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Abstract—Dynamic tests are an important step of the design of 

engineering structures, because the accuracy of predictions of 
theoretical–numerical procedures can be assessed. In experimental 
test of moving loads that is one of the major research topics, the load 
is modeled as a simple moving mass or a small vehicle. This paper 
deals with the applicability of Non-contact Moving Load (NML) for 
vibration analysis. For this purpose, an experimental set-up is 
designed to generate the different types of NML including constant 
and harmonic. The proposed method relies on pressurized air which 
is useful, especially when dealing with fragile or sensitive structures. 
To demonstrate the performance of this system, the set-up is 
employedfor a modal analysis of a beam and detecting crack of the 
beam.The obtained results indicate that the experimental set-up for 
NML can be an attractive alternative to the moving load problems. 
 

Keywords—Experimental analysis, Moving load,Non-contact 
excitation. 

I. INTRODUCTION 
HEneed for a better understanding of the dynamic 
behaviors of systems indicates the importance of the use 

of robust and reliable methods to determine the dynamic 
properties. The response of systems to dynamic load can be 
obtained through several theoretical and numerical 
approaches. Some of these approachesare involved in certain 
simplifications in the calculations. Also, some aspects of the 
system behavior cannot be predicted in totality and they are 
only clear through dynamic tests. Thus, experimental 
procedures play a fundamental rolein complementing 
thetheoretical–numerical procedures. Therefore, dynamic tests 
for the description and understanding of the dynamic behavior 
of a system should be carried out. 

For measuring structural dynamics, several excitation 
techniques such as shaker or an impact hammer are widely 
used. Shaker attachment to the structure changes the 
structure’s dynamics during the modal test. The application of 
the manual hammer is a user-dependent method [1]. In 
addition, excessive force created by an impact hammer may 
cause damage in delicate structures and deformation or 
mechanical failure in plastic. Also, in some applications 
especially in biological or medical devices, direct contact can 
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cause contamination [2]. For determining the natural 
frequencies and mode shapes of beams, dynamic transverse 
moving loads can also be employed. Moving loads is one of 
the major research topics in the civil and structural 
engineering field and plays a significant role in the design of 
bridges, pavements and structures. In such matters, various 
parameters such as speed and type of load are important. The 
empirical studies of structures under moving loads are 
addressed in several publications such as [3]-[5]. In the 
experimental set-up ofcited works and similar articles, the load 
is modeled as a small vehicle or mass (sprung or unsprung). 
However, the load model that needs to be in contact with the 
structure may alter the dynamics of the structure and affect the 
accuracy of measurements. 

Over time, cracks may appear in structural and mechanical 
components, and thus the detection of crack-like defects is an 
important problem. These cracks can change the dynamic 
properties. During the past decades, numerous research works 
have been carried out on cracked structures, and various crack 
identification techniques have been developed.Crack detection 
in cantilever beams was studied analytically and 
experimentallyby Nahvi and Jabbari [6]. The method is based 
on measured frequencies and mode shapes of the beam. A new 
approach for damage detection in beam-like structures with 
small cracks, without baseline modal parameters was provided 
by Zhong and Oyadiji [7].An experimental verification of the 
method in crack detection was also done in this work. Some of 
the other works on this subject are cited in [8]-[10]. In 
experimental tests performed in all the above mentioned 
articles, a cracked beam is excited by a hammer or shaker.The 
identification of cracks in beamssubjected to a concentrated 
moving load is a problem that should be considered due to its 
practical applications.Knowing thedynamic response of a 
crackedbeam can help engineers in the aspects of diagnosis, 
maintenance and retrofitting of the affected structures.Few 
research works, especially the experimental ones, exist on the 
influence of the crack on the response of beams under a 
moving load. Parhi&Behera [11] utilized an analytical method 
along with the experimental verification to investigate the 
vibrational behavior of a cracked beam with a moving mass. A 
theoretical and experimental study of the response of a 
damaged Euler–Bernoulli beam traversed by a moving mass 
presented by Bilello&Bergman [12]. 

The utilization of experimental noncontact excitation is 
useful, especially when dealing with fragile or sensitive 
structures [2]. There are different types of non-contacting 
excitation such as magnetic, acoustic and laser [13], [14]. 
Pneumatic excitation using an impinging air jet which was 
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applied by S. Vanlanduit et al. [1] and R. Farshidi et al. [2] is 
one of the techniques of non-contact excitation that can also 
be used. In these articles, impulse force was generated and 
modal analysis of a cantilever beam was carried out. 

The main aim of the present work is to show the 
applicability of Non-contact Moving Load (NML) for 
vibration analysis. Actually, this work is an extension of two 
previousworks [1], [2],and it considerably enhances the 
application of them.An experimental test rig was set up to 
generate the constant and harmonic NML by using pressurized 
air. The set-up is tested on several benchmark problems: a 
modal analysis of a beam and a detection of a crack. First, the 
modal frequencies of the beam were obtained experimentally. 
In this work, theFFT experimental method is used and the 
results are compared favorably with non-contact impact load. 
Another experimental study is carried out to show the ability 
of the set-up in the detection of cracks. In this study, a cracked 
beam is excited by NML and the signal is recorded by an 
accelerometer attached to the beam. There are many types of 
damage detection methods. One of the well-known types of 
wavelet transforms called Continuous Wavelet Transform 
(CWT) is used in this work.The obtained results in different 
cases indicate that the experimental set-up for NML can be an 
attractive alternative to the moving load problems.Compared 
to other moving load generation techniques, NML is simple to 
use, more accurate, and itneeds less operator involvement; so, 
errors can be minimized. The application of this method forthe 
identification of various damaged and undamaged structures 
needs more elaborate analysis, which can be pursued in future 
works. 

