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Abstract: This paper focuses on the transmission of vibration response of the seismic simulation shak-
ing table system at Southeast University, and analyzes the effect of this response on the surrounding
building. The location of the building is less than 10 m away from the laboratory where the shaking
table is located, and during the maximum load test, a student reported that the vibration caused
him a sense of discomfort, as well as the shaking of office objects on desktops on high floors, which
caused panic. For these reasons, multiple three-directional vibration sensors were placed around the
shaking table system and on the 1st, 8th, and 16th floors of the building. Test the vibration response
transfer and the vibration response of the building floor while the exercise table is in operation. The
test results show that the vibration-weighted acceleration levels of some floors exceed the code limits
under sinusoidal wave conditions, which was the cause of the discomfort. The floors will have an
amplifying effect on the lateral vibration. For seismic wave excitation, all measurement points of
the building meet the limit values required by the GB 50868-2013 Standard for allowable vibration
of building engineering. This study can provide a data reference for future shaking table system
commissioning and operation.

Keywords: shaking table; vibration comfort; dynamic test; structural vibration

1. Introduction

In the 1940s, earthquake simulation shaking tables were first introduced in civil
engineering structures to simulate earthquake effects. Since the 1960s, the construction
of earthquake simulation shaking tables has become widespread, with hundreds of these
tables established worldwide, particularly in countries such as China, the United States,
and Japan [1-4]. Shaking table experiments have been extensively utilized in earthquake
engineering mechanics, providing qualitative insights into the seismic performance of
structures. They have found applications in various fields, including basic research in
earthquake engineering, bridge structure analysis, and the study of subway and tunnel
structures [5-10].

The primary objective of a shaking table, as depicted in Figure 1, is to assess the be-
havior of full-scale or scaled-down buildings and structures under seismic conditions. This
contributes significantly to both engineering and academic research endeavors [2,3,8,11-15].
Typically, shaking tables are situated at a considerable distance from residential and work
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Licensee MDPL, Basel, Switzerland, €N'Vironments [14,16-19]. However, the focus of this study is on buildings located within

50 m of the shaking table, with the nearest building a mere 10 m away from the shaking
table laboratory entrance (which is also the subject of this study).

During the shaking table commissioning process, several students reported experienc-
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influence on surrounding buildings [20], the adjacent building in this study experienced
significant discomfort. And, some studies evaluated pounding on the base floor, and their
results indicate an increase in acceleration in upper floors [21,22]. Consequently, a compre-
hensive test was conducted during shaking table operation to determine the magnitude
of the vibration response. The findings of this study can provide valuable insights and
references for the engineering community.

Figure 1. The shaking table in Laboratory.

By incorporating these modifications, the introduction emphasizes the significance of
studying the transmission of vibration response from the shaking table system to nearby
buildings and clarifies the objectives and implications of the research.

In late 2021, the trial operation of a large seismic simulation shaking table system was
initiated for this test (see Figure 1), with the main technical parameters of the shaking table
presented in Table 1. The building under test is a 16-story office building belonging to the
civil engineering faculty of the university, and its location is illustrated in Figure 2.

Table 1. Seismic Simulation Shaking table technical parameters.

Item Technical Parameters Item Technical Parameters
Table size 6.0m x 9.0m Max. eccentric moment 1800 kN-m
Three-way six degrees of .
vibration direction freedom Max. eccentricity 1.5 m L5m
Max. load 120 t Working frequency 0.1~50 Hz
T}:le maximum X/Y: £500 mm; ’ . Periodic wave,
displacement . Vibration waveform random wave,
Z: 300 mm L.
of the table seismic wave
Sine wave X/X/Z: Control method Pulsar
. 1000 mm/s
The maximum :
speed of the table Seismic wave peak Oil source working ngrgtf§£t§2§;jre
X/Y/Z:1500 mm/s time and pressure 21~28 MPa
Maximum X/Y:15¢g,7:13 ¢ Data acquisition 256

acceleration of table Number of channels

Maximum

. 6000 kN-m
overturning torque
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2. Methods
2.1. Testing Instruments
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Figure 2. Buildings around the seismic station.

The main objective of the test is to obtain response data from the shaking table, which
requires the use of accelerometers, signal acquisition, and an analysis system. In addition
to the shaking table mentioned earlier, the accelerometer model used is the 941-B vibration
pickup, which has a passband of 0.25-80 Hz and a mass of 0.875 kg. The sensitivity of some
of the sensor models is provided in Table 2, and the models and numbers of the other main
test instruments are listed in Table 3. Schematic diagrams of the instrument installation are

presented in Figures 3 and 4.

| Laptop |

-~
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-

b

Figure 3. Schematic diagram of instrument installation.

