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Abstract 

Some studies have developed different kinds of vibration-reducible construction materials. However, no exist-
ing study has applied these materials in a building to prove their effectiveness at a structural level. Besides, much 
of the related research has focused only on measuring sound pressure or vibration levels within buildings adja-
cent to railway systems. Although some studies have provided methods to predict the vibration of a building 
structure, they cannot determine the train-induced sound pressure level simultaneously. Therefore, this study used 
the finite element model to simulate an existing building structure to prove the effectiveness of this method. Based 
on the combination of the acoustic and solid interaction modules in the finite element analysis method, the vibration 
and sound levels of buildings based on different kinds of vibration-reducible cementitious materials were estimated 
using different models. The results show that vibration-reducible cementitious materials can reduce vibration velocity 
and sound pressure levels by up to 7.1 dB and 5.2 dB with an increased floor height, respectively. In addition, reduced 
vibration can decrease structure-borne noise by up to 2.9 dB. A further parametric study shows that cementitious 
materials with a relatively high elastic modulus, a high damping loss factor, and low density can be effective for vibra-
tion and sound reduction.

Keywords Vibration reducibility, Vibration velocity level, Displacement, Sound pressure, Structure-borne noise, Finite 
element model

1 Introduction
The simulation of train-induced vibration has been 
studied for the last three decades, with some research-
ers developing different methods to predict train-
induced vibration, and most of the research focused on 

train-induced ground vibrations and vibration transmis-
sion in the soil (Amir Kaynia et al., 2000; Auersch, 2005; 
Connolly et al., 2013; Fu & Wu, 2019; Hunt, 1991, 1996; 
Kouroussis et al., 2014), omitting noise due to the passage 
of rolling stocks and the vibration transmission within 
buildings. However, with urban development, train-
induced building vibration and structure-borne noise are 
deteriorating the urban living environment, especially 
buildings located near urban railway systems. However, 
existing numerical analysis methods for train-induced 
ground or soil vibration are insufficient for predicting 
the train-induced vibration and structure-borne noise 
within a building due to the vibration transmission in 
the building, and only a few numerical analysis methods 
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were verified by the experimental data (Zou et al., 2020), 
most of which cannot analyze noise and vibration simul-
taneously. Moreover, this type of vibration and structure-
borne noise exists in a low-frequency range (Ngai & Ng, 
2000, 2003), which cannot be completely absorbed or 
reduced by noise barriers or resilient rail systems and 
which negatively affects people’s health (Bolin et  al., 
2011; Maclachlan et  al., 2018). Although some studies 
have developed vibration-reducible and noise-insulating 
cementitious materials (Wu & Pyo, 2023; Wu et al., 2022, 
2023), there is a lack of efficient numerical analysis meth-
ods to predict the vibration and noise reduction behavior 
in the building structure based on the vibration- or noise-
reducible materials.

Currently, the evaluation of building vibration and 
noise caused by the passage of trains is conducted by 
field experimental, empirical, and numerical methods. 
The experimental method is based on various field test 
data, as follows. The vibration response of the building 
surrounding the urban railway system can be recorded 
within the frequency domain or time domain, and these 
data can be transferred to estimate the building vibration 
level with transfer functions (Romero et al., 2012; With & 
Bodare, 2007; Zhu et al., 2023). This is a direct and accu-
rate method, but it requires a significant number of field 
measurements to evaluate the vibration transmission 
characteristics of a building, so it will be time-consuming 
and costly, and it cannot evaluate structure-borne noise 
simultaneously. The empirical method is similar to the 
experimental method, also requiring field test data, but 
it can use empirical formulas to include more impact 
factors, such as train speed, wheel–rail contact force, 
and the distance between the railway system and build-
ings (Verbraken et al., 2011). Meanwhile, structure-borne 
noise can be estimated using empirical formulas based 
on the evaluated vibration response. However, these two 
methods can only apply to an existing building and can-
not be applied to predict the vibration and structure-
borne noise before a building is constructed. Meanwhile, 
the numerical analysis method offers a possible process 
by which the vibration response of a building structure 
before construction can be determine. Most numerical 
analysis methods are finite element methods (FEMs), and 
they cannot directly estimate the vibration response or 
sound pressure level within the building at the same time 
(Fiala et  al., 2007; Kouroussis & Verlinden, 2013; Kour-
oussis et al., 2014; Lopes et al., 2014).

Based on the FEM, the acoustic–solid interaction cou-
pling module is a kind of multiphysics method that ena-
bles the efficient and effective prediction of vibration 
and sound level at a structural level. Therefore, this new 
FE analysis method is appropriate for predicting train-
induced vibration and sound. Compared with other 

methods, this multiphysics numerical analysis method 
can directly provide multiple results, such as the vibra-
tion velocity, displacement, and sound pressure level, 
without any post-calculation process after it complet-
ing model computation. In addition, it provides a possi-
ble method of predicting the vibration-reducibility and 
sound-insulating capacity of a building that might be 
constructed with vibration-reducible materials and that 
is located near urban railway systems. The prediction can 
help engineers devise better solutions to improve living 
conditions. Nevertheless, no existing study uses this effi-
cient multiphysics numerical analysis method to predict 
the vibration and sound pressure within a building adja-
cent to the railway systems before construction.

Moreover, this multiphysics numerical method also 
provides a process for predicting vibration, sound pres-
sure level, and structure-borne noise within a building 
structure based on the vibration-reducible cementitious 
materials. These developed materials showed high vibra-
tion reducibility under experimental conditions (Sharma 
et al., 2018; Wu & Pyo, 2023; Wu et al., 2023; Zheng et al., 
2008), and previous studies indicate that increased vibra-
tion reducibility can decrease structure-borne noise (Chi 
et al., 2019; Li et al., 2015; Liang et al., 2021). Therefore, 
it is necessary to use this numerical analysis method to 
investigate the effect of vibration-reducible cementitious 
materials on the vibration and structure-borne noise 
reduction within a building structure.

