the finite element and the boundary element methods to determine the vibratory and
acoustic properties of engine structures, such as the mode shapes and natural frequencies contributing
to engine structure vibration [17]. Jiao and Zhang conducted a vibro-acoustic modeling and analysis of
a rectangular acoustic cavity bounded by a flexible panel. Three modeling techniques, such as FEM,
SEA, and a hybrid FE-SEA method, were considered. Finally, comparisons were carried out to validate
the models and verify their accuracy using experimental results [18].

In this study, the FEM is considered to utilize vibro-acoustic analysis, which is the concurrent
operation of structural vibration and acoustic noise analyses. To utilize a numerical analysis
to solve floor noise problems, a numerical model for residential buildings must be constructed.
Then, a vibration analysis must be performed, so that the results can be used as inputs to the noise
analysis, i.e., acoustic analysis.

2. Description of the Methodology

2.1. Vibro-Acoustic Analysis

Typically, floor noise, in multi-unit residential structures, refers to noise transferred to adjacent
households. When floor impact sources such as children’s running, adults” walking, etc., are applied
on the upper floor, they generate a vibration at the upper floor slabs that is transferred to the lower
floors through the walls and the ceiling slabs. When slabs or walls vibrate the air particles adjacent to
them are also vibrated, and the vibration of the air particles causes sound. Accordingly, in order to
analyze noise caused by floor impact sound, the speed of the air particle vibrations occurring due to
vibration transfer is the boundary condition of the noise analysis. The precise vibration velocity of
structures such as slabs or walls can be computed through the analysis of structural vibration, and
the precise analysis of noise can be conducted based on the computed vibration velocity [3,13,14].
Generally, Equation (1) is applied to calculate the structural vibration of the test structure, which is
caused by an external impact source (F).

[m]{x} + [c]{x} + [K]{x} = {F} )

where, x, x, x are the displacement, velocity, and acceleration, respectively. m, c, k are the mass,
damping value, and stiffness of the structure, respectively. F is the external load applied to the structure.

The structural vibration of a wall or slab in a multi-unit residential building is caused by an external
impact force, i.e., an impact source in this study. A bang machine is adopted as the standard impact
source, specified by KS F 2810 [19], ISO 10140 [20], ISO 16283 [21], and JIS A 1418 [22], for acoustic
vibration evaluation. An acoustic wave equation can be derived by utilizing the equation of the
state, which indicates the relationship between density and pressure. The equation of motion shows
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the relationship between pressure and displacement, and the equation of continuity indicates the
displacement-density relation. Equation (2) below is the acoustic wave equation [13,23].

o 1Pp
Pz =" @
czzg 3)

where, p is the sound pressure, c is the velocity of air, p is the fluid density, « is the fluid bulk modulus,
and ¢ is the time.

Figure 1 shows graphically the vibro-acoustic analysis process mentioned above. The structural
vibration for Equation (1) was analyzed using OptiStruct of Altair Engineering, Inc. [24], which is a
commercial finite element analysis program using the numerical model of the test structure. Then, modal
analysis was conducted to determine the natural mode shapes and frequencies of the structure, and
to calculate the vibrational responses of the structures under the impact force source, i.e., the bang
machine in this study. During the analysis, proper boundary conditions (e.g., fixed conditions for the
bottom regions of the test structure) have been applied. Then, the acoustic analysis of Equation (2) was
performed using Virtual LAB [25] of SIEMENS. To do this, an acoustic model for a test floor in the
structure has been constructed. It should be clarified that the meaning of the test floor is defined as
the floor on which the impact force source is applied. A 2D plane grid mesh for a microphone array
has been employed to measure the sound pressure level at the target area. A 3D tetra mesh has been
used to create the acoustic mesh model. A detailed explanation of the structural analysis and acoustic
analysis for interested readers can be found in [3,14,26-30].

Impact Source Force

Structural
Vibration Analysis

Target Floor/Area

Structure Mesh Only

Acoustic Mesh

Microphone Array Mesh

Acoustic Analysis

Structure+Microphone
array Mesh

Structure+Acoustic Mesh

Figure 1. Schematic overview of vibro-acoustic analysis procedure.

It should be noted that a wavelength is important to solve the acoustic wave equation and
determine the mesh size of the acoustic regions. The wavelength equation to calculate the proper
wavelength for the acoustic mesh of the test structure [31] can be found as Equation (4):

A= 4)

<
f
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where, A is the wave length, c is the velocity of air, and f is frequency.