Table 2. Sensitivity of some vibration pickups.

vibration
response

Sensor Number Sensitivity Factor

Sensor Number

Sensitivity Factor

(V/m/s2) (V/m/s?)
H13419 0.3015 H13407 0.3067
H08376 0.3056 V13445 0.3072
V13442 0.3017 H368 0.3087
H13406 0.2986 H370 0.3063
H13420 0.2946 V13453 0.2930
V13447 0.3044 H365 0.3051
HO08376 0.3003 H13418 0.3070
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Table 3. Main test instruments.

Name Quantity Main Parameters
AZ408 signal acquisition box 2 8 channels
AZ418 signal acquisition box 1 16 channels
Pickup coaxial cable 27 -
Laptop 3 -
Power supply box 1 12 V-3.8 A

Figure 4. Equipment and sensor diagram: (a) AZ416 signal acquisition box; (b) AZ408 signal
acquisition box; (c) 941-B vibration pickup.

2.2. Test Process

The process of testing includes the following steps: 1. determine the installation
location of the sensors; 2. prepare the sine and seismic waves for testing in the seismic
station; 3. acquire the data; 4. extract the data; 5 analyze the data.

A total of 7 measurement points were in the building (see Figure 5a). The sensors are
arranged on the 1st floor (3 sensors, 2 lateral, 1 vertical sensor), 8th floor (9 sensors, 6 lateral,
3 vertical), and 16th floor (9 sensors, 6 lateral, 3 vertical) of the floor. A total of 5 measurement
points are arranged in the seismic station laboratory (Figure 5b), each with 3 sensors, 2 lateral
and 1 vertical. The north—south direction is defined as X-direction, the east-west direction is
defined as Y-direction, and the vertical direction is defined as Z-direction.

A S=
North Fast Vibration
| pickups
North road
2 % CEYD 16F (B CED
North door
[mom] mmi]
East gate
" oo FEn 8F CE
Seismic
Simulatijon
Shak
aker /\/ -

(a) (b)

Figure 5. Schematic diagram of sensor locations: (a) Sensors in the Seismic station laboratory;
(b) Sensors in the building.
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To obtain the response data and natural frequency of the test building, a sweep in
three directions (X, Y and Z) was performed. The parameters of the frequency sweep are

shown in the following Table 4.

Table 4. Details of the frequency sweep.

Input Wave Direction Frequency (Hz) Peak Acceleration (m/s?)
X

Sine sweep Y 0.1-20 1.5
z

There are 12 operating conditions output from the seismic station laboratory, all of
which are used in the normal operation of the laboratory. The parameters are shown in
Table 5. El Centro earthquake waves were recorded at seismic observation stations in the
El Centro region of California, USA. The Kobe waves are recorded at seismic observation
stations in the Kobe region of Japan. The Wenchuan waves were recorded at seismic

observation stations in the Wenchuan region of Sichuan, China.

Table 5. Details of output from the seismic station laboratory.

Nsllerﬂzizr Input Wave Direction Fre;};l:)n Y MT?;};?;de Dut(':;lon
TX 2 X 2 15
TX_10 X 10 15
TX_30 X 30 15
TY_2 Y 2 15
TY_10 sine wave Y 10 15 10
TY_30 Y 30 15
TZ_2 z 2 13
TZ_10 V4 10 13
TZ_30 Z 30 13
T_EI El-Centro-100% XYZ - 3.4 60
T_KOBE Kobe-100% XYZ - 8.2 60
T_WC Wenchuan-100% XYZ - 8.2 60

3. Test Results and Analysis
3.1. Natural Frequency Test Results of the Building

The intrinsic frequency of the building is obtained by performing a fast Fourier transform
on the time domain information collected from the sensors that have been arranged in three
directions [12]. The time-domain information was chosen to be the same day of the test.

Figure 6 shows the response data of the Y-direction sensor exhibits a greater accelera-
tion response when subjected to Y-direction sinusoidal excitation, compared to its responses
under sinusoidal excitations in the X-direction and Z-direction. It is known in Figure 7
that the X-direction frequency is 1.30 Hz, the Y-direction frequency is 1.46 Hz, and the

Z-direction floor frequency is 0.97 Hz.

Ist Y 8th_Y 16th_Y
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0.002 4
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Figure 6. Y-direction sensor acceleration response data.
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Figure 7. Power spectrum of the building in three directions: (a) X-directional natural frequency;
(b) Y-directional natural frequency; (c) Z-directional natural frequency.