In this study, an existing building structure was 
selected to verify whether the results from the FE analysis 
correspond to the previous study. After the FE analysis 
is proven valid, a simplified FE model with the acoustic–
solid interaction module is used to predict the vibration 
and sound pressure level in a building that will be con-
structed with different types of vibration-reducible mate-
rials from previous studies and located near the railway 
system area. Meanwhile, the structure-borne noise level 
can be predicted, indirectly validating whether vibration-
reducible materials can reduce structure-borne noise 
generation and transmission. Finally, relatively better 
vibration-reducible cementitious materials can be found, 
and a parametric study was conducted based on these 
materials to determine how the parameters of material 
properties affect vibration and sound reduction.

2  Materials and Test Methods
2.1  Materials
The materials used for the building structure were cho-
sen from previous studies (Wu & Pyo, 2023; Wu et al., 
2023); they have an average compressive strength above 
30  MPa, and they have been proven vibration-reduci-
ble. The basic mechanical properties of these materials 
are shown in Table 1, and the mix proportions of each 
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material are shown in Table  2. According to previous 
studies, only concrete was considered in models for 
proofing the vibration-reducibility or noise insulation 
properties of construction materials (Chua et al., 1995; 
Hunt, 1996; Kouroussis et al., 2014), so reinforced con-
crete is not included in this study. Besides, this way can 
save time and computation resources.

2.2  Test Methods
2.2.1  Static Elastic Modulus Test
For simulation, the static elastic modulus of all mate-
rials is an important parameter. For each material, 
three cylinder specimens (Φ 10 cm × 20 cm) were cast 
and cured in room-temperature water for 27 d after 
demolding, and the static elastic modulus was tested at 
28 d, according to ASTM C469 (ASTM, 2002), and was 
calculated using the following equation:

where E is the elastic modulus, S2 is the stress corre-
sponding to 40% of the ultimate load, S1 is the stress cor-
responding to a longitudinal strain of 50 millionths, and 
ε2 is the longitudinal strain produced by stress S2. The 
static elastic modulus test was conducted with three 
cylinder specimens, and the average value of the three 
testing results was used as the final elastic modulus for 
each mixture. The results for all materials are shown in 
Table 1.

(1)E = S2−S1
ε2−0.000050

2.2.2  Poisson’s Ratio Test
Anson and Newman (Anson & Newman, 1966) and 
Ahmed (Ahmed, 2018) found that the static Poisson’s ratio 
is similar to the dynamic Poisson’s ratio, especially because 
the two values will be equal after 3  years. Therefore, this 
study used the dynamic Poisson’s ratio as the actual Pois-
son’s ratio of cementitious materials for a long-term build-
ing structure. The Poisson’s ratio was measured following 
ASTM C215-19 (ASTM, 2019), where three 40 × 40 × 160 
 mm3 prisms for each material are tested after 28 d of water 
curing. The setup of these two tests is shown in Fig. 1. For 
the dynamic Young’s modulus measurement, a free–free is 
suspended by two ropes, an accelerometer is attached to 
one end surface, and a standard impact hammer applies 
force to another end surface in the longitudinal direction, 
as shown in Fig. 1a. Similarly, for the dynamic modulus of 
rigidity, the impact hammer force and acceleration are at 
the front side along the longitudinal direction, as shown in 
Fig. 1b. The Poisson’s ratio is determined by the following 
equation:

where E is the dynamic Young’s modulus and G is the 
dynamic modulus of rigidity. E and G are measured 
by longitudinal and torsional impact resonance tests, 
respectively. E and G are calculated with Eqs. (3) and (4), 
respectively.

(2)µ =
(

E
2G

)

− 1

(3)E = 4LM(nl)
2

hw

Table 1 Physical parameters of vibration-reducible construction materials (Wu & Pyo, 2023; Wu et al., Jul. 2023)

Item RF Material 1 Material 2 Material 3 Material 4

Elastic modulus (E, GPa) 46.7 41.3 35.4 41.4 29.3

Poisson’s ratio (μ) 0.25 0.27 0.20 0.26 0.21

Density (g/cm3) 2.01 1.81 1.73 1.98 2.02

Damping loss factor (%) 1.66 1.70 1.78 1.83 1.95

Table 2 Mix proportions for the construction materials used in this study (kg/m3) (Wu & Pyo, 2023; Wu et al., 2022)

HGM hollow glass microsphere, GF graphite flakes, CS cenosphere

Mixture ID Cement Sand HGM GF CS Water Compressive strength (MPa)

RF 867 867 390.2 49.1

Material 1 650.3 12.5 45.0

Material 2 433.5 108.5 42.6

Material 3 779 73.9 35.4

–

Cement Lime mud Metakaolin Silica fume Fly ash Water glass Sand Water Superplasticizer Compressive strength (MPa)

Material 4 628.6 125.7 100.6 50.3 10.6 55.8 1257.1 314.3 12.6 34.1
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where, L is the length of the specimen, M is the mass of 
the specimen, nl is the longitudinal resonance frequency, 
nt is the torsional resonance frequency, h is the height of 
the prism cross section, and w is the width of the prism 
cross section.

2.2.3  Suspension Damping Loss Factor Test
Three prism specimens for each material were prepared 
for the damping ratio test. The setup is the same as in 
Fig.  1a, following ASTM C215-19 (ASTM, 2019), and 
the damping ratio was calculated as in Eqs. (5) and (6):

(4)G = 4.732LM(nt )
2

hw

where ξ is the damping ratio of the specimen; f0 is the res-
onance frequency of the specimen; f1, f2 is the frequency 
corresponding to an amplitude of Amax/

√
2 , as shown in 

Fig. 2; and η is the damping loss factor. Figure 3 shows the 
time domain data and the frequency domain results after 
FFT analysis.

