
Sensors & Transducers, Vol. 182, Issue 11, November 2014, pp. 194-202 

 194

   
SSSeeennnsssooorrrsss &&& TTTrrraaannnsssddduuuccceeerrrsss

© 2014 by IFSA Publishing, S. L. 
http://www.sensorsportal.com 

 
 
 
 
 

Methodologies of Electromagnetic Shaking Table Seismic 
Test on Reduced Scale Specimen of Building Structures 

 
Shengcai LI, Deyu REN, Yuwen GAO, Xiaoli LIU 

School of Architectural Science and Civil Engineering, Yangzhou University,  
Yangzhou, 225127, China 

Tel.: +8687886802, fax: +8687979410 
E-mail: li_shcai@126.com, lisc@yzu.edu.cn 

 
 

Received: 23 September 2014   /Accepted: 30 October 2014   /Published: 30 November 2014 
 
 
Abstract: The performance of shaking tables and their control systems are key elements to achieve the objects 
of a seismic vibration test simulation. In this paper, the methodology of a vibration test on reduced scale test 
specimens with a small scale electromagnetic shaking table has been proposed. For the influence of test 
specimens and table structure over the table output signal, this method optimizing the non-linear correction of 
signals driven by the shaking table so as to reduce the distortion degree of the table output excitation parameters 
has been discussed. The solutions of the preprocessing of input signals, post-processing of output signals, and 
analyzing test data targeted at the structural features of reduced-scaled test specimens has also been put forward. 
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

The shaking table test is an important approach to 
study structural failure mechanisms under earthquake 
action, as well as to assess structures’ seismic 
performance. Since the 1940s, hundreds of large-
scale shaking tables simulating earthquakes have 
been established worldwide. Most of them have  
been equipped with electro-hydraulic 
servomechanisms [1-3]. An electro-hydraulic shaking 
table features high precision, quick response and high 
power, and is applicable to the shaking table test of 
simulating earthquake response on large-scale 
structures. The electromagnetic type is characterized 
by a broad band of frequency, high quality wave 
shape, and easy controllability. However, its load 
capacity is much smaller than an electro-hydraulic 
shaking table. There is a six-Dof electro-dynamic 

shaking table of three axes in the U.S. with the 
maximum test specimen weight of 2500 kg, the 
maximum displacement of 50 mm, and the frequency 
range of 5-2000 Hz. The equipment system and 
control technology on the shaking table have been 
greatly improved in recent years [4]. A digital-to-
analog converter based on corresponding principles 
could be able to convert digital signals operated and 
processed by computer into analog signals. 
Moreover, the method of random vibration power 
spectrum reproducing tests makes it possible for the 
computer to control the vibration equipment 
accurately. However, further study should be 
conducted on controlling the algorithm stability and 
convergence rate, as well as controlling precision. 
The development of various apparatus, such as 
sensors of acceleration, velocity and displacement, 
and cameras with high frame rate, make it easier to 
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collect and record the parameters and process of 
vibration response from test specimens. In addition, 
the related primary dynamic behaviors of the 
structure can be obtained through processing of the 
collected data by means of specialized software [5]. 
The testing time, expenditure, and other influential 
factors in the shaking table seismic test lead to 
substantial limitations of the number of test 
specimens and comparing research of test results. 
Hence, identifying an appropriate method for 
conducting large quantities of vibration tests, 
especially to determine the relevance between 
influential factors, requires additional exploration. 

This paper mainly discusses how to configure the 
software system and hardware system of a small 
electromagnetic shaking table and the methodologies 
of the shaking table test on reduced-scaled structures, 
and tries to provide references for shaking table 
seismic tests on reduced-scaled structures. 

2. Technical Parameters on the 
Hardware of an Electromagnetic 
Shaking Table System 

 
2.1. Shaking Table Body and Driving Device 
 

The components of a shaking table seismic test 
system are shown in Fig. 1. The moving parts act as 
the actuator of the control unit. They are the physical 
basis and carrier of vibration environment to  
be simulated.  

A small electromagnetic shaking table is 
composed of the table body and supporting device, as 
well as the driving coil, moving parts, suspension, 
directing device of moving parts, charge amplifier, 
integrated vibration controller, etc. (as shown  
in Fig. 2).  

 
 

 
 

Fig. 1. Components of shaking table seismic test system. 
 