3.2. Vibration Test Response Results and Analysis

The vibration test results are shown in Tables 6 and 7.

Table 6. Maximum values of the accelerations of the building for each working condition (mm/s?).

Position 1st Floor 8th Floor 16th Floor
Direction Serial Number X Y V4 X Y V4 X Y Z
TX 2 6.22 6.27 4.09 3.61 7.08 6.19 8.68 18.06 52.06
TX_10 11.37 8.52 20.75 3.62 5.13 9.14 3.29 12.61 23.63
TX_30 12.04 5.95 23.68 5.21 4.87 6.83 3.24 1.36 26.01
TY_2 17.76 8.16 13.11 3.34 8.6 25.7 4.04 64.15 24.94
TY_10 6.85 9.93 41.21 3.39 23.98 7.46 9.03 34.58 31.22
TY_30 29.61 12.42 13.8 6.22 12.7 10.03 - 15.25 37.64
TZ 2 14.89 4.47 41.76 5.61 4.66 41.49 - 41.7 29.63
TZ_10 11.56 7.78 113.28 5.8 17.88 20.34 7.84 21.27 33.1
TZ_30 11.59 20.03 114.52 6.02 6.68 41.89 6.06 21.89 33.3
T_EI 5.00 5.01 6.3 7.05 6.05 43.26 3.64 12.85 30.1
T_KOBE 12.63 8.24 15.2 6.22 13.88 24.26 5.7 22.64 48.24
T_WC 28.53 30.05 45.32 7.13 34.07 40.23 13.14 35.95 47.35
Table 7. Maximum value of vibration response in seismic table laboratory (mm/s?).
Position Lag}(:;;ti(:lrgy,;?;):) to East Gate North Door North Road
Direction Serial X Y 7 X Y 7 X Y 7 X Y 7
Number
TX 2 14.06 7.14 4.92 16.91 8.58 4.5 13.77 7.45 4.2 13.17 5.43 6.38
TX_10 52.14 10.61 17.48 59.2 14.03 19 46 18.2 30.72 20.09 18.91 82.95
TX_30 259.5 82.27 34.42 79.93 63.45 57.61 120 69.15 48.75 19.38 24.29 76.41
TY_2 5.46 16.38 4.92 9.27 16.91 4.94 8.25 15 4.19 5.56 12.54 4.59
TY_10 11.63 66.23 6.66 19.11 47.86 27.25 15.98 49.02 20.59 24.15 18.27 32.8
TY_30 62.28 554.5 29.42 85.15 89.95 44.23 78.45 77.63 25.06 5.16 25.47 44.89
TZ 2 4.48 421 6.04 6.49 6.12 4.85 5.16 5.23 4.62 4.54 3.65 4.84
TZ_10 17.59 13.95 31.66 15.66 26.5 51.2 12.35 24.56 48.87 33.78 11.98 68.79
TZ_30 78.28 56.68 114.1 51.42 54.3 112.7 42.84 80.13 70.27 29.79 19.79 47.78
T_EI 7.8 5.36 6.2 10.24 6.96 8.01 8.46 6.33 8.78 11.35 5.09 11.68
T_KOBE 26.83 17.58 15.18 21.78 17.9 19.76 23.11 18.02 20 17.89 11.17 28.37
T_WC 404.7 238 77.47 131 129.5 97.72 170.6 93.46 80.96 60.07 41.68 83.12

The following can be seen from Table 6:

1.  The response value increases with the test frequency and is positively correlated, and
when the frequency reaches 30 Hz, the measured data are the largest in the same category.
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2. The amplitude value next to the vibration source (shaking table) is the largest, the
vibration response inside the vibration isolation trench is larger, and the vibration
response outside the vibration isolation trench decreases.

3. The largest response value of the building is the first-floor Z-directional response,
which is generated under the conditions TZ_10 and TZ_30 working excitation.

4. The response produced a change in response with distance and position, and the
decay rate is shown in Table 8.

n = (ag—ar)/ag x 100 @

where ay is the response amplitude of the shaking table, unit mm/ s2, and a; is the response
amplitude of different positions under the same working condition, unit mm/s?. 7 means
decay rate.

Table 8. The vibration decay rate of building.

