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Abstract: The prediction of floor vibration is of great importance from the viewpoint of accurate
prediction of a room’s sound environment. Despite the advantage of low cost, because the density
and elasticity of autoclaved lightweight aerated concrete (ALC) panels are much lower than those of
reinforced-concrete panels, ALC floor structures suffer from weak sound insulation and require better
sound insulation design. However, there have been not yet been any studies of sound insulation
improvement of steel-framed ALC floor structures, and it is novel to clarify how the floor-impact-
sound characteristics are affected by the panel size and beam structure. In this paper, a finite element
analysis was applied to the vibration simulation of an ALC floor structure on a steel-framed structure.
The validity of the proposed method was firstly confirmed by comparison with measurement results.
Furthermore, by using the validated simulation method, the effect of the arrangement of ALC panels
and their supporting steel-framed structure on the vibration characteristics of the whole structure
was investigated. It was found that the vibration performance was improved when the number of
beams was increased and adjacent ALC floor panels were bonded to each other.

Keywords: numerical simulation; FEM; autoclaved lightweight aerated concrete (ALC); structural
analysis

1. Introduction

In recent years, people have become more sensitive to noise against a background of
increased time spent at home, so that the importance of sound environmental performance
in buildings is increasing [1]. Floor impact noise is considered to be the most irritating
noise for residents [2–4]. Floor impact sounds are divided into two types, namely light-
and heavyweight floor impact sounds. The former noise can be easily dealt with after con-
struction, while the latter requires structural measures to reduce it, but these measures are
difficult and expensive to implement after construction is complete. Therefore, estimation
of the floor vibration performance at the structural design stage is an effective means for
producing an appropriate environmental design.

Regarding numerical simulation technology in the field of buildings, it is effective not
only for floor vibration but also for many other aspects. For example, a numerical simulation
study of a typical reconstruction house showed that seismic performance of masonry wall
can be greatly improved by being wrapped in reinforced concrete or seismic band [5]. It has
also been used to establish a precise and concise formula for quantifying the out-of-plane
flexural capacity and initial stiffness of unstiffened eccentric steel rectangular hollow section
(RHS) X-connections [6], and to help investigate the properties of diagrid structures [7,8].
In terms of floor impact noise, various studies have reported on prediction methods for
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floor impact sound insulation characteristics of reinforced-concrete buildings [9–24]. In
these studies, an energy-based method, such as statistical energy analysis (SEA) [20–22],
and a wave-based method, such as the finite-element method (FEM) or the finite-difference
time-domain method [23,24] are used to simulate vibration propagation in the structure.
SEA is quite efficient from the viewpoint of lower calculation costs. However, it is more
straightforward to model and discretize the object of the simulation target by a wave-based
discrete numerical approach. Among them, FEM is especially used for structural analysis.
Some research on predicting the vibration characteristics of steel-framed structures has
also been conducted [25–28]; however, almost all studies targeted the prediction of the
vibration characteristics of a building structure, and their numerical results included very
low-frequency components excited by, for example, seismic vibration. In contrast, floor
impact sound includes relatively higher-frequency components up to at least 500 Hz, which
requires quite detailed modeling of the steel-framed structure. In such a frequency range,
the vibration characteristics are more complex because the wavelength of the propagated
bending wave is smaller. The detailed characteristics of steel-framed structures have been
experimentally investigated [29–33], and the results described the effect of the steel-framed
walls and floors on the vibroacoustic transmission characteristics. In steel-framed structures,
not only slab plates but also steel-frame structures, including beams and columns, have a
large impact on the total structure-borne sound transmission characteristics of the building,
compared to the simple situation of reinforced-concrete structures where the structure
consists of relatively few materials. However, the influence of such complex mechanisms
has not yet been sufficiently investigated. Furthermore, it has been suggested that a practical
and efficient design method to evaluate the vibration serviceability of cold-formed steel
floor systems is not yet available [33]. To address these problems, it is necessary to study
the characteristic differences in sound insulation caused by differences in construction
details, and not only experimental but also numerical investigations will play a role in
determining these differences.

Examples of existing studies on numerical prediction methods for floor impact sound
insulation performance of steel-framed buildings include the application of a finite ele-
ment analysis to steel-framed buildings [34] and the application of a coupled displacement
in-plane and out-of-plane to deck plate slabs [35,36]. Comprehensive analytical and experi-
mental studies on equivalent rigidities of steel floor systems for vibration analysis based on
an orthotropic plate model have been presented, and the fundamental frequencies of the
structure have been validated as basic studies [37,38]. Further, Abramowicz et al. recently
investigated a detailed method of treating the numerical coupling scheme between the slab
and I-shaped steel beams [39]. In these cases, the vibration characteristics of steel-framed
structures were simulated by FEM and the modal characteristics of the structure were dis-
cussed, but detailed validation of the frequency responses of vibration at higher frequency
ranges, which can be applied to practical prediction, has not yet been sufficiently treated.
Thus, further practical studies are needed to improve the accuracy of the simulations and
expand the range of applications.