 

The structure of the electromagnetic vibration 
exciter is shown in Fig. 3. Its construction features 
indicate that the specially designed shaking table 
could be applicable to simulate earthquake vibration 
on reduced-scaled test specimens accurately, and 
could meet the precision and relevant technical 
indicator specifications required by the test. 

Considering that the natural vibration frequency 
of the reduced-scaled structure at each step is usually 
several times more than that of the prototype 
structure, the upper limit of working frequency of the 
shaking table should be no less than 200 Hz, the 

lower limit should be no more than 0.1 Hz, and the 
frequency accuracy should be within 0.01 Hz. It is 
feasible to meet the requirements for the 
electromagnetic shaking table. Existing academic 
achievement indicates that a double-magnet driving 
structure can make the lower limit of the  
working frequency of the shaking table be less  
than 0.01 Hz [6]. In order to reproduce seismic waves 
during the seismic test, it is necessary to keep the 
amplitude-frequency fluctuation range of the shaking 
table within ±3 dB. The driving coil, moving parts, 
table body, and supporting device are key elements of 
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the shaking body. The shaking table should provide 
enough strength and stiffness required for the seismic 
test to install the test specimen. The natural vibration 
frequency of the shaking table should be no less than 
500 Hz, so as to ensure that the intrinsic vibration 
mode will not be stimulated within the working 
frequency range. The natural vibrating frequency of 
the table body can be estimated with equation (1): 
 

 }]{[}]{[ 2
iii MK φωφ = , (1) 

 
where [K] represents the stiffness matrix; {Φi} is the 
vector of the vibration mode at step i; ωi is the 
intrinsic frequency of the mode at step i; and [M] is 
the mass matrix. 
 
 

 
1) Signal generator; 2) Automatic controller; 3) Power amplifier; 

4) Electromagnetic exciter; 5) Shaking table; 6) Vibration 
measuring sensor; 7) Vibration measurement and record system;  

8) Test piece; 9) Table foundation. 
 

Fig. 2. Composition system of the shaking table. 
 
 

The table size limits the maximum dimension of 
the structural test specimen. The dead weight of the 
table body is related to the table structure, the 
bearings’ weight of the test specimen, and working 
frequency range. The ratio between the test specimen 
weight and the table body weight is recommended to 
be no more than 2 times. The weight of the shaking 
table foundation shall be 10-20 times that of the 
moving parts or the exciting force. These 
requirements can improve the high-frequency 
character of the system and reduce impacts from 
surrounding buildings or other equipment. The 
shaking table shall also be able to vibrate vertically 
and horizontally, so as to meet the requirements of 
the three-dimensional and six-Dof (degree of 
freedom) seismic test. The maximum loaded weight 
of the shaking table shall be determined according to 
the expected exciter power. In order to be more 
feasible and economical, the test specimen weight 
shall be within 100 Kg, the maximum acceleration 
under full load shall be no less than 2 g, and the 
maximum displacement may be controlled  
within ±30 mm, so as to complete a seismic test for 
reduced-scaled test specimens with a higher cost 
performance ratio. 

 
1) Frame; 2) Vibration exciter head; 3) Driving coil; 4) Supporting 

spring; 5) Magnetic shield; 6) Exciting coil; 7) Sensor 
 

Fig. 3. Structure of the electromagnetic vibration exciter. 
 
 
2.2. Data Acquisition Unit 
 

1) Sensor. 
The vibration sensor will be calibrated before 

being applied to the seismic test and marked with 
such indicators as sensitivity, frequency response 
curve, linear dynamic features, transverse 
susceptibility, temperature response, etc. The 
requirements are as follows: sensitivity error is 
±0.5 %; sensitivity stability is ±0.5 %/year; frequency 
response and relative motion sensitivity change is  
-2 %; sensitivity change is ±4 %; and strain 
sensitivity is 0.001 g/με. To calibrate a sensor, 
precision could be achieved with sine wave as the 
calibration excitation signal, and frequency 
bandwidth could be obtained with random waves, 
such as white noise wave [7]. 
 

2) High-speed Camera. 
The high-speed camera can record the details of 

how a test specimen becomes destroyed during 
vibration, so as to play back and research the 
vibrating response of a structure. The camera frame 
frequency should be no less than 5 times the 
frequency of the high-order mode, so that the 
response process of the high-order mode during each 
vibration period can be recorded clearly, which 
makes it possible to identify dynamic response details 
of the structure in later study. Because certain high-
order frequencies of small-scaled test specimen can 
reach up to about 150 Hz, the high-speed camera to 
record the vibration test video should have a frame 
frequency of at least 1000 fps [8, 9]. 
 
