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Abstract: In order to reduce the excessive vibration responses of a reinforced concrete frame structure
induced by several vibrating screens working simultaneously, field vibration monitoring and some
vibration reduction measures are carried out. The results of field vibration monitoring show that the
maximum vertical vibration of the structure exceeds 106% of the limitation of building vibration. The
results of the structural response analysis show that the excessive structural vibration is attributed
to the resonance, as the frequency of the vibrating screens coincides with vertical natural frequency
of the floors of the factory structure. Based on this fact, three vibration control measures, including
damping, active vibration isolation of vibrating screens and structural vibration absorption, are
proposed to mitigate the excessive vibration. In order to analyze the vibration control performance
of the proposed schemes, the finite element dynamic model of the factory building structure is
established, and the model is verified by the results of vibration and mode tests. Then, the damping
system, vibration isolation system and vibration absorption system are set up in the models, and
the vibration control performance of the three schemes are investigated. The results show that
the measures, including vibration isolation and absorption, can reduce the vibration by more than
80%. Combined with the demand for a short construction period, the active vibration isolation of
vibrating screens is finally selected. After the implementation of the scheme, the field monitoring data
show that the structural vibration response is consistent with the finite element result and obviously
weakened to meet the limitation. This study can provide a reference for the vibration control design
for similar screening factory buildings.

Keywords: vibration test; modal analysis; numerical simulation; vibration reduction

1. Introduction

Vibrating screens are widely used to separate the material particles of different sizes
in the ore mining and processing industry [1]. The vibrating screen plays an important role
in realizing rational utilization of coal resources, protecting the environment and creating
economic benefits for coal enterprises. The vibrating screens often cause excessive vibration
of the factory building, which could be harmful to the safety of the factory building and
the health of the operators [2].

Vibration is one of the methods of building structure monitoring, because vibration
response can reflect the overall and local performance of building structure. A monitoring
system based on vibration technology is an important work in seismic and wind resistant
building structure research [3,4]. Destructive vibration of a building structure system can
be caused by earthquakes, wind and industrial production. An assessment of structural
health status through the use of structural health monitoring systems can determine the
seismic vulnerability of a large portion of the existing reinforced concrete buildings [5].
Then, specific measures are taken to control vibration. Base isolation is one of the most
used techniques for the seismic protection of buildings [6].
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The vibration caused by machinery is a crucial issue in the design of industrial build-
ings. The evaluation of the static and dynamic performance of building structures is
conducive to understanding the type and size of mechanical vibration sources and moni-
toring the reliability of building structure systems [7]. Load directly or indirectly acting
on the structure may affect the stability and safety of the building structure. Vibration
is transmitted through the foundation to the building structure [8–10], or load directly
applied to the structure will cause structural vibration. Aiming at the vibration prob-
lems related to structure, some scholars have studied and put forward different vibration
control measures [11–13]. Most scholars learn the reasons for strong structural vibration
through structural vibration analysis [14–16] and field vibration monitoring [17–21], and
some reasonable measures of structural vibration control are put forward combined with a
numerical simulation [22–25]. However, few scholars have put forward a more systematic
and comprehensive scheme to analyze the dynamic characteristics of a factory building
with excessive vibration.

In view of this fact, excessive structural vibration is investigated through field struc-
tural vibration monitoring. Modal test analysis and numerical simulation are carried out to
uncover the reasons for the excessive vibration of a factory building. The most unfavor-
able machine-induced vibration sources and operating conditions are characterized, and
several vibration control schemes are presented and compared. The results can provide
a reference for the vibration control design for the frame structure of similar screening
factory buildings.