This study investigated the numerical prediction of the vibration characteristics of
a steel-framed floor structure with autoclaved lightweight aerated concrete (ALC) plates
using FEM. ALC is a lightweight cellular concrete building material mainly made of silica
stone, cement, quicklime, and aluminum powder. The density and elasticity of ALC panels
are much lower than those of reinforced-concrete panels. Therefore, despite their low cost,
ALC floor structures may suffer from sound insulation weaknesses that require an adequate
sound insulation design. However, by using the numerical procedure described above,
it is possible to improve the floor-impact-sound insulation characteristics by considering
the vibration mechanism of the complex structure consisting of the panels and frame
structure. However, there have been not yet been any previous study of sound insulation
improvement of steel-framed ALC floor structures, and it is novel to clarify the mechanism
of how the floor-impact-sound characteristics are affected by the panel size and beam
structure.
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In this paper, the applicability of FEM to steel-framed ALC floor structures was con-
firmed by comparison with measurement results. In this study, experimental investigation
was conducted to obtain measurement data for comparison to confirm the validity of
the numerical results. Recently, a novel vibration measurement technique of non-contact
measurement of vibration using a laser doppler vibrometer system [40,41] has been investi-
gated. This method can eliminate the influence of the mass loading of the accelerometer,
and has the possibility to be adopted for floor-impact-sound measurement. However,
in this study, the measurement target was heavy enough not to be affected by the mass
of the accelerometer, and a large amount of the former experimental results in the field
of floor vibration have been obtained by using the hammering method. Therefore, the
conventionally used impact hammer measurement method was adopted for validation.
Then, the effect of sound insulation measures on a steel-framed ALC floor structure was
discussed through numerical studies.

2. Measurements
2.1. Methods

Schematics of the ALC setup for a span of the target building showing measurement
points and the beam plan is shown in Figure 1. A photograph of the measurement setup is
shown in Figure 2a. The target building is a three-story steel-framed structure. The target
for measurement is a span of the second floor. When the measurements were carried out,
construction of the steel-frame structure and the separation walls had been completed, but
interior elements had not yet been installed. Thus, only the vibration characteristics of
the steel frame with ALC plates were measured. The ALC floor panels had a thickness of
100 mm. Note that each ALC panel had a different size, and appropriate pairs of panels with
different sizes were chosen for each span structure. Each ALC floor panel was connected to
the steel beam at two points using the mounts shown in Figure 2b. The steel frame was
made of light-gauge steel.

Figure 1. (a) Setup of ALC panels and arrangement of vibration receiving and source points; (b) beam
plan of steel-frame structure.



Buildings 2022, 12, 1910 4 of 14

Figure 2. (a) Photograph showing hammering of ALC panels; (b) detailed cross-sectional schematic
around mounts connecting ALC floor panels to steel beam.

Acceleration was measured at receiving points A50 to F50 when source points A0 to
F0 were vibrated. Here, source points A0 to F0 were located at the center of each ALC
floor panel, while the receiving points A50 to F50 were 50 mm from the center. The source
points on the ALC plates were excited by an impact hammer. A PC-connected fast Fourier
transform analyzer (OROS, OR34J-4) was used for real-time measurements of acceleration
by hammering. A rising trigger was set for the measurement with 3 N as the threshold.
The sampling frequency was 12,800 Hz and 1.28 s of measurement data was used to obtain
the FFT analysis results. The frequency resolution of the acquired FFT analysis results is
0.78125 Hz. The voltage sensitivity of the impact hammer used for the measurements was
0.2492 mV/N, and the voltage sensitivity of the accelerometer was 10.7 mV/m/s2.