Marburg [32] and Thompson et al. [33] suggested more than 10 elements per wavelength should
be enough to capture the nature of the wave with reasonable accuracy. In this study, the maximum
frequency range of interest is roughly up to 800 Hz, so the wavelength of the minimum element size
has been computed as 42.5 mm. Therefore, 25 mm for the element size is adopted in this study.

2.2. Standard Heavy Weight Impact Source

In 2016, the Ministry of Land, Infrastructure, and Transport of South Korea revised the criteria for
the structure recognition and management of floor impact sound insulation in multi-family residential
housing (6 December, 2016, Notification No. 2016-824) [34]. In South Korea, the bang machine,
shown in Figure 2, is used as the standard heavy weight impact source for the field measurement of
floor noise, and KS F 2810 [19] provides the statistical features of the bang machine’s heavy weight
impact sound.

- Bang Machine ' - [T s
A 40 "
- — ot

(a) (b)

Figure 2. Bang machine impact source: (a) Overview of the bang machine; (b) its time series and
frequency domain data.

The statistical features of the standard heavy weight impact sound in KS F 2810 [19] include the
mean value and standard deviation of the impact exposure level (Lgg, dB), which are based on a 1/1
octave band frequency. The impact exposure level can be calculated below in Equation (5):

1 (2Pt
Lrg = 1010g10(T—0L ?dt (5)
0

where, F(t) is the impact force (N), Fy is the reference power (1 N), t; ~ t; are the times (including the
impact time) for the impact source (s), and T is the reference time (1 s).

In this study, the force model proposed by Park and Kim [13], satisfying the statistical features of
the standard heavy weight impact sound provided in KS F 2810 [19], is adopted in order to simulate
the impact source for the floor noise analysis of a multi-unit residential building.

3. An Illustrative Example

A 17-story reinforced concrete shear wall residential structure was selected as the test structure
and its numerical model was constructed. Then, numerical simulations were performed and the results,
including the field measurements, were also compared. During the analysis, a standard heavy weight
impact source was applied to the 17-story structures as the loading condition. A fixed condition was
applied to the bottom of the test structure as the boundary condition.
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3.1. Test Specimen and Field Measurements

The 17-story reinforced concrete shear wall residential structure under construction, which is
located at Uijeongbu-si Gyeonggi-do South Korea, was selected as a test structure, as shown in Figure 3.
The overall structure has 17 stories with a roughly 50 m height, and the total area of the unit floor
is about 650 m2. The main structural system of this building is a bearing wall-slab system, and the
thickness of the floor slab is 210 mm without any floor finishing materials. An 11th story of the
structure was considered as a target floor. The test structure consists of four individual apartment
units and the floor plan is shown in Figure 3. The overall dimensions of the apartment building were
45.6 X 11.2 x50.2 m (b X w X h).

Figure 3. Overview of a 17-story test structure and the unit floor plan.

For the field measurements, the floor impact sound pressure was measured. The bang machine,
as mentioned earlier, was used as a standard heavy impact source, which is certificated in KS F 2810 [19].
For storage of the measurement data, a laptop, sensor signal acquisition device (Front-End SIEMENS
SCADAS Mobile), microphones (Briiel and Kjeer 4188), and preamplifier (Briiel and Kjeer 2671) were
used. The method of installation and location of the five impact points and receiving points are
specified in KS F 2810 [19], shown in Figure 4.

@)
Figure 4. Cont.
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Figure 4. Microphone settings for field measurements: (a) Overview of microphone’s setting for testing;
and (b) microphone locations for the field measurement.

Figure 5 shows the five microphones’ field measurement results of the bang machine, applied
to the center point, with respect to a 1/3 octave band frequency. As shown in Figure 5, a peak sound
pressure level of the average of five microphones is 88.46 dB at 24.8 Hz for a 1/3 octave band frequency.
Table 1 shows the sound pressure level (SPL) and a single number quantity (SNQ) for the field
measurement results at a 1/1 octave band frequency.

It should be noted that the SNQ, regulated by KS F 2863 [35], is adopted as a rating method for
floor noise in South Korea. The method described in KS F 2863 [35] is the same as that of ISO 717 [36],
that is for the standard light weight impact source, such as a tapping machine, except for the difference
in the considered frequency range for calculation. Detailed information related to the computation can
be found in KS F 2863 [35] and ISO 717 [36]. Additionally, the narrow band of frequency ranges of up
to 800 Hz was determined for the analysis because the floor noise in multi-unit residential buildings
is evaluated by a single number quantity (SNQ) that considers the 1/1 octave band frequency range
(i-e., 63,125,250, and 500 Hz).

Table 1. Sound pressure level and single number quantity for field measurements.