2. Field Vibration Monitoring and Modal Analysis of Factory Buildings
2.1. Engineering Background

The reinforced concrete frame structure of a vibrating screens factory building is shown
in Figure 1. Six vibrating screens are fixed on the second floor of the structure, and the
inlets are located on the third floor. The conveyor belt connects the second and third floors.
The plane diagram of the second floor and the third floor is shown in Figures 2 and 3,
respectively. The main structure consists of the north and south parts. There are four
vibrating screens in the north part and two in the south part. Six vibrating screens are
arranged longitudinally in the north-south direction on the second floor of the structure.
Three inlets are arranged longitudinally along the north–south direction on the third floor
of the structure. The vibrating screens and the inlets are connected by the conveyor belt
and fixed on the beam–plate of the second and third floors. The vibration of the second-
and third-floor beam–plate structures vibrates violently when the working frequency of
the vibrating screens is 14.28 Hz. The strong vibration could bring some threat to the
production equipment and factory building structure. Therefore, it is necessary to find the
reasons for the excessive vibration and measures to reduce the excessive vibration.
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2.2. Field Vibration Monitoring

To analyze the vibration characteristics of the factory building and find out the rea-
sons for the excessive vibration, the field tests were carried out by utilizing the vibration
monitoring system. The monitoring system is composed of three-dimensional vibration
sensors and a TC-4850 vibrometer [26]. The dynamic response characteristics of the key
points of the south and north parts under different working conditions can be obtained.
The X-direction of the sensor is set to the east–west direction of the structure, the Y-direction
is set to the north–south direction and the Z-direction is vertical. The four vibrating screens
in the north part are numbered as No.1 to No.4, and the two vibrating screens in the south
part are numbered as No.5 and No.6. The vibration monitoring schemes are shown in
Tables 1 and 2. Through field monitoring schemes, the measured curve, frequency, vibration
acceleration and other key data of three-dimensional vibration are collected and analyzed.

Table 1. Vibration monitoring schemes for the north part.

Number Details of Monitoring

1 The peripheral beam–plate of single vibrating screen under no-load state
2 The peripheral beam–plate of single vibrating screen under heavy-load state
3 The peripheral beam–plate of multiple vibrating screens under no-load state
4 The steel frame supports on the third floor of multiple vibrating screens under no-load state
5 The west-half beam on the third floor of multiple vibrating screens under no-load state
6 The longitudinal beam on the third floor of multiple vibrating screens under no-load state
7 The east longitudinal beam on the second floor of multiple vibrating screens under no-load state
8 Vibrating screen support of multiple vibrating screens under heavy-load state
9 The east longitudinal beam–plate of multiple vibrating screens under heavy-load state

10 Longitudinal beam–plate on the west side of the third floor of multiple vibrating screens under heavy-load state
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Table 2. Vibration monitoring schemes for the south part.

Number Details of Monitoring

11 Vibrating screen support of single vibrating screen under no-load state
12 The peripheral beam–plate of single vibrating screens under no-load state
13 The peripheral beam–plate of multiple vibrating screens under no-load state
14 The steel frame supports on the third floor of multiple vibrating screens under no-load state
15 The west-half beam on the third floor of multiple vibrating screens under no-load state
16 The north–south longitudinal beam of the third floor of multiple vibrating screens under heavy-load state

Through the analysis of different vibration monitoring schemes, it was found that
the maximum vibration velocity of scheme 12 is 2.06 cm/s, the maximum vibration ac-
celeration is 0.21 m/s2 in the vertical Z-direction and the frequency is 14.49 Hz, and they
maintain a stable state as shown in Figure 4a,c,e. The maximum vibration velocity of
scheme 6 is 1.22 cm/s, the maximum vibration acceleration is 0.13 m/s2 in the vertical
Z-direction and the frequency is 14.70 Hz as shown in Figure 4b,d,f. A beating vibration
phenomenon with periodic amplitude variation is observed in Figure 4, which is caused
by the superposition of structural responses induced by multiple vibrating screens with
similar working frequencies. According to the above results, the main frequency of each
measuring point is between 13.16–15.62 Hz, the vibration acceleration of each measuring
point is between 0.10–0.21 m/s2 and the vibration velocity of each measuring point is
between 1.22–2.06 cm/s.
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For structural safety vibration control standards, there are currently relevant standards
or regulations in China and abroad. Due to differences between national standards, the
engineering background belongs to China. So, according to the standards for allowable
vibration in building engineering [27] and the vibration guide values for structure damage
given by Japanese scholars [28], it is obvious that the peak vibration velocity of the structure
caused by the vibrating screens is far greater than the allowable value, but the peak vibration
acceleration values meet the requirements. Therefore, vibration reduction measures must
be conducted to ensure the safety of the factory building structure.