3  Numerical Methods
3.1  Train–Track Model
In the simulation, the load from the railway system should 
be defined first, and the train–track model is an efficient 

(5)ξ = f1−f2
2f

0

(6)η = 2ξ

(a)

(b)
Fig. 1 a Setup of the longitudinal impact resonance test (Wu & Pyo, 2023), b the setup of the torsional impact resonance test
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and effective way to do so because of the dynamic inter-
action between the train and track structure (Zhai et al., 
2009, 2013). Moreover, this loading causes vibration, 
which can be transmitted through buildings and which 
generates structure-borne noise. Therefore, the vibra-
tion can be considered composed of a train model and a 
track model, the loadings of which were determined by 
Zhai et al. (Zhai et al., 2013) using their Eqs. (7) and (8), 
respectively:

where är , ȧr , and ar are the acceleration, velocity, and dis-
placement vectors for the train model, respectively, and 
Mr , Cr , Kr , and Pr are the mass matrices, damping matri-
ces, stiffness matrices, and load vector matrices of the 
train model, respectively. Furthermore

(7)Mrär + Crȧr + Krar = Pr

(8)Mtät + Ctȧt + Ktat = Pt

Fig. 2 Half-power bandwidth method used to estimate the damping ratio of cementitious specimens (Wu & Pyo, 2023)
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where ät , ȧt , and at are the acceleration, velocity, and dis-
placement vectors for the track model, respectively, and 
Mt , Ct , Kt , and Pt are the mass matrices, damping matri-
ces, stiffness matrices, and load vector matrices of the 
track model, respectively. For the simulation, the train 
is assumed moving along the track at a constant speed 
(60  km/h), so the relative displacement between cars 
can be neglected. The parameters for the train–track 
dynamic model equations are shown in Table 3.

3.2  Verification of the FE Model
After defining the railway system load, the FE model is 
constructed, consisting of track, soil, and buildings, as 
shown in Fig. 4. The soil properties and building compos-
ite parameters are shown in Tables 4 and 5, respectively. 

The foundation of the FE model consists of artificial fill, 
silty soil, fine sand, and medium coarse sand layers. The 
dimensions of each layer are 60 × 60 × 20 m. This building 
structure is over the track. The bottom of each column 
is located 1.5 m below the ground surface. The height of 
the first floor is 9.5 m, and the other floors are 5.0 m. The 
cross-sectional dimension for each beam and column is 
0.5 × 0.5  m2 and 1.0 × 1.0  m2. The train–track parameters 
are shown in Table 3.

In this study, this FE model is constructed with COM-
SOL (COMSOL, 2022), the results from which are veri-
fied by comparing with the field measurement method, as 
shown in Fig. 5. The measured results are from the stud-
ies of Zou et  al. (Zou et  al., 2015, 2020). The FE model 
also chose two locations to obtain the velocity data, 

Table 3 Parameters of the train–track model (Zou et al., 2020)

Name Unit Value Name Unit Value

Car length mm 19,520 Elastic modulus of sleeper MPa 30,000

Car body mass kg 42,600 Poisson’s ratio of sleeper – 0.2

Bogie mass kg 2550 Sleeper density kg/m3 2400

Distance between two bogie centers mm 12,600 Sleeper spacing m 0.6

Distance between two axles of a bogie mm 2300 Sleeper size mm3 2500 × 220 × 160

Suspension stiffness kN/mm 1.5 Elastic modulus of ballast and sub-ballast MPa 300

Wheelset mass kg 1760 Poisson’s ratio of ballast and sub-ballast – 0.35

Elastic modulus of rail MPa 210,000 Ballast density kg/m3 1800

Poisson’s ratio of rail – 0.25 Sub-ballast density kg/m3 2200

Rail density kg/m3 7850 Ballast and sub-ballast bulk damping N⋅s/m 1.6 ×  105

Area of rail cross section m2 7.745 ×  10–3 Ballast and sub-ballast shear damping N⋅s/m 8 ×  104

Rail pad damping N⋅s/m 5 ×  104 Cross section of ballast mm2 3300 × 250

Rail pad stiffness N/m 1.0 ×  108 Cross section of sub-ballast mm2 3300 × 200

Fig. 4 FE model for verification
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which corresponds to the previous study (Zou et  al., 
2020, 2015). One is on the third floor, and another is on 
the ground 12 m away from the track centerline. It can be 
found that the results from the FE simulation are proxi-
mal to the field measurement results, so this FE analysis 
method provides another possible and accurate method 
for predicting train-induced vibrations. The number of 
elements is 742,663, and the computation of this model 
used 12 cores of the supercomputing system, spanning 
approximately 9 h.

3.3  Simplification of the FE Model
It has been proven effective in predicting vibration based 
on the used FE model in Sect. 3.2. This study aims to ver-
ify whether vibration-reducible materials can effectively 
reduce vibration and structure-borne noise on a struc-
tural level. The single solid mechanics module for vibra-
tion analysis is insufficient in this study. Therefore, the 
acoustic–solid interaction coupling module in COMSOL 
is used in this section (COMSOL, 1998, 2022). This mul-
tiphysics numerical analysis method provides a possible 
method for analyzing sound pressure and vibration dis-
placement simultaneously. However, simply applying the 
coupling module to the FE model in Sect. 3.2 will induce 
more elements and degrees of freedom. To increase 
the computation efficiency, the building is reduced to 
four floors, and soil layers are shrunk to 50 × 50 × 20 m. 

Besides, for an accurate analysis of the acoustic–solid 
interaction module, it is better to add wall structures to 
the four sides of the building, and the walls in the train 
passage direction are defined as perfectly matched lay-
ers to avoid infinite sound reflection (COMSOL, 1998). 
If there is no barrier between indoors and outdoors, the 
indoor air will completely reflect the sound in the build-
ing in the acoustic–solid interaction module of the FE 
analysis in COMSOL, which will lead to repeated evalu-
ations of the sound pressure level. The wall thickness is 
set as 20 cm, and the FE model is labeled as Model 1 and 
shown in Fig. 6.