 
2.3 Control Equipment 
 

Control of the shaking table is performed through 
computer, controller, signal generator, charge 
amplifier, data acquisition unit, etc. The computer 
configuration should match the software operating 
environment, and the interface should be designed for 
ease of communication with the controller. The 
analog signal output interface (D/A) of the signal 
generator should be connected to the power amplifier 
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directly through a double BNC cable. The power 
amplifier magnifies the input electric signal through 
the amplified current to provide the driving force for 
the vibration exciter. The charge amplifier should 
feature functions, such as charge magnification, 
voltage amplification, low pass filtering and 
integration, in order to be able to amplify the 
piezoelectricity acceleration sensor signal of the 
control shaking table and import the output voltage 
analog signal to the control shaking table and data 
acquisition unit directly. 
 
 
3. Software System and Function 
 
3.1. Control Software 
 

The software system of the shaking table includes 
two components: the monitoring and management 
unit, and the real-time control unit. The monitoring 
and management unit is responsible for system 
management and data monitoring. It interacts with 
the power management unit by serial communication 
bus. The real-time control unit is responsible for 
running the real-time control program and logic 
management, data acquisition (A/D), and signal 
output (D/A). It makes servo control and vibration 
control possible. The structural composition and the 

relationship of the shaking table system software are 
shown in Fig. 4.  

The key element of the shaking table is servo 
system that controls the whole system. A schematic 
diagram of the shaking table servo system is shown 
in Fig. 5.  
 
 

 
 

Fig. 4. System software structure. 
 

 
 

aR

U F ''Y

Y

''Y

fY

'
fY

''
fY

I

dR '
dR "

dR

 
 

Fig. 5. Schematic diagram of the shaking table servo system with the controller of three parameters 
 
 

Specifically, Ra is the reference acceleration 
signal; Rd is the reference location signal; U is the 
control voltage (V); I is the control current (A); Ka is 
the servo amplifier gain (A/V); F is the actuator load; 
and the three parameters, respectively, correspond to 
displacement Y, speed Y', and acceleration Y'' of the 
shaking table system. Depending on the seismic 
vibration parameters to be simulated, the vibrating 
controller synthesizes the corresponding drive signal. 
Then, the drive signals are conveyed to the input 
terminal of the servo controller. The servo amplifier 
then converts the voltage signal generated from the 
servo controller to the current signal that will be 
applied to control the reciprocating movement of the 
servo actuator. The response signals are fed back to 
the servo controller through the displacement 
conditioner and acceleration conditioner. Thus, the 
closed-loop control of the motion platform is 

performed. The response signal of the shaking table 
under servo control will have a large deviation 
compared with the expected signal, and exhibits a 
nonlinear relationship. For this reason, an input 
seismic wave signal cannot be directly used to 
stimulate the test specimen on the shaking table. A 
vibration control loop is formed in the outer ring of 
the servo control loop, which feeds back to the 
vibrating controller the answer signal of analog 
quantity, such as seismic acceleration, displacement, 
etc. Special vibration control technologies are 
implanted into the vibrating controller so that 
nonlinear iterative compensation to the drive signal 
could be conducted, and the answer signal of the 
system can reproduce the seismic analogy signal with 
high precision [10]. 

Noise signals generated by the shaking table 
system may affect control precision. An anti-aliasing 
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filter system must be installed between the A/D and 
D/A convertor, and the shaking table analog control 
system to eliminate noise signal and improve control 
precision. 
 
 
3.2. Data Analysis and Processing Software 
 

The recorded seismic original wave data can be 
processed with a correction filter using specialized 
software, such as Seismosignal. The control signal, 
pick-up feedback signal, and experimental data can 
be analyzed and processed with Vib Control+ Vib 
SQK, which is system software provided by a 
shaking table manufacturer. The experimental results 
data can also be processed by programming based on 
MATLAB. Image data recorded by high-speed 
camera can be processed with specialized software, 
such as ProAnalyst, to measure movement data and 
to extract corresponding relationships. 
 