2.3. Modal Testing

The modal tests of the south and north parts of the factory building were carried out
under environmental excitation. The modal test equipment was a DH-5907N dynamic
signal analyzer, with an acquisition frequency set to 50 Hz. The dynamic signal analysis
was carried out by DHDAS software. The frequency spectrum was calculated by the
Op.polylscf algorithm, and the vibration characteristics of the factory building structure
were obtained. The structural coordinate system of the modal test system was established
in three directions: X, Y and Z, in which X+ represents the north, Y+ represents the east
and Z+ represents the vertical direction.

A total of 24 measuring points was selected in the north part and 16 measuring points
in the south part, which is mainly located at the middle span of the main beam of the
factory building structure. The No.1 measuring point was used as the reference point. The
test was carried out in batches, and the test details are shown in Table 3. DHDAS modal
analysis software was used to establish the simplified model, and the arrangement of the
measuring points is shown in Figure 5.

Table 3. Test information of the north and south parts.

Number Measuring Points (North Part) Measuring
Direction Number Measuring Points (South Part) Measuring

Direction

1 1 2 3 4 5 6 Z+/Y+ 1 1 2 3 4 5 6 Z+/X+
2 1 2 3 4 5 6 Z+/X+ 2 1 2 3 4 5 6 Z+/Y+
3 1 7 8 9 10 11 Z+/Y+ 3 1 7 8 9 10 11 Z+/X+
4 1 7 8 9 10 11 Z+/X+ 4 1 7 8 9 10 11 Z+/Y+
5 1 12 Z+/X+/Y+ 5 1 12 13 14 15 16 Z+/X+
6 1 13 14 15 16 17 Z+/Y+ 6 1 12 13 14 15 16 Z+/Y+
7 1 13 14 15 16 17 Z+/X+
8 1 18 19 20 21 22 Z+/Y+
9 1 18 19 20 21 22 Z+/X+

10 1 23 24 Z+/X+/Y+
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The velocity signals of measuring points were imported into the model established by
DHDAS. The peak frequency spectrum was extracted to calculate the vibration mode to
obtain the damping ratio and frequency of each mode. The modal parameters are shown in
Tables 4 and 5. In the Z-direction, for example, the modes of the two parts are shown in
Figures 6 and 7. These provided field data for the numerical simulation.

Table 4. Modal parameters in Z-direction of the south part.

Modality 1 2 3 4 5 6 7

Frequency (Hz) 0.738 2.673 3.179 9.948 12.467 15.748 16.591
Damping ratio (%) 4.953 1.704 0.186 1.438 0.730 0.379 0.101

Table 5. Modal parameters in Z-direction of the north part.

Modality 1 2 3 4 5 6 7 8

Frequency (Hz) 1.987 3.729 4.449 5.644 6.359 10.944 12.553 14.837
Damping ratio (%) 0.056 1.173 1.045 2.596 1.502 1.158 0.442 0.424
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3. Numerical Simulation of Vibration Response
3.1. Model Building

The finite element model was established in SAP2000 software. The model was
established by linear finite element elements, in which the frame beam, column and surface
element are used to simulate the beam, column and floor of the structure. The column
element simulates the column, and the membrane element simulates the beam–plate. The
corresponding quiescent load and live load are applied on the second and third floors of
the factory building structure, the computational force is applied to the model structure
and the Newton iterative method is used to solve the simulation. The model is shown in
Figure 8.
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3.2. Finite Element Model Verification

The first 11 modes of the structure are calculated. The 9th, 10th and 11th modes of the
two parts are shown in Figures 9 and 10. The modal frequencies are compared with the
field monitoring in Tables 6 and 7. The results show that the finite element model has high
calculation accuracy, which indicates that the finite model is reliable for conducting the
following calculation for the structures with different vibration reduction measures.
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Table 6. Frequencies comparison of field test and the simulation of the north part.