2.2. Results

The measurement results at the six receiving points are shown in Figure 3. Because
the steel-framed structure using light-gauge steel is relatively flexible compared with a
more rigid structure, such as a reinforced-concrete structure, the lightweight structure may
cause nonlinearity. Therefore, the excitation measurement was first performed four times
while changing the input force at all measurement points to evaluate the influence of the
nonlinearity of the particle damping characteristics. By comparing these results even if
the input force changes, the accelerance in the frequency range of 10 Hz to 1 kHz obtained
at the receiving points were mainly unchanged, confirming that these ALC structures
exhibit sufficient linearity for the range of forces used. Although the sound insulation
improvement of low frequency range under 100 Hz is important from the viewpoint of
heavy floor impact sound characteristics, the frequency characteristics under 10 Hz are not
basically perceived as sounds and are not treated in the field of acoustics for floor impact
sound transmission. Note that the prediction of floor vibration under 10 Hz is of great
importance from the viewpoint of body sensation of vibration. So, this paper focuses on
the vibroacoustic characteristics in the acoustic frequency domain from 10 to 1000 Hz.
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Figure 3. Measurement results for accelerance at six receiving points: (a) A50, (b) B50, (c) C50, (d) D50,
(e) E50, and (f) F50.

3. Numerical Simulations

To verify the numerical results, the frame structure with ALC panels was numerically
modeled using FEM, and the vibration characteristics were calculated and compared to the
measurement results reported in the previous section.

3.1. Numerical Method

The numerical model was generated by simulating only one span of the measured
building, as shown in Figure 4. Beam elements were used to model the columns and beams,
and shell elements were used to model each of the ALC floor panels. Each ALC floor panel
was connected to the beam by rigid elements at two points as shown in Figure 2b. As a
constraint condition, a fixed edge condition was set at the lowest node of the column to
model the column as standing on rigid ground. The other boundaries of the ALC panels
were simulated as free boundaries. The numerical parameters used in the simulations
are shown in Table 1. Because ALC can have a wide range of densities according to the
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production method [42], in this study, the parameters for ALC floor panels were determined
based on the Japanese ALC panel structure design guideline and commentary [43], which
is a technical standard in Japan to maintain and improve the quality of buildings using
ALC panels.

Figure 4. (a) Numerical model with beams and columns modeled using beam elements; (b) original
view of structure illustrating thickness and cross-sectional shape of beams and columns.

Table 1. Numerical parameters adopted in FEM simulations.

Property ALC Floor Panels Columns and Steel Frames

Young’s modulus 1.75 × 109 N/m2 2.00 × 1011 N/m2

Poisson’s rato 0.2 0.3

Density 650 kg/m3 7850 kg/m3

Damping ratio 0.03 0.02

3.2. Comparison of Measurement and Simulation Results

Comparisons between the measurement and simulation results at the six receiving
points are shown in Figure 5. The measurement points are as shown in Figure 1, and
Figure 5 reports the accelerance at A50 to F50 when the center of each ALC floor panel (A0
to F0) was vibrated. Although there is a difference in the magnitude of the response at the
peak frequency between the measurement and simulation results, and further improvement
of the simulation accuracy would be desirable, all numerical results show a similar trend to
the measurement results. Therefore, the validity of the modelling method is confirmed.
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Figure 5. Comparisons of measurement and simulation results at six measurement points: (a) A50,
(b) B50, (c) C50, (d) D50, (e) E50, and (f) F50.

4. Case Studies

This section describes how the vibration characteristics of steel-framed ALC floor
panels were investigated using the validated numerical prediction method. In Sections 4.1
and 4.2, the effects of ALC floor panel size and beam structure on the vibration character-
istics are discussed by comparing the results obtained from different numerical models.
Then, in Sections 4.3 and 4.4, to investigate measures to increase the sound insulation
characteristics, the effect of the number of beams used to form the frame structure and the
effect of bonding adjacent panels and integrating the overall ALC panels are evaluated by
comparing the results with previously measured results obtained by Sho et al. [44].

4.1. Effect of ALC Floor Panel Size

Two numerical models were used to investigate the effect of ALC floor panel size
on the vibration characteristics. The thickness of all ALC floor panels was 100 mm. The
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numerical models are shown in Figure 6. The excitation and receiving points are indicated
by red dots.

Figure 6. (a) Basic numerical model; (b) modified numerical model with different ALC floor panel
sizes but same frame structure as in model (a).

The numerical results are shown in Figure 7, which shows that no significant difference
was seen at frequencies lower than 30 Hz, despite the different sizes of the ALC floor panels.
However, at frequencies higher than 30 Hz, the difference is large.

Figure 7. Effect of size of ALC floor panels on accelerance characteristics. Condition (a) is the
numerical model with the basic-size ALC floor panels, while (b) is the numerical model with large
ALC floor panels.

4.2. Effect of Beam Structure

Two numerical models were used to investigate the effect of the beam structure on the
vibration characteristics. The size of each ALC floor panel was the same for both numerical
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models, with a thickness of 100 mm. The numerical models are shown in Figure 8. The
excitation and receiving points are indicated by red points.