 
4. Seismic Vibration Simulation Test 
 
4.1. Test Scheme for Small-scale Specimen 
 

The test objective of the shaking table seismic test 
is to explore a certain seismic performance of a 
building structure. According to the test objective, the 
test scheme is as follows: 1) to design small-scale test 
specimens based on the structural features of a 
prototype building and the working frequency band, 
maximum displacement, velocity acceleration, and 
load bearing capacity of the shaking table; 2) to 
inspect whether or not the shaking table meets the 
test requirements [11]; 3) to make the test loading 
scheme and determine the contents of structural 
dynamic behavior, and seismic dynamic response to 
be tested in different working phases (crack, yield, 
and damage stages); 4) to manufacture and fix the 
test specimen according to test rules; 5) to calibrate 
and arrange acceleration sensor, displacement meters 
and gauge transducers, so as to gain various data 
related to a test objective; 6) to set some mark points 
on the test specimen to make tracking analysis on the 
recorded image data; and 7) to take some pre-
protective safety measurements, so as to ensure the 
safety of personnel and apparatus during the process 
of the crack and damage stages under simulated 
seismic action.  
 
 
4.2. Preprocess of Input Seismic Signal 
 

To conduct the shaking table test, at least two 
actual recorded seismic waves and one seismic 
simulated acceleration time-history curve should be 
chosen as the seismic excitation signal based on site 
geographic conditions, seismic fortification intensity, 
and the structural features of the prototype structure. 
For example, if seismic test specimens are related to 

the building that lies in the Shanghai area with 
seismic fortification intensity 7 and class IV ground 
soil. In addition, their seismic driving signals should 
be from ElCentro wave, Pasadena/San Fernando 
wave, and Shanghai artificial seismic wave II. If 
original record data from an actual seismic wave are 
applied to the test, the process of filtering and 
correction should be conducted with specialized 
software, such as Seismosignal. According to the 
given similarity relation, the sampling frequency is 
adjusted, and the correct seismic wave is corrected 
again. The seismic wave TXT file is also changed 
into the needed input data format of a shaking table 
controlling system, the input amplitude (Agm) is 
determined by formula (2): 

 
 Agm = SA*Agp, (2) 

 
where Agp is the ground maximum acceleration 
corresponding to prototype design intensity level; and 
Sa is the similar coefficient of acceleration. 
 
 
4.3. Correction on Control Parameter  

of Shaking Table 
 

There are certain parameters that should be 
calibrated and corrected in the operation software of 
the shaking table, such as sampling frequency, 
controlling freedom, controlling scheme, frequency 
resolution, calibration coefficient, and dimensional 
unit. Frequency resolution is determined by 
formula (3):  
 

 

sl

f

N

S
f

×
=Δ

2
, (3) 

 
where Sf represents sample frequency (Hz); and Nsl 
represents the spectrum line numbers in the 
frequency domain.  

As a seismic wave file is read into the system, a 
corresponding desired signal could be defined. 
Moreover, the controlling vibration amplitude should 
be examined so that the excitation could be 
appropriate for test and observation. Generally, the 
correction steps are as follows: 1) to input the desired 
signal file; 2) to examine the time domain curve and 
spectrum curve in the system control software; 3) to 
filter the desired signal to the range that requires 
control with the low-pass filter; 4) to set 
identification parameters in the system operation 
software and to generate white noise; and 5) to 
conduct synchronous identification on the shaking 
table to judge whether it is synchronous through the 
superposition situation of the characteristics of curve 
and phase of white noise by the pre- and post-
synchronous operation.  

Fig. 6 shows the seismic wave chosen for the test. 
Fig. 7 shows a white noise wave generated by the 
computer control system. By means of correction, the 
white noises are almost coincident (as Fig. 9 shows). 
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It could be evaluated by the corresponding phase 
curve (as Fig. 11 shows). If the alignment chart is 
nearly with a certain fixed value, the controlling 
system has been synchronous.  

If the white noises are not coincident (as Fig. 8 
shows), the phase curves fluctuate sharply (as Fig. 10 
shows), and the iteration error will very large [12]. 

Based on the feedback signal of white noise, the 
performance of the shaking table could be corrected 
and transformed. According to characteristics of the 

test specimen and seismic wave, the frequency band, 
which is out of range, could be removed. Non-linear 
curve could be smooth-processed by  multiplied 
coherence function. If the coherence function were 
weight-processed, the deficiency of the non-linear 
identification curve could be compensated, and the 
poor coherence characteristics could be suppressed. 
One of the compensation function curves is shown  
in Fig. 12. 