Mode Mode Description
Frequency (Hz)

Error (%)
Measured Simulation

1 Bending in Y-direction 1.96 1.97 0.10
2 Bending in X-direction 1.97 2.00 1.73
3 Torsion in the X-Y plane 2.64 2.80 5.99
4 Second-order bending in Y-direction 4.48 4.38 −2.12
5 Second-order bending in X-direction 4.62 4.57 −1.00
6 First-order bending of steel frame in X-direction on the third floor 5.64 5.50 −2.53
7 Second-order bending in X-direction of the concrete/steel frame 5.81 5.78 −0.48
8 Second-order torsion in X-Y plane of the concrete/steel frame 6.36 6.30 −0.90
9 Torsion in X-Y plane of steel frame 10.94 10.51 −3.97
10 First-order bending beam–plate in Z-direction 12.55 11.84 −5.68
11 Second-order bending of beam–plate in Z-direction 14.84 14.94 0.69

Table 7. Comparison between field test result and the finite element result of modal frequencies of
the south part.

Mode Mode Description
Frequency (Hz)

Error (%)
Measured Simulation

1 Bending in Y-direction 1.99 1.97 −1.01
2 Bending in X-direction 1.99 2.1 5.53
3 Torsion in the X-Y plane 2.62 2.97 13.36
4 Second-order bending in Y-direction 4.85 4.65 −4.12
5 Second-order bending in X-direction 5.06 4.77 −5.73
6 First-order bending of steel frame in X-direction of the third floor 5.76 5.75 −0.17
7 Second-order torsion in X-direction of the concrete-steel frame 6.42 6.97 8.57
8 Bending of steel frame in X-direction of the second floor 7.66 7.40 −3.39
9 Torsion in the X-Y plane of steel frame 9.95 10.55 6.03
10 Bending in Z-direction of beam–plate of the second floor 12.47 12.05 −3.37
11 Bending in Z-direction of beam–plate of the third floor 15.74 14.69 −6.67

The analysis shows that the 10th and 11th modes of the north part are mainly the
local mode shapes of the second floor and third floor. The vertical modal frequencies are
12.55 Hz and 14.84 Hz, which is similar to the working frequency 14.28 Hz of the vibrating
screens. Therefore, the larger vertical vibration responses of the second and third floors
are mainly caused by the two order modes induced by the vibrating screens [29]. In the
same way, the modal of the south part is analyzed, and the conclusion is similar to that of
the north part. Therefore, the larger vertical vibration responses for the south part are also
mainly caused by the structural resonance.

The vibration data of the key points of the structure in the finite element model are
compared with the field test. Taking the vibration monitoring scheme 10 as an example,
the comparison of the velocity response curves in the Z-direction between the measured
and simulation is shown in Figure 11.

The comparative analysis shows that the finite element model is similar to the mea-
sured results in the vertical direction. In addition, the value of the vertical vibration is
large and exceeds the allowable value of the national standards in China. So, the vertical
vibration response of the factory building should be controlled for safety.
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4. Vibration Control of the Structure
4.1. Vibration Reduction Scheme

According to the vibration monitoring and finite element simulation of the factory
building, the maximum vibration velocity of the second floor is 2.06 m/s and of the third
floor is 1.22 m/s. The maximum vibration acceleration on the second floor is 0.21 m/s2 and
of the third floor is 0.13 m/s2. Measures must be taken to reduce the vibration of structures.
So, three vibration control measures including damping, active vibration isolation of the
vibrating screens and structural vibration absorption are proposed.

Damping scheme: one column is constructed below the beam of the second floor
where the vibrating screens are fixed, and a damper is arranged between the supporting
column and the beam. The optimized damping parameters of the damper are shown in
Table 8.

Table 8. Parameters of the damper.

Directions Damping Coefficient (kN/(mm/s)) Velocity Index

X 10 1
Y 10 1
Z 28 1

Based on the established finite element model, the viscous damping element in the
SAP2000 software is used to simulate the installation of the damper. According to the field
vibration monitoring, excessive vibrating points of the second floor and third floor are
selected as the measuring points. In addition, the velocity, acceleration and displacement in
X, Y and Z directions of these points are obtained to calculate the vibration reduction rate.

Isolation scheme: A vibration isolation device is arranged between the vibrating
screens and the structure beam–plate. The vibrating screens system can be simplified to the
mechanical model shown in Figure 12 [30]. The dynamic balance equations of the isolation
systems are expressed by Formulas (1)–(4).

m1
..
z1 + Kz1(z1 − z2) = F0 sinωt (1)

m2
..
z2 −Kz(z1 − z2) + Kz2z2 = 0 (2)

m1
..
y1 + Ky1(y1 − y2) = F0 cosωt (3)

m2
..
y2 −Ky(y1 − y2) + Ky2y2 = 0 (4)
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Figure 12. Mechanical model of vibration isolation.