Furthermore, with the same parameters, a four-floor 
building is located 15 m from the center line of the track 
in another FE model, labeled Model 2, as shown in Fig. 7.

4  Analysis Results
4.1  Results from Model 1
4.1.1  Vibration
The building in Model 1 is based on vibration-reducible 
construction materials, and the vibration velocity level 
and displacement of each floor are shown directly in 
Fig. 7 and Table 6. Vibration velocity level is commonly 
used to describe vibration level and indirectly shows 
the noise level (Connolly et al., 2014). In this model, the 
train passes through the first floor, and the vibration and 
sound radiate into the air directly, which cannot show the 
effect of construction materials on vibration reduction. 
Therefore, only the second-to-fourth floors are consid-
ered in this section. As shown in Fig. 8, the overall vibra-
tion velocity level of buildings with vibration-reducible 
materials is lower on each floor than the RF material. 
Especially at certain frequencies, a significant decrease in 
the vibration level of the building with vibration-reduci-
ble materials can be observed. For example, the vibration 
velocity level difference between buildings with RF mate-
rials and buildings with vibration-reducible materials can 
reach 12  dB at 50  Hz on the second floor, as shown in 
Fig. 8a. Besides, the vibration velocity levels of buildings 
with different materials have different variation trends, 
meaning not only does the damping loss factor affect 
the vibration response, but the other characteristics of 

Table 4 Parameters of soil properties (Zou et al., 2020)

*The dimensions of soil layers are 60 × 60 × 20 m. Artificial fill, silty soil, fine sand, medium coarse sand are soil layers, and all of them have the samedimension

Soil Thickness 
(mm)

Density (kg/m3) Elastic 
modulus 
(MPa)

Poisson’s ratio Shear wave 
velocity (m/s)

Pressure wave 
velocity (m/s)

Damping 
loss factor

Artificial fill* 2.0 1.98 205 0.31 198.7 387.7 0.03

Silty soil* 2.5 1.53 120 0.35 170.3 354.5 0.03

Fine sand* 2.5 1.74 220 0.23 225.4 380.6 0.03

Medium coarse sand* 13.0 1.96 280 0.25 240.2 416.0 0.03

Table 5 Parameters of the building composites (Zou et al., 2020)

*The column is 1.5 m below the ground surface. The column corresponds to the 
column size

Name Unit Value

Column size* m2 1.0 × 1.0

Beam size m2 0.5 × 0.5

Floor thickness M 0.2

First floor height M 9.5

Other floors height M 5.0

Concrete elastic modulus GPa 30

Concrete density kg/m3 2500

Concrete damping loss factor – 0.02
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cementitious materials also affect the vibration response 
within a building structure (Connolly et al., 2014).

Moreover, as shown in Fig.  8, the displacement and 
vibration velocity levels are lower on the higher floor. 
However, when higher than 100  Hz, the displacement 

and vibration velocity level of buildings with vibration-
reducible materials have no significant fluctuation. 
Notably, the displacement of buildings with all materials 
decreases to around 1  μm over 100  Hz, and the results 
show that relatively significant displacements appear 

(a)

(b)
Fig. 5 Comparison of measured results and COMSOL simulation results: a on the 3rd floor, b on the ground 12 m from the track center line
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Fig. 6 Model 1: the track is located at the center of the 1st floor in the building

Fig. 7 Model 2: the building is located 15 m from the center line of the track

Table 6 Average vibration velocity level and displacement on each floor

Material Velocity level at each floor (dB) Displacement at each floor (μm)

Second Third Fourth Second Third Fourth

RF 93.31 89.64 87.71 3 2.24 1.73

Material 1 92.29 87.60 85.30 2.56 1.77 1.5

Material 2 91.87 87.57 85.10 2.88 1.68 1.38

Material 3 91.08 86.53 83.96 2.48 1.81 1.33

Material 4 91.21 86.77 84.42 2.75 1.64 1.43
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from 20 to 100 Hz, corresponding to the previous study 
results (Zou et al., 2020).

Table 6 shows the average vibration velocity level and 
displacement from 20 to 200 Hz, and the average vibra-
tion of buildings with vibration-reducible materials can 
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Fig. 8 a Vibration velocity on second floor, b displacement on second floor, c vibration velocity on third floor, d displacement on third floor, e 
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be reduced by 1 dB to 3.8 dB on all floors compared to RF 
materials. This can be considered a significant decrease 
in the vibration velocity level (Sun et al., 2017). In terms 
of displacement, the average can decrease by up to 27% 
on all floors compared to the RF material. According to 
both results, Material 3 shows relatively better vibration 
reduction effectiveness among all materials, although 
Material 4 has a higher damping loss factor. Material 3 
reduces the vibration velocity level by 7.1  dB from the 
second-to-fourth floors because of the higher elastic 
modulus and damping loss factor of Material 3, which 
can increase vibration energy loss and reduce structure 
deformation (Chi et al., 2019; Wang et al., 2017).

4.1.2  Sound Pressure Level
Figure  9 shows the sound pressure level in the building 
in a low-frequency range. The sound on the first floor 
directly radiated from the passage of the train and did 
not transmit through the structure. Therefore, the sound 
pressure level is not shown in this section. As shown in 

Fig.  9, the sound pressure level of buildings with vibra-
tion-reducible materials is lower than the RF mate-
rial-based building from the second-to-fourth floors. 
Moreover, the sound pressure level results from the 
acoustic–solid interaction module correspond to the gen-
eral measured results from a previous study (Okumura 
& Kuno 1991). It can be found that the maximum peak 
sound pressure level for all vibration-reducible material-
based buildings is in the 40 to 90  Hz range. Similar to 
the vibration velocity level results, the variation trends 
of all materials differ from each other, revealing that the 
noise level is also affected by other mechanical properties 
instead of only the damping loss factor. This can be pre-
sented in detail, as shown in Table 7. The average sound 
pressure level on all floors decreases as the floor height 
increase, and the sound pressure level of vibration-reduc-
ible material-based buildings on the second-to-fourth 
floors can be reduced by 1.7 dB to 4.5 dB compared to the 
RF material. In this section, the relatively better material 
is Material 4, which is different from that in Sect. 4.1.1, 
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Fig. 9 Sound pressure level on: a second floor, b third floor, c fourth floor
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as it can reduce 5.6 dB from the second-to-fourth floors, 
which is higher than other materials. This might be 
because of the lower elastic modulus compared to other 
materials, which causes vibration amplitude amplifica-
tion in Model 1, and this corresponds to the vibration 
velocity level and displacement. Thus, amplified vibration 
can increase the energy dissipation so that less sound is 
transmitted (Chandra et  al., 2003; Chi et  al., 2019), but 
the reduction effect is not significant compared to other 
materials.