Field Measurements (dB)
MC#1 MC#2 MC#3 MC#4 MC#5  Average

1/1 Octave Band Frequency (Hz)

63 78.29 82.91 78.45 81.09 79.72 80.27
125 65.05 63.38 62.30 65.30 65.48 64.39
250 53.09 52.62 54.42 54.26 53.86 53.68
500 47.13 47.35 45.69 47.50 46.46 46.85

SNQ 50 52 49 52 51 51
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Figure 5. Acoustic response of the field measurements for five microphones and its 1/3 octave
band frequency.

3.2. Numerical Simulations and Comparisons

Figure 6a shows a numerical model of the 17-story structure. Table 2 shows the meshing
information of the numerical model. The excitation location of the impact source and the location of
the five indoor microphones for noise measurements were numerically installed at the exact same
locations used in the field measurements, shown in Figure 6b. The test structure has 17 floors and can
be categorized into a high-rise structure. Therefore, two concrete materials are used, i.e., C27 for the
lower parts (1st-10th’s floors, walls, and columns, and 11th’s floor) and C24 for the upper parts (11th’s
walls and columns, and 12th roof’s floors, walls, and columns), respectively. It should be noted that
the reinforcing steel bars in the floors, walls, and columns are neglected in this study.

Table 2. The meshing information of the target structure.

Name No. Type
Nodes 274,900 -
2D Frame Element 10,812 Structure
2D Quad Element 273,785 Structure

3D Tetra Element 46,859 Acoustic
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Figure 6. Graphical representation of the test structure: (a) The computational model; (b) microphone’s

location for acoustic analysis.

Figure 7 shows the structural and acoustic mesh of the target area, shown in Figure 4b. The real
structure has walls, windows, and doors, etc. In this numerical model, walls and columns are modeled
as structural elements such as frames and plates, etc. In addition, windows, doors, and other empty
spaces are modeled as an acoustic panel which has absorbent property. The target areas are modeled

as 3d tetra elements.

No Acoustic Mesh

Windows
Wall | or Doors

Target Area

Acoustic Mesh

Figure 7. Schematic overview of the structural and acoustic mesh of the target area.

Table 3 presents the material properties for the numerical models [37-39]. The structural vibration
analysis was carried to the entire structure, and then the acoustic analysis was conducted only for the
living room area. To identify the magnitude of vibration and its variation when being transmitted to
the upper and lower floors (according to the position of the impact load), a vibro-acoustic analysis was
conducted by assuming that the impact load (the impact source being the bang machine at MC#3 in
Figure 6b) was applied sequentially from the floor slab of the 2nd floor (top slab of the 1st floor) to the
top slab of the 18th floor (roof) of the 17-story model.
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Table 3. Material property of the specimen.

Concrete
Name
Low Story (C27) Upper Story (C24)
Modulus of Elasticity (GPa) 26.7 25.8
Density (p, kg/m3) 2400.0 2400.0
Poisson’s Ratio (v) 0.167 0.167
Acoustic Impedance (Z, MRayl) 8.0 8.0

Figure 8 shows an example case of applying the impact load to the floor slab of the 11th floor,
and the results of the vibration analysis from the floor slab of the 2nd floor to the roof slab of the 18th
floor. The largest vibration response was produced at the 11th floor, which was the target floor of
the impact source. The second largest responses were produced at the 10th floor, which is the next
vertical upper floor, and the 12th floor, which is the next vertical lower floor. The next largest vibration
responses were produced at the 9th and 13th floors, which were the second next upper and lower
floors, respectively. The 10th and 12th floors showed very similar results, as did the 9th and 13th floors.

Narrow band Frequency | 17F

1SF

0 13F

1
Response of 11F —g—

1/3 Octave Band
Frequency

7F

Acceleration (dB)
o A
o o

\
i
'I
!
,l
‘I
VA
4
AN
Ly
by
LR
BN
b
|}
ESAREAN
S
11i Vi
i
3 g
n b=
- o
3
Z
e
=
=
=
ey ]
©

.
80 )/ - - =H11/R10_ :
[ H11/R11. SF
400 Response of 09 & 13F | H11/R12,
1 3F
——H11/R13_
-120 :
0 200 400 600 800 1E
Frequency (Hz)

Figure 8. Results of vibration response to impact load on floor 11F.

It is very clear that when an impact source is applied to the floor slab of an upper floor, as the
largest vibration occurs to the target floor. After the vibration is transmitted equally to both the
upper and lower parts, the transmitted energy dissipates gradually, and the other floors generate less
vibration. An additional vibration analysis was conducted for the 5th floor, in the lower portion of the
overall building, and for the 15th floor, in the higher portion of the overall building (see Figure 9).