In the formula: F0 = ∑ m0rω2, which is the exciting force of the vibrating screen. m1
is the mass of the vibrating screen. m2 is the mass of the vibration isolation frame. m0r is
the mass moment of the eccentric block. ω is the working circle frequency of the vibrating
screen. Ky1 is the horizontal stiffness of the spring for primary vibration isolation. Kz1 is
the vertical stiffness of the spring for primary vibration isolation. Ky2 is the horizontal
stiffness of the spring for secondary vibration isolation. Kz2 is the vertical stiffness of the
spring for secondary vibration isolation.

The dynamic load is applied to the structure of the model, and the excessive vibrating
points of acceleration, velocity and displacement can also be obtained by the simulation to
calculate the vibration reduction rate.

Vibration absorption scheme: A vibration absorber is installed under the beams where
the two supports of the vibrating screens are fixed, and the structure of the vibration ab-
sorber is shown in Figure 13. According to the principle of vibration absorption, the vertical
natural frequency and the mass of the vibration absorber is 14.28 Hz and 800 kg, which is 1%

of the main mass, which is 80 tons. According to the natural angular frequency, ωt =
√

Ks
Ms

of the vibration absorber subsystem, the spring stiffness Ks of the vibration absorber is
1600 kN/m and the damping coefficient can be obtained by the formula Cs = 2

√
MsKs.

Then, the vibration reduction rate can be calculated by SAP2000.
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The three schemes of vibration absorber installation are listed in Table 9.

Table 9. Installation schemes of the vibration absorber.

Scheme Vibrating Screens Number Structure Location

1 2, 3 Under the beam of the east
support of the vibrating

screens
2 1, 4
3 1, 2, 3, 4
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The vibration response reduction rates of the three schemes are compared. The
results show that all the three schemes can be used to reduce vibration, and scheme three
is the best.

After the implementation of the three vibration reduction schemes, the amplitudes of
the structure key points are obtained. The vibration reduction rate is listed in Table 10.

Table 10. Vibration reduction rate of different schemes.

Point

Acceleration Vibration Reduction
Rate (%)

Velocity Vibration Reduction Rate
(%)

Displacement Vibration Reduction
Rate (%)

Damping Isolation Absorption Damping Isolation Absorption Damping Isolation Absorption

56 82.50 80.98 84.75 83.12 80.92 81.28 83.55 80.99 77.03
60 64.22 80.98 94.49 66.60 80.94 94.76 68.79 80.99 94.00
96 74.62 80.98 84.01 74.39 80.98 80.67 75.54 81.03 77.58

· · ·
490 82.71 80.95 92.14 83.88 80.96 92.64 84.35 80.95 91.85
491 78.52 80.97 92.82 78.77 80.97 92.57 78.53 80.97 90.37
492 82.62 80.95 92.10 83.79 80.94 92.59 84.26 80.95 91.62

The vibration reduction effect, construction cost and period of these three schemes
are shown in Table 11. After comparative analysis, the active vibration isolation of the
vibrating screens scheme is selected.

Table 11. Comparison of different schemes.

Scheme Cost Construction Period Comprehensive Vibration Reduction
Rate

Vibration
damping

The purchase of dampers
and the design and

construction of
support columns

Need to consider the
design of the support

column, the construction
period and the purchase

period of the damper

Moderate cost and long
construction period More than 70%

Vibration
isolation

Procurement and installation
of vibration isolation frame

Purchase and installation
cycle of vibration

isolation frame

Moderate cost
and short

construction period
More than 80%

Vibration
absorption

Design and processing of
vibration absorber (needs to

be customized)

Vibration absorber design,
custom processing and

installation cycle

High cost and long
construction period More than 90%

4.2. Analysis of Vibration Reduction Effect

After the vibration isolation technology is applied to the factory building structure,
the field arrangement is shown in Figure 14. The three-direction vibration velocity of the
key points of the structure is monitored. Taking monitoring scheme seven of the south part
as an example, the arrangement of measuring points is shown in Figure 15, and the curves
of vibration velocity before and after vibration reduction are shown in Figure 16.