4.1.3  Structure‑Borne Noise
Structure-borne noise can be calculated with the one-
third octave band of the sound pressure level on the 
contact boundary between the air and the floor in the 
COMSOL acoustic module (COMSOL, 1998). Figure 10 
shows results on the second-to-fourth floors, where the 
maximum frequency range was around 180  Hz due to 
the one-third octave band plot in COMSOL. It can be 
found that Material 1 causes higher structure-borne 
noise levels than other materials, between 40 and 60 Hz 
and at 160 Hz on the second floor, as shown in Fig. 10a. 
This is due to the structure-borne noise amplification 
on the second floor within the building, based on Mate-
rial 1. Besides, this phenomenon also indicates that the 
transmission distance affects the vibration–reduction 
effect. However, on the third and fourth floors, vibration-
reducible materials decrease structure-borne noise more 
than the RF material, as shown in Fig. 10b, c, respectively. 
Material 4 is a relatively better material in structure-
borne noise reduction, which can be decreased by 3.7 dB 
on the third floor compared to the RF material. This cor-
responds to the sound pressure level results in Sect. 4.1.2.

Moreover, as shown in Table 8, comparing the average 
noise difference from the second-to-fourth floors shows 
that the average noise level reduction effect decays with 
an increase in floor height. In addition, Table 8 presents 
the proportion of average structure-borne noise in the 
average sound pressure on the second-to-fourth floors, 
revealing that the proportion also decreases by 1 to 2% 

with an increase in floor height due to the decreased 
vibration transmission.

4.2  Results from Model 2
4.2.1  Vibration
In Sect. 4.1, it is shown that four kinds of materials can 
effectively reduce vibration transmission when a train 
passes through the first floor of a building. However, 
many buildings are adjacent to railway systems, leaving 
them affected by the vibrations from trains passing in 
daily life. Similarly, the vibration transmits directly from 
the ground to the second floor, so this section does not 
include the vibration on the first floor. Figure  11 shows 
the vibration velocity level and displacement on the sec-
ond-to-fourth floors in buildings, respectively, demon-
strating that the distance between the building and the 
vibration resource influences the trend of vibration vari-
ations. The vibration velocity level of buildings with dif-
ferent materials decreases with an increase in frequency 
from the second-to-fourth floors. As shown in Fig. 11a, c, 
and e, all vibration-reducible materials can decrease the 
vibration velocity level, except in the 20–30 Hz frequency 
range, as the RF material can cause a greater loss of vibra-
tion energy at this frequency range due to its superior 
mechanical properties (Lopes et al., 2014; Persson et al., 
2016).

Moreover, as shown in Fig. 11b, d, and f, all vibration-
reducible materials can reduce the displacement on each 
floor compared to the RF material. However, the peak 
displacement of the RF material on the fourth floor was 
higher than that on the third floor, between 20 and 40 Hz, 
as the different distances between the building and the 
vibration resource and different materials can generate 
different vibration amplitude amplification regions in 
the horizontal direction, especially on the top floor (Sun 
et  al., 2017). This is the reason for the higher peak dis-
placement on the third floor with different materials.

Besides, Table  9 shows the average vibration veloc-
ity level and displacement results. It can be found that 
the vibration velocity level decreases with an increase in 
floor height. The average vibration velocity level can be 
reduced by 0.5 dB to 3.2 dB compared to the RF material. 
However, for displacement, it is revealed that the aver-
age displacement of buildings based on the RF material 
on the third floor is higher than that on the fourth floor, 
because the vibration amplitude amplification effect 
induces higher displacement peaks in some frequency 
ranges. In terms of the vibration velocity level, Material 4 
is also the relatively better material in Model 2, reducing 
the vibration velocity by 6 dB from the second-to-fourth 
floors. Conversely, although Material 4 has a better 
damping loss factor, the displacement reduction is less 

Table 7 Average sound pressure level and displacement at each 
floor

Material Sound pressure level on each floor (dB)

Second Third Fourth

RF 108.57 105.62 104.56

Material 1 106.88 103.49 101.78

Material 2 106.60 102.91 102.04

Material 3 105.51 101.81 101.15

Material 4 105.69 101.69 100.06
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than Material 3 due to the lower elastic modulus of Mate-
rial 4, which causes a worse deformation resistance.

4.2.2  Sound Pressure Level
Figure  12 shows the sound pressure level results, dem-
onstrating that the sound pressure level variation differs 
from that of the velocity level variation, with an increase 
in the distance between the building and vibration 
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Fig. 10 Structure-borne noise on a second floor, b third floor, c fourth floor

Table 8 Average structure-borne noise level and the proportion of structure-borne noise in the average sound pressure on the 
second-to-fourth floors

Material Structure-borne noise level on each floor (dB) The proportion of structure-borne noise in the 
average sound pressure (%)

Second Third Fourth Second Third Fourth

RF 19.16 18.79 17.68 17.65 17.79 16.91

Material 1 18.06 16.81 16.43 16.90 16.24 16.14

Material 2 17.94 16.43 16.11 16.83 15.97 15.79

Material 3 17.62 15.90 15.79 16.70 15.61 15.61

Material 4 17.30 15.10 14.68 16.37 14.85 14.67
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Fig. 11 a Vibration velocity on second floor, b displacement on second floor, c vibration velocity on third floor, d displacement on third floor, e 
vibration velocity on fourth floor, f displacement on fourth floor
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resources. In other words, the sound pressure level is 
not only related to the vibration of buildings, but also 
to other physical properties of construction materials 
that affect sound transmission, such as density, elastic 
modulus, and Poisson’s ratio (Lopes et  al., 2014). Com-
pared to the RF material, all vibration-reducible mate-
rials decrease the sound pressure level at 80 to 140  Hz 

frequency ranges on each floor. For the second floor, the 
peak frequency appears at 80  Hz, and for the third and 
fourth floors, the peak frequency occurs at 40 Hz, indi-
cating that an increased distance between buildings and 
vibration resources can induce different sound pressure 
distributions and transmissions.