 

 
 

Fig. 6. Input practical seismic waveform. 
 

 
 

Fig. 7. Generated white noise. 
 

 
 

Fig. 8. Non-synchronous white noise sweep-frequency graph. 
 

 
 

Fig. 9. Synchronized white noise sweep-frequency graph. 
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Fig. 10. Non-synchronous phase. 
 
 

 
 

Fig. 11. Synchronized phase. 
 
 

 
 

Fig. 12. Compensation function curve. 
 
 
4.4. Generation and Correction  

of Drive Signal 
 

The desired control signal could be corrected 
based on the non-linear curve of the system. The 
control drive signal with less error could be obtained 
after multiple iteration compensation. The iteration 
process can conduct iteration compensation on 
control signals of different groups.  

The compensation process can be conducted 
several times, which is determined by the error 
between the desired signal of the iteration result and 
the response signal. If the average error is within 5 % 
and shows a decreasing trend, and the average 
decibel no longer has any changes, the iteration result 
can be recorded as the final drive signal. The 
calculation of the maximum iteration error is as 
formula (4): 

 
1max max

( ) ( )
n n

ERR X t X t−
 = − 

, (4) 

 
The average error is calculated as formula (5): 
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(5) 
 
The above drive signal should be further 

corrected, so as to make the initial value be zero and 
to avoid test specimens from vibrating suddenly 
when a test starts. Fig. 13 shows an initial drive 
signal of a test. After the correction on the initial 
value, its complete drive signal could be obtained (as 
shown in Fig. 14). 
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Fig. 13. Pre-corrected drive signal. 
 
 

 
 

Fig. 14. Corrected drive signal. 
 
 
4.5. Vibration Loading Test 
 

According to loading scheme, the shaking table 
test is conducted, and the vibrating response of the 
shaking table and test specimens are measured. 
Natural frequency, damping ratio, and some other 
dynamic parameters of test specimens are abstracted 
through spectral analysis of the transfer function and 
power spectrum. A multi-stage loading test is usually 
adopted for the convenience of observing seismic 
response of the test piece under different seismic 
intensity. Dynamic parameters of the specimen are 
measured in each test stage, specifically: 
1) undamaged; 2) initial cracking; 3) moderate 
cracking; 4) full cracking throughout the entire 
section; and 5) damage and collapse. 
 
 
4.6. Analysis and Organization of the  

Test Result 
 

By processing the test data, the vibrating period, 
damping, deformation, stiffness degradation, energy 
absorption ability, and hysteresis behaviors of a 
specimen in each test stage could be calculated. The 
processing on video and picture recorded from the 
high-speed camera by specialized software could 
help to analyze the test phenomena and summarize 
the time-order character of vibrating damage and  
the dynamic response of a test specimen under 
seismic action. 

5. Conclusions 
 

According to the above analysis, the methods of 
the electromagnetic shaking table seismic test on a 
reduced scale specimen are feasible. 1) The natural 
vibration frequency of a small scale specimen is 
usually bigger than that of a prototype structure. If 
the software and hardware system of the 
electromagnetic shaking table were well configured, 
the shaking table could completely play its role in 
simulating seismic impact with wide frequency band 
and good waveform. If there is ultralow frequency 
demand to a shaking table, double magnetic body 
structure could significantly reduce the frequency 
band lower limit of the shaking table to 0.1 HZ. 
2) The shaking table can induce aberration to seismic 
wave signal and lead to distortion of vibration 
excitation by the shaking table. Non-linear correction 
could obtain the desired excitation signal output from 
the shaking table. 3) The multi-stage loading test may 
cause damage accumulation in the test specimen, 
which will affect the test precision of dynamic 
behaviors. 4) Filter correction of the input seismic 
wave can remove noise from the original seismic 
wave. To choose an appropriate similarity ratio and 
adjust the sampling frequency of the input seismic 
wave can effectively stimulate the small scale model 
and fully exhibit its dynamic characteristics. 5) The 
high-speed camera is useful to record video data of 
the shaking table test and is helpful to research the 
damage time-order and evolution of the test specimen 
under seismic impact. 6) Period, damping, vibration 
deformation, stiffness degradation, and hysteretic 
behavior acquired from the reduced-scale test are 
greatly helpful to qualitatively evaluate the dynamic 
behaviors of prototype structures. 
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