Position East Gate 1st Floor 8th Floor 16th Floor
Direction Serial X Y 7z X Y 7z X Y 7z X Y 7z

Number
TX 2 -203 =202 8.5 55.8 12.2 16.9 74.3 0.8 —25.8 38.3 —1529 —-958.1
TX_10 —-135 =322 —-8.7 78.2 19.7 -18.7 93.1 51.6 47.7 93.7 -189 352
TX_30 69.2 22.9 —67.4 95.4 92.8 31.2 98.0 94.1 80.2 98.8 98.3 24.4
TY_2 —69.8 -3.2 —-04 —2253 502 —-166.5 38.8 47.5 —422.4  26.0 —291.6 —406.9
TY_10 —64.3 27.7 —-309.2 41.1 85.0 -5188 709 63.8 —-12.0 224 47.8 —368.8
TY_30 —36.7 83.8 -50.3 52.5 97.8 53.1 90.0 97.7 65.9 - 97.2 —-27.9
TZ 2 —449 —454 19.7 -2324 —62 —5914 -252 —-10.7 —586.9 - —890.5 —390.6
TZ_10 11.0 -90.0 -61.7 34.3 44.2 —257.8 67.0 —28.2 35.8 55.4 -52.5 —45
TZ_30 34.3 4.2 1.2 85.2 64.7 —0.4 92.3 88.2 63.3 92.3 61.4 70.8
T_EI -313 -299 —-292 35.9 6.5 -1.6 9.6 —129 —-597.7 53.3 —139.7 —385.5

T_KOBE 18.8 -1.8 -30.2 52.9 53.1 -0.1 76.8 21.0 —59.8 78.8 —-28.8 —217.8
T_WC 67.6 45.6 —-26.1 93.0 87.4 415 98.2 85.7 48.1 96.8 84.9 38.9

Table 8 shows the attenuation rate of the seismic simulation shaking table. The
vibration propagation path is the attenuation from the ground next to the shaking table to
the east gate of the laboratory, then to the 1st floor of the building, then to the 8th floor of
the building, and then to the 16th floor of the building for the attenuation, which can be
seen in Table 8.

From the shaking table side to the east gate of the laboratory, the vibration response
is enhanced; the vibration response of the 1st, 8th, and 16th floors of the civil engineering
building tends to decay; and the Z-directional response of the 16th floor increases under
each working condition.

To test the indicators of the shaking table, the need for a sine wave and frequency
sweep test can be based on the “Construction Allowable Vibration Standards” following
consideration of the case of continuous vibration; when the shaking table plane has a load,
namely the test using a three-way seismic wave, the time is shorter, the energy release is
more concentrated, can be based on the “Construction Allowable Vibration Standards”
following consideration of the case of several shock vibrations. According to “GB 50868-
2013 Standard for allowable vibration of building engineering”, 6.0.1 “human comfort and
fatigue in buildings—efficacy reduction” (Table 9), the TX_2-TZ_30 horizontal limit value
is 83 dB, the vertical limit value is 86 dB, the T_EI-T_WC horizontal limit value is 107 dB,
and the vertical limit value is 110 dB [23].
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Table 9. Tolerable vibration-weighted acceleration levels (dB) for human comfort in buildings.

Continuous Vibration, Intermittent Shock Vibration Occurs Only

Location Time Vibration, and Repetitive Shock Vibration a Few Times per Day
Horizontal Vertical Mixed Horizontal Vertical Mixed
. Daytime
Office Nighttime 83 86 83 107 110 107

The vibration-weighted acceleration level La is calculated from the data in Table 8. The
calculation formula is as follows.

La = 201g(x/xg) 2)
where x is the effective value of acceleration, and x is the reference acceleration (taken here
as 10° m/s?).

Equation (2) is used to obtain the calculations in Figure 8. The numerical results are
annotated with background colors. When the color is dark green or light green, it indicates
that the values at this point are below the prescribed vibration-weighted acceleration levels
(dB). When the color is light yellow or dark yellow, it indicates that the values at this point
are close to the prescribed vibration-weighted acceleration levels (dB) and may potentially
exceed them. When the color is red, it indicates that the values at this point exceed the
prescribed vibration-weighted acceleration levels (dB).

Working
Floor Mea;zzstme"t condiion| TX 2 | TX 10 | TX30 | TY.2 | TY.10 | TY.30 | Tz2 | Tz 10 | Tz30 | T_El |T_Kobe |T_wC