Table 9 Average vibration velocity level and displacement on each floor

Material Velocity level on each floor (dB) Displacement on each floor (μm)

Second Third Fourth Second Third Fourth

RF 77.31 74.54 73.36 0.98 0.67 0.69

Material 1 76.45 72.65 71.13 0.92 0.59 0.52

Material 2 76.81 72.90 71.11 0.89 0.58 0.53

Material 3 76.01 71.95 70.78 0.81 0.52 0.51

Material 4 76.17 72.63 70.14 0.8 0.56 0.54
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Fig. 12 Sound pressure level on a second floor, b third floor, c fourth floor
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Furthermore, Table  10 gives the average sound pres-
sure level on each floor, demonstrating that the RF mate-
rial increases the sound pressure level on the fourth floor 
compared to the third floor. Besides, the sound pressure 
level decrement of other materials is very small and can 
be explained by the vibration amplitude amplification 
effect, which can cause the sound amplitude to increase 
due to a greater vibration energy release (Heckl et  al., 
1996; Sun et  al., 2017). On each floor, the vibration-
reducible materials can reduce sound pressure by 1.3 dB 
to 4.0 dB, and Material 3 can reduce 4.1 dB from the sec-
ond to the fourth floors, which is higher than other mate-
rials in Model 2. Therefore, Material 3 has the best sound 
reduction effect among all materials in Model 2, a result 
that differs from that presented in Sect. 4.1.2.

4.2.3  Structure‑Borne Noise
Figure  12 shows the structure-borne noise level on the 
second-to-fourth floors in Model 2. Different from the 
results of Model 1, all vibration-reducible materials can 
reduce the structure-borne noise on each floor, and the 
structure-borne noise level is over 6% lower than that 
in Model 1, indicating that the distance between the 
receiver and the sound resources affects both the struc-
ture-borne noise reduction effect and structure-borne 
noise level within the building. Overall, Material 3 is 
also a relatively better material than others, and the RF 
material and Material 1 show a better reduction effect on 

the fourth floor than the third floor due to the vibration 
amplitude amplification effect in Model 2, as mentioned 
in Sect.  4.2.1. It can also be found that the Material 3 
reduction effect is not as significant as that in Model 1 
due to the lower vibration level in Model 2. Besides, 
on the third and fourth floors, Material 4 shows a bet-
ter structure-borne reduction effect after 90  Hz, which 
means the material with high porosity is better for the 
higher floors at higher frequency ranges in Model 2.

Table 11 gives the proportion of the average structure-
borne noise and the average sound pressure level from 
the second to fourth floors for each material. All pro-
portions are lower than those in Model, corresponding 
the decreased vibration velocity level and displacement. 
In other words, reducing vibration is an effective way to 
reduce structure-borne noise; thus, the overall sound 
pressure level can be decreased.

5  Discussion
It is shown that the distance between the building and 
the vibration resource affects the variations in vibration 
and sound. Therefore, the overall average vibration veloc-
ity level, displacement, and sound pressure of both mod-
els will be compared and discussed in detail.

5.1  Vibration
Figure  13a shows the overall average vibration velocity 
level of all floors of buildings with all materials in this 
study. It is obvious that the distance between building 
and vibration is one of the essential parameters that can 
significantly reduce the vibration velocity level by about 
10 dB for all buildings. This corresponds to the previous 
study (Kouroussis et al., 2021). In terms of different mod-
els, Material 3 is better than other materials, as the over-
all average velocity level of the Material 3-based building 
is 3 dB lower than the RF material-based one in Model 1, 
and this value is 2.2 dB from Model 2. This indicates that 
the vibration-reducible materials contribute more to the 
vibration reduction in the short-distance situation.

Figure  13b shows the overall average displacement of 
all materials in both models. Compared to the vibration 

Table 10 Average sound pressure level and displacement on 
each floor

Material Sound pressure level on each floor (dB)

Second Third Fourth

RF 93.03 90.11 90.87

Material 1 91.67 87.67 87.64

Material 2 91.54 88.01 87.90

Material 3 90.99 86.99 86.91

Material 4 90.91 87.89 86.99

Table 11 Average structure-borne noise level and the proportion of structure-borne in average sound pressure on the second-to-
fourth floor

Material Structure-borne noise level on each floor (dB) The proportion of structure-borne noise and 
average sound pressure (%)

Second Third Fourth Second Third Fourth

RF 12.90 11.89 12.36 13.87 13.19 13.61

Material 1 12.33 10.79 11.11 13.45 12.31 12.68

Material 2 12.41 11.06 10.66 13.56 12.57 12.12

Material 3 12.33 10.70 10.11 13.55 12.30 11.63

Material 4 11.88 11.17 10.58 13.01 12.71 12.16
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velocity level decrease, the decrease in displacement 
can be over 65% due to the increased distance between 
the building and the vibration resource. Similarly, Mate-
rial 3 shows the best displacement reducibility among 
all materials in both models. However, the decrement 
in the displacement of the building based on vibration-
reducible materials is about 0.4 μm in Model 1 and 0.15 
μm in Model 2 compared to the RF material, respectively. 
This reveals that the distance will affect the effectiveness 
of vibration-reducible materials on the vibration dis-
placement reduction. Although the displacement results 
are not significant, the life service of buildings will be 
affected after a long-term vibration displacement (Qiu 
et al., 2020).