Figure 8. (a) Basic numerical model; (b) modified numerical model with different beam structure but
the same ALC panel size.

The numerical results are shown in Figure 9, which shows that no significant difference
is seen at frequencies higher than 30 Hz, despite the different beam structures. However, at
frequencies lower than 30 Hz, the difference is large.

Figure 9. Effect of beam structure on accelerance characteristics. Condition (a) is the numerical model
with a basic beam structure, while (b) is the numerical model with a small beam structure.

4.3. Effect of Number of Beams

Two numerical models with different numbers of beams were used, and the results
were compared with those of previous measurements [44]. The numerical models are
shown in Figure 10. The excitation and measurement points are indicated by red dots.
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Figure 10. Schematics of (a) beam structure 1 and (b) beam structure 2.

The numerical results for mobility are shown in Figure 11. It can be seen that below
about 300 Hz, a similar reduction in mobility is observed with increasing number of beams
in both the simulation and experimental results.

Figure 11. (a) FEM results obtained in present study; (b) measurement results from Sho et al. [44].

4.4. Effect of Bonding of Adjacent Panels

Numerical simulations were carried out for numerical models with bonding between
adjacent ALC floor panels by rigid element or by spring element in addition to that with no
bonding. Spring elements with spring constant of 50 N/mm were set at the points with an
interval every 12.5 mm. The spring constant was set assuming that a rubber sealing with a
thickness of 30 mm that has hardness of Hs60~Hs70 is sandwiched between the adjacent
area of the ALC floor panel. Then, a numerical model with 12 sheets of ALC floor panels,
as shown in Figure 7a, was set and the changes in vibration characteristics due to bonding
were compared with the results of previous measurements [44].

The numerical results are shown in Figure 12. Further, the results obtained in 1/1
octave band are also shown in Figure 13, which also shows the results of mobility for the
conditions with spring constants of 10 and 100 N/mm as well as 50 N/mm for reference.
These plots show that below 100 Hz, both the simulation and measurement results indicate
a similar reduction in mobility due to bonding. It was also confirmed that below 100 Hz,
the mobility was more damped as the bonding by the spring elements was stiffer. While
the tendency is different in the high frequency range, heavy floor impact sounds are pre-
dominantly in the low frequency range, and it is important to reduce vibration levels in the
low frequency range. So, the above findings, where the floor impact sound characteristics
can be controlled by bonding the adjacent panels by some materials like rubber, can be
applied to practical sound insulation planning of buildings.
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Figure 12. (a) Numerical result by the FEM in the present study; (b) measurement results from Sho
et al. [44].

Figure 13. Results of octave band analysis of numerical result by the FEM in the present study.

The results reported here show that increasing the number of beams and bonding
adjacent panels may be effective measures against propagation of heavy floor impact
sounds in steel-framed structures with ALC panels.

5. Limitations

In this study, the validity of an FEM-based prediction method for ALC steel-framed
structures was verified through a comparison with the numerical results for models of these
structures. However, only the vibration characteristics for a single floor were considered;
thus, the accuracy of the proposed method for multiple floors should be investigated
in a future study. However, the case considered in the present study has a basic frame
geometry, and the knowledge obtained should be applicable to vibration prediction for
other geometries. As described in Section 4, the influences of the ALC plate dimensions,
the division of the steel-frame geometry, and the presence or absence of bonding between
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ALC panels on the vibration properties were investigated through numerical studies, and
these findings are also considered to be fully applicable to other cases.

6. Conclusions

In the present study, the applicability of FEM to steel-framed ALC floor structures
was examined by comparing simulation results with actual measurement results. Further,
the mechanism for how the floor-impact-sound characteristics of the ALC floor structure
decrease when affected by the panel size and beam structure was clarified using the
validated numerical scheme. Based on the validation, the floor vibration can be predicted
with high accuracy by creating a discrete numerical model using beam elements for columns
and beams, and shell elements for ALC floor panels. Next, numerical case studies were
carried out to determine the effects of the ALC floor panel size and the beam structure
on the vibration characteristics. The results confirmed that doubling the panel width for
the panel sizes conducted in this study had little effect on the vibration characteristics at
frequencies lower than 30 Hz, while changes in the beam structure had a significant effect on
the vibration characteristics at frequencies below 30 Hz. The effects of the number of beams
and of bonding between adjacent ALC panels were also investigated. The simulation results
indicated that increasing the number of beams and elastically bonding panels together
improved the vibration characteristics at low frequencies.
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