S

1st [1(West) Horizontal|  75.9 81.1 81.6 85 79.9 89.4 83.5 81.3 86 74 82 89.6
Vertical 863 875 824 | 923 828 924 NNGEN o 836  93.1
2(West) Horizontal 77 74.2 74.3 78.7 87.6 82.1 75 85 76.5 77 82.8 90.6
Vertical 76.7 88.2 77.5 86.2 92.4 92.7 87.7 92.1
. Horizontal 75.7 69.1 70.7 75.9
8th |3(Middle) Vertical 75 776 705 724 755
4(East) Horizontal 74.3 77.3 741 75.3 76.5 73.4 75.3 79.1
Vertical 74.6 76.7 72.7 76 79.7 68.2 70.4 81.3
5(West) Horizontal 82 86.6 86.8 82.2 87.1 91.1
Vertical 87.5 88.3 87.9 89.9 91.5 89.4 90.4 89.6 93.7 93.5
. Horizontal 81.9 75.8 - - 76.7 68.8 74.2 76.7
16th|6(Middle) Vertical 76.5 - - 81.6 63.6 70.2 78.6
7(East) Horizontal 791 - - 77.9 . 71.2 751 82.4
Vertical 75.9 - - 73.3 85.1 64.5 69.5 76.8

Figure 8. Vibration-weighted acceleration levels (dB) on the building.

In the context of the building, Vibration-weighted acceleration levels (dB) are used to
assess the extent to which vibrations or accelerations experienced by the building’s occupants
exceed permissible limits set by design codes, standards, or regulations. The levels are
evaluated at various locations within the building and are often compared to established
thresholds to ensure the safety, comfort, and structural integrity of the building. Different
colors may be assigned to different ranges of vibration levels to provide a visual indication of
whether the vibration levels are within acceptable limits or if they exceed them.

1. TZ_10 and TZ_30 working conditions: when the shaking table was tested under 10 Hz
and 30 Hz Z-directional sine waves, the vertical vibration-weighted acceleration level
of the first floor of the civil engineering building was relatively the largest, 101.1 dB

and 101.2 dB, exceeding the limit value by more than 15 dB.

2. T_WC working condition: the horizontal vibration-weighted acceleration level of the
1st floor of the civil engineering building is relatively the largest, 89.6 dB.
3. TY_10and TZ_10 working conditions: the horizontal vibration-weighted acceleration level

on the 8th floor exceeds the limit value of 83 dB, and the maximum is 90.6 dB for T_ WC.
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4. TY_2,TZ 2-TZ_30 working conditions: the vertical vibration metered acceleration level
on the 8th floor exceeds the limit value of 86 dB, and the maximum is 92.7 dB for T_KOBE.

5. Most of the horizontal vibration metered acceleration levels on the 16th floor exceeded
the limit value of 86 dB (except for TX_10, TX_30, and T_EI-T_WC working condi-
tions), and the maximum vibration metered acceleration level was 96.1 dB for TY_2
working conditions.

6.  Most of the vertical vibration-weighted acceleration levels on the 16th floor exceed
the limit value of 86 dB (except for T_EI-T_WC). The minimum is 87.5 dB for TX_10
working condition and the maximum is 93.7 dB for T_KOBE working condition.

During the commissioning period, positive metaphorical waves are used, the peak is
smooth, and the tremor is felt strongly, while during the normal use period, earthquakes
dominate, the peak changes abruptly, and the human tremor is not obvious. This is in line
with the test data.

4. Conclusions

This paper presents an analysis of the vibration response of a seismic simulation
shaking table system on a nearby building. A frequency sweep (0.1-20 Hz) was performed
after seismic shaking, and the natural frequencies of the building were found to be 1.3 Hz
in the X-direction and 1.46 Hz in the y-direction. After outputting 12 working conditions of
the seismic shaker, the collected sensor data were analyzed, and the following conclusions
were drawn:

1.  The vibration responses of the building were significantly attenuated with distance,
particularly the transverse wave vibration.

2. The vibration response of the building increased from the 1st floor to the 16th floor.

3. For the sine wave excitations under TX_2-TZ_30 working conditions, some floors of the
building exceeded the vibration limit value specified in “GB50868-2013 Construction
Engineering Allowable Vibration Standard”. The data exceeding the limit values are
shown in Figure 6, except for the 1st floor and the west measurement points on the
8th and 16th floors near the shaking table (i.e., measurement points 1, 2, and 5). All
other points met the requirements. For the seismic wave excitations under T_EI-T_WC
working conditions, all the measurement points of the building met the limit values
specified in the GB50868-2013 Building Engineering Allowable Vibration Standards.

4. The numerical value of the sine wave frequency when using shaking table should
avoid the frequency in the XY direction of the structure. The X-direction frequency
is 1.30 Hz, and the Y-direction frequency is 1.46 Hz. It is recommended to notify
surrounding buildings in advance when the equipment is running. And please do
not engage in high-power vibration during office hours.

5. Architects and engineers should take into account the natural frequencies of nearby
buildings, especially in the X and Y directions, to ensure that the designed structures
do not resonate with these frequencies. Additionally, for existing buildings, consider
retrofitting or strengthening measures to mitigate vibration issues, particularly on
higher floors.
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