Figures 8 and 9 show that the target floor of the impact source generated the largest vibrations,
which were then transmitted to the vertical upper and lower floors. From the results of the vibration
analysis in Figures 8 and 9, it can be concluded that multi-unit residential buildings with a repetitive
structural form like the test structure of this study will generate the largest vibration on the target floor
and the second largest vibration on the next upper and lower floors.

It is also clear that the magnitude of vibration decreases with increasing distance from the target
floor. The same analysis was conducted for the remaining floors. Figure 10 compares the magnitudes
of vibration between the target floors to which the impact source was applied. Both the 2nd floor and
the roof floor (18F) could transmit the generated vibration only in either the upper or lower direction,
which was a different condition from the other floors. Consequently, both the 2nd floor and the roof
floor showed a marginally different result, as shown in Figure 10. Additionally, Figure 11 depicts the
largest magnitude of the structural vibration of five floors. From Figure 11, it can be seen that the
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acceleration shape of the five floors with respect to the frequency has shifted to the left as the height of
the floor rises, which is due to the boundary condition of the test structure to which the bottom is fixed.
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Figure 9. Results of the response when the impact load was applied to: (a) Fifth floor; (b) 15th floor.
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Figure 11. Acoustic response of the vibro-acoustic simulations for five microphones and its mean value.

The acoustic analysis was performed using results of the vibration analysis when the impact

source was applied to the 11th floor of the test structure. Then, results of the acoustic analysis were

analyzed and compared with the field measurements. As in the field measurements, the acoustic
analysis results of the five microphones are analyzed with respect to the 1/3 octave band frequency,
as shown in Figure 11. As a result of the above vibration analysis, it can be seen that the floor noise,

which is sound pressure level, decreases as the frequency increases.
As shown in Figure 12, a comparison between the vibro-acoustic analyses results and the field
measurements results with regard to the 1/1 octave band revealed that the numerical simulations using

the impact forces are very similar to the field measurements results.
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Figure 12. Comparison of the acoustic response between the simulations and field measurements.
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Table 4 presents the comparison of the 1/1 octave band and SNQ-based evaluations for the results
of both the field measurements and the numerical simulations. The results of the numerical simulations
showed a higher value than that of the field measurements, except at 500 Hz. Consequently, the former
had an SNQ value of 55 dB, which was just higher than that of the latter case by 4 dB.

Table 4. Results of the vibration-acoustic analysis (1/1 octave band) and SNQ values for field
measurements and numerical simulations of the 17-story structures.

T S 1/1 Octave Band Frequency (dB) SNQ
ype ection
63Hz 125Hz 250Hz 500Hz Crade(dB)
. Impact sound pressure level 85.9 66.5 57.2 42.0
Numerical 55
simulations Normalized Cgrve of inverse 78 68 61 55
A weighted
Excess value of normalized 79 0 0 0
curve
. Impact sound pressure level 80.3 64.4 53.7 46.9
Field 51
measurements Normalized curve of inverse 74 64 57 51
A weighted
Excess value of normalized 6.3 04 0 0

curve

It should be noted that the difference of 4 dB can be explained, as: (1) The reinforcing steel bars in
the floors, walls, and columns have been neglected in the numerical model; (2) the concrete material is
not the perfectly isotropic material, which means that the condition of the numerical model is different
than that of the real structures; and (3) there are uncertainties in the field measurements. Therefore,
these can all be contributing causes for the difference of 4 dB.

4. Summary & Conclusions

This study performed a vibro-acoustic analysis of multi-unit residential structures. During this
study, a numerical structural model has been developed, that can be used for numerically analyzing
floor noise occurring inside a multi-unit residential building. Noise evaluation of a target model
(the 17-story structure) was carried out using a numerical analysis. The results of the vibration and
acoustic analyses were compared in terms of 1/3 octave bands, 1/1 octave bands, and SNQs.

For the purpose of the proposed vibro-acoustic analyses, field measurements were carried out
and a comparison with the numerical simulation results was conducted. The comparison results show
that the results of the vibro-acoustic analysis exhibited a reasonable accuracy.

On the basis of the above results, it is clear that the numerical simulations using the proposed
approach can replace field experiments that demand time and money. Additionally, numerical
simulations can be applicable in practical situations and future researches, such as analyzing
noise-transmission paths inside multi-unit residential buildings and determining community structures,
floor plate types, and wall locations, all of which can be carried out using the proposed approach.
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