5.2  Sound Pressure Level
Figure  13c shows the overall average sound pressure 
level of all materials in both models, which decreases by 

around 11 dB with an increased distance for all materi-
als. In Model 1, the overall average sound pressure level 
of the Material 4-based building is the lowest due to the 
relatively low elastic modulus of Material 4. In contrast, 
the overall sound pressure level of building Material 2 is 
higher than other vibration-reducible materials in Model 
2. This is because the increased distance between the 
receiver and the vibration resource will affect the sound 
pressure level reduction due to the vibration ampli-
tude amplification region. Moreover, as mentioned in 
Sect. 4.1.2, other mechanical properties of materials also 
affect the sound pressure level.

5.3  Structure-Borne Noise
As shown in Fig. 14d and Table 12, the increased distance 
between the receiver and sound resources decreased 
the overall average structure-borne noise by more than 
5.4 dB. In addition, Material 4 shows the best reduction 
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Fig. 13 Overall average a vibration velocity level, b displacement, c sound pressure level, and d structure-borne noise level for all materials 
in Model 1 and Model 2
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effect in Model 1, able to reduce structure-borne noise by 
2.9 dB compared to the RF material. In Model 2, Mate-
rial 3 is the best material for structure-borne noise reduc-
tion, as it is 1.3 dB lower than the RF material. Similarly, 

Material 4 shows the lowest proportion of the overall 
average sound pressure level in Model 1, and Material 
3 shows the lowest proportion out of the overall aver-
age sound pressure level in Model 2. Moreover, although 
Material 4 has a better damping loss factor, the overall 
average structure-borne noise is higher than Material 3 
in Model 2, meaning the other mechanical properties of 
materials, such as elastic modulus and density, and even 
the properties of building structures also affect the struc-
ture-borne noise distribution and transmission in this 
study (Hudson, 1995; Ngai & Ng, 2003).

6  Parametric Study
Section 4 shows that Material 4 is better for sound pres-
sure reductions in Model 1, while Material 3 shows a bet-
ter vibration reduction and sound pressure reduction in 
Model 2. Further, Materials 3 and 4 are selected as refer-
ence materials in this section. Moreover, from previous 
sections, it can be found that not only is the damping loss 
factor important for vibration and sound reductions, but 

RF Material 1 Material 2 Material 3 Material 4
60

65

70

75

80

85

90

95

100

V
el
o
ci
ty

le
v
el
(d
B
)

Model 1

Model 2

(a)

RF Material 1 Material 2 Material 3 Material 4
0

1

2

3

D
is
p
la
ce
m
en
t
(
m
)

Model 1

Model 2

(b)

RF Material 1 Material 2 Material 3 Material 4
80

85

90

95

100

105

110

115

S
o
u
n
d
p
re
ss
u
re

le
v
el
(d
B
)

Model 1

Model 2
(c)

RF Material 1 Material 2 Material 3 Material 4
10

15

20

S
tr
u
ct
u
re
-b
o
rn
e
n
o
is
e
le
v
el
(d
B
)

Model 1

Model 2

(d)

Fig. 14 Structure-borne noise on a second floor, b third floor, c fourth floor

Table 12 Overall average structure-borne noise level and the 
overall average proportion of structure-borne noise in overall 
average sound pressure level for all materials in Models 1 and 2

Material Overall average structure-
borne noise level of each 
model (dB)

The overall proportion 
of structure-borne 
noise in overall average 
sound pressure (%)

Model 1 Model 2 Model 1 Model 2

RF 18.55 12.39 17.45 13.56

Material 1 17.76 11.41 17.04 12.81

Material 2 16.83 11.38 16.20 12.75

Material 3 16.44 11.05 15.97 12.49

Material 4 15.69 11.21 15.30 12.63
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other mechanical properties are also essential for both 
sound and vibration reductions. Therefore, the elastic 
modulus and damping loss factor are the main param-
eters that will be investigated, including in Material 5 and 
Material 6, as shown in Table 13. Besides, the lower den-
sity of Material 3 may be another reason for the sound 
reduction and structure-borne noise reductions, so it 
is assumed Material 7 has the same density and elastic 
modulus as Material 3 and the same damping loss factor 
as Material 6, as shown in Table 13.

For a direct comparison, Table  14 shows the overall 
average vibration velocity level and displacement in both 
models. It can be found that Material 5 shows a lower 
vibration velocity level and displacement than Mate-
rial 4 due to the increased elastic modulus, which can 
provide better deformation resistance. Furthermore, 
Material 6 has a higher damping loss factor than Mate-
rial 5, and the vibration velocity level and displacement 
decreased further. Material 7 has the same damping 
loss factor as Material 6, and the vibration velocity can 
be decreased by 1  dB compared to Material 3 in both 
models. The displacement of Material 7 is the lowest 
among all; compared to the RF material, the overall aver-
age vibration velocity decreased by more than 3.5 dB in 
both models, which is significant in terms of the only 
improved mechanical properties of cementitious mate-
rials. Although Materials 6 and 7 have the same elastic 
modulus and damping loss factor, Material 7 shows bet-
ter vibration reduction due to the lower density, which 

can cause a lower vibration transmission speed (Čáp 
et al., 2021).

Tables 14 and 15 shows the overall average sound pres-
sure level and structure-borne noise level, where the 
increased elastic modulus of Material 5 only decreases 
the sound pressure and structure-borne noise by less 
than 1  dB compared to Material 4. Moreover, the 
increased damping loss factor and elastic modulus of 
Material 6 only decrease by around 0.4  dB in sound 
pressure and structure-borne noise. For Material 7, the 
increased porosity and damping loss factor can decrease 
sound pressure and structure-borne noise by more than 
1 dB and 0.5 dB in Models 1 and 2 due to the decreased 
vibration velocity level, respectively. Furthermore, com-
pared to the RF material, Material 7 decreases the sound 
pressure and structure-borne noise by 4.7 dB and 3.1 dB 
in Model 1, respectively, and in Model 2, Material 7 
decreases the sound pressure and structure-borne noise 
by 3.8 dB and 1.8 dB, respectively.