It can be seen from Figure 16 that the maximum vibration velocity of the beam–plate
on the second floor is 0.398 cm/s, which is 75% lower than the previous 1.58 cm/s. The
vibration velocity of the other monitoring schemes can be similarly analyzed. The maximum
vibration velocity of the beam–plate on the third floor is 0.359 cm/s in Z-direction under a
no-load state, and the vibration reduction rate is 70–80%. The maximum vibration velocity
of the beam–plate on the second floor is 0.470 cm/s in Z-direction under a heavy-load
state, and the vibration reduction rate is 70–80%. The maximum vibration velocity of the
beam–plate on the third floor is 0.609 cm/s in Z-direction under a heavy-load state, and the
vibration reduction rate is 50–60%.
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5. Discussion

According to different national standards, the effect of a vibrating screen’s vibration
on the structure is evaluated, which is beneficial to the analysis and research of the same
problem in different areas.

According to the building vibration control standard recommended by the interna-
tional standard (ISO) [31], buildings with a peak vibration velocity (PPV) greater than
10 mm/s may be damaged. The German standard DIN 4150-3-1999 [32] is divided into
three categories according to the sensitivity of buildings to vibration, and the vibration
screening plant we studied belongs to the first category. The maximum vibration velocity
on the building foundation is 5–15 mm/s (10–500 Hz), and the velocity limit of the top floor
should not exceed 5 mm/s under continuous vibration. The British standard BS 7385-2 [33]
has provisions in vibration velocity limits. In industrial buildings with reinforced concrete
frame structures, the PPV = 50 mm/s at frequencies greater than or equal to 4 Hz. However,
in the case of continuous vibration, structural resonance may occur, so the above value
should be reduced by 50%, and the frequency of 4 Hz–15 Hz is PPV 25 mm/s.

British standard BS 5228-4 [34] has more stringent provisions, as the vibration dam-
ages the building structure and may cause damage to the appearance of buildings. The
PPV = 10 mm/s for intermittent vibration and PPV = 5 mm/s for continuous vibration.
The Swiss standard SN640-312-1992 [35] divides the building structure into four cate-
gories. When the reinforced concrete structure is subjected to the load generated by
the mechanical vibration source, the frequency is 10–30 Hz, and the vibration velocity
limit Vmax = 12 mm/s. The allowable vibration limit of buildings concluded by Japanese
scholars [28] points out that the building was slightly damaged when the vibration velocity
was greater than 10 mm/s, and the structure started to become damaged when the vibration
acceleration was greater than 0.102 g (1.0 m/s2). According to China’s [27] GB 50868-2013
standard for acceptable vibration of building engineering and the vibration screen for the
metallurgical industry, the peak allowable horizontal and vertical vibration velocity of the
vibrating screen should be 10 mm/s.

Through the field vibration monitoring, it can be determined that the excessive vertical
vibration velocity of the factory building structure is 2.06 cm/s, the maximum vibration
acceleration is 0.21 m/s2 and the frequency is 14.49 Hz, which is larger than the allowable
value of the national building vibration standard in China. So, vibration reduction technical
measures must be taken to ensure the safety of the building.

6. Conclusions

Through the comparative analysis of the simulation and modal tests, the strong
vibration of the factory building structure is caused by the structural resonance, which is
excited by the vibrating screens, and the simulation model is verified to be reasonable.

Three schemes including damping, vibration isolation and vibration absorption are
proposed. The vibration reduction rate of the vibration isolation scheme is more than 80%,
the cost is moderate, and the construction period is relatively short.

A vibration isolation device is arranged between the vibrating screens and the structure
beam–plate. The vibration velocity of the factory building structure is monitored when the
vibration isolation scheme is implemented. The vibration reduction rate on the second floor
is 70–80%, and on the third floor it is 50–60%. All the vibration velocities of the measuring
points are less than the national building vibration tolerance standard in China.

7. Patents

This section is not mandatory but may be added if there are patents resulting from the
work reported in this manuscript.
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