In summary, the elastic modulus and damping loss 
factor are the key parameters of cementitious materi-
als, which mainly affect the low-frequency vibration and 
sound reduction in building structures. The relatively 
low-density cementitious materials can further decrease 
vibration transmission.

Table 13 Physical properties of materials

Item Material 3 Material 4 Material 5 Material 6 Material 7

Elastic modulus (E, GPa) 41.4 29.3 41.4 41.4 41.4

Poisson’s ratio (μ) 0.26 0.21 0.21 0.21 0.26

Density (g/cm3) 1.98 2.02 2.02 2.02 1.98

Damping loss factor (%) 1.83 1.95 1.95 2.10 2.10

Table 14 Overall average vibration velocity level and the overall 
average displacement in Models 1 and 2

Material Overall average vibration 
velocity level of each 
model (dB)

Overall average 
displacement of each 
model (μm)

Model 1 Model 2 Model 1 Model 2

RF 90.22 75.07 2.32 0.78

Material 3 87.19 72.71 1.88 0.61

Material 4 87.74 72.98 1.94 0.63

Material 5 87.02 72.40 1.77 0.58

Material 6 86.68 71.97 1.70 0.57

Material 7 86.20 71.70 1.58 0.54

Table 15 Overall average sound pressure level and overall 
average structure-borne noise level in Models 1 and 2

Material Overall average sound 
pressure level of each 
model (dB)

Overall average 
structure-borne noise 
level of each model 
(dB)

Model 1 Model 2 Model 1 Model 2

RF 106.25 91.34 18.55 12.39

Material 3 102.82 88.30 16.44 11.05

Material 4 102.48 88.60 15.69 11.21

Material 5 102.31 88.24 15.62 10.98

Material 6 102.05 88.00 15.48 10.79

Material 7 101.59 87.53 15.41 10.50
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7  Conclusions
In this study, the FE model based on the train–track 
model was carried out, as it has been proven valid for 
train-induced vibration prediction. Then, the FE model 
with the acoustic–solid interaction module gives a pos-
sible way to predict the train-induced vibration and 
sound pressure within buildings near railway systems. 
As well, this FE analysis method also provides a method 
of predicting the vibration velocity level, sound pres-
sure level, and structure-borne noise within buildings 
based on different vibration-reducible cementitious 
materials. Moreover, the parametric study with this 
method investigates how the parameters of properties 
affect the vibration and sound levels within buildings. 
The key observations and findings of this research can 
be summarized as follows:

1) The vibration velocity level of buildings decreases 
with an increase in floor height. Among the four 
vibration-reducible materials that were used in this 
study, Material 3 reduced the vibration velocity level 
by 7.1 dB and 5.2 dB in Model 1 and Model 2 with 
an increased floor height, respectively. Material 3 
has the best vibration reducibility due to its relatively 
higher elastic modulus and damping loss factor than 
other materials in this study.

2) The displacement within buildings also decreases 
with an increase in floor height, which corresponds 
to the vibration velocity level. All vibration-reducible 
materials are effective for displacement reduction, 
achieving displacement of over 26%. However, the 
displacement of the building based on the RF mate-
rials increases on the fourth floor compared to the 
third floor in Model 2.

3) The increased distance between the receiver and 
the sound resource can create a vibration amplitude 
amplification region. Therefore, simply changing the 
location of buildings cannot reduce vibration on all 
floors.

4) The sound pressure level has the same trend as dis-
placement. Similarly, the sound pressure level of the 
RF material-based building increases on the fourth 
floor compared to the third floor. The vibration 
amplitude amplification also affects the sound pres-
sure level. Besides, Material 4 shows relatively better 
sound reducibility than other materials due to the 
vibration amplitude amplification effect in Model 1. 
Therefore, the vibration and sound reduction predic-
tion with the developed numerical method is neces-
sary for a vibration-reducible material-based building 
before implementing construction.

5) The structure-borne noise decreases with an increase 
in floor height and an increased distance between the 

receiver and sound resources. Material 4 shows a bet-
ter structure-borne noise reduction effect than other 
materials in both models, which can reduce overall 
structure-borne noise by 2.9  dB in Model 1. How-
ever, in Model 2, Material 3 is better, as it can reduce 
overall structure-borne noise by 1.3  dB. Therefore, 
not only does the damping loss factor affect the 
structure-borne noise, but the other material proper-
ties also affect structure-borne noise transmission.

6) The parametric study reveals that the elastic modulus 
and damping loss factor are the key factors in low-
frequency vibration and sound reduction. The lower 
density might be slightly effective for low-frequency 
vibration and sound reduction due to the decreased 
vibration transmission speed.

In this study, it was shown that the FE model based on 
the acoustic–solid mechanics interaction module is an 
efficient way to predict the vibration and train-induced 
sound pressure level in a low-frequency range. To extend 
the present study, additional research is needed to inves-
tigate numerically the vibration behavior of the rein-
forced vibration-reducible material-based buildings with 
different structure shapes adjacent to railway systems.

Furthermore, developing the construction cementi-
tious material with a relatively high elastic modulus, 
high damping loss factor, and low density is also impor-
tant for future research, and the acoustic parameters of 
cementitious materials require further study for accurate 
simulation.

Moreover, to improve the accuracy of the simula-
tion analysis, it is imperative to explore the potential for 
errors in the simulation model. However, due to a scar-
city of available studies providing all the necessary simu-
lation parameters, this study is constrained to presenting 
only one existing FE model, constituting a limitation of 
this research. For future research, it is necessary to find 
additional models to comprehensively assess the poten-
tial for the simulation model error.
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