II. BASIC THEORY AND FORMULATION 

A. Beam Equation and Boundary Conditions 
Consider a thin and uniform beam of isotropic material. The 

dimensions have been shown in Fig. 1 in which l, b and h are 
length, width and thickness respectively. The load P moves at 
speed c, from left to right. The small displacement theory of 
thin beams is based on the Euler-Bernoulli’s differential 
equation. Based on that, the governing equation of the 
problem for constant cross-section and constant mass per unit 
length ρ is as follows [15]: 

 
ܫܧ డర௩ሺ௫,௧ሻ

డ௫ర ൅ ߩ డమ௩ሺ௫,௧ሻ
డ௧మ ൅ ܥ డ௩ሺ௫,௧ሻ

డ௧
ൌ ݔሺߜ െ  ሻ  (1)ݐሻܲሺݐܿ

 
In this equation, v is the components of displacements in y 

direction at point x and time t. E, I, C and ߜ are, elastic 
modulus, second moment of inertia of the beam cross-section, 
viscous proportional damping and the Dirac delta function 
respectively. Boundary conditions on the beam could be 
defined as [15]: 

 
x = cons. 

Free (F)߲ଶݔ߲/ݒଶ = ߲ଷݔ߲/ݒଷ = 0  (2) 
    Clamped (C) v = ߲0 = ݔ߲/ݒ  

 

 
Fig. 1 Geometry of the beam 

B. Cracked Beam 
The detection of damages in different systems such as 

machining equipments, railroad rails, and bridges, where there 
is a concentrated load in motion, is highly important [16]. 
There are many methods for the detection of cracks. Some of 
these methods are based on the changes in natural frequencies, 
mode shapes and deflections. One of the powerful tools for the 
detection of cracks is the wavelet transform theory, which is 
used extensively today. 

Wavelet Theory and Continuous Wavelet Transform (CWT) 
The wavelet transform method is one of the signal analysis 

methods, with certain advantages over the other techniques of 
signal analysis. The most important advantage of this 
approach is its ability to display the local analysis of a signal 
(i.e., the ability to zoom in at any time or position interval). 
Since the existence of cracks, creates discontinuities in the 
responses of a structure in the defective zones, this 
characteristic is particularly important for the detection of 
cracks in structures [17]. 

The wavelets have a base function of ߰, which can be 
expressed in terms of time or position x. A set of base 
functions ߰௔,௕ which is generated by dilation (stretch or 
compression) and translation (in space) of the ߰ by a andb 
respectively is defined as follows [18]: 

 
߰௔,௕ሺݔሻ ൌ ଵ

√௔
߰ ቀ௫ି௕

௔
ቁ          (3) 

 
Wavelet transformation can be in the form of discrete or 

continuous, which relates function ߰௔,௕to signal݂ሺݔሻ. The 
continuous wavelet transform of signal ݂ሺݔሻ is defined as [7]: 

 
,ሺܽܥ ܾሻ ൌ ଵ

√௔ ׬ ݂ሺݔሻାஶ
ିஶ כ߰ ቀ௫ି௕

௔
ቁ ݔ݀ ൌ ׬ ݂ሺݔሻାஶ

ିஶ ߰௔,௕݀(4)   ݔ 
 

where߰כ is the complex conjugate of߰. Signal ݂ሺݔሻ can be 
reconstructed by the inverse of the continuous wavelet 
transform, which is expressed as follows [18]: 

 
݂ሺݔሻ ൌ ଵ

௄ഗ
׬ ׬ ,ሺܽܥ ܾሻ߰௔,௕ܾ݀ ଵ

௔మ ݀ܽାஶ
௕ୀିஶ

ାஶ
௔ୀିஶ     (5) 

 
In this equation, the value of constant ܭట depends on the 

type of the wavelet. 
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III. DESIGN AND MANUFACTURE OF NON-CONTACT MOVING 
LOAD 

A. Characteristics of Pneumatic Excitation 
In this section, the system employed to produce a constant 

and harmonic non-contact load by means of air pressure is 
introduced. The knowledge of using pressurized air has long 
played an important role in various agricultural, auto 
manufacturing, air transport and textile industries. For 
example, pressurized air has been used in vehicle door 
operation systems, transport systems, pneumatically driven 
systems, etc. Because of its cleanness, economical cost and 
efficiency of pneumatic devices, they are of great importance. 
The subject of non-contact impact excitation by means of 
pressurized air has been studied in [1], [2]. The compressor to 
produce the pressurized air, the nozzle and the air flow 
controller are the major sections of an air excitation system. 
To control the air flow, a regulator or a servo solenoid valve 
can be used. The advantage of the servo solenoid vale over the 
regulator is that it can be turned on and off more quickly. 
Solenoid valves have been investigated in previous articles 
[1], [2]. However, due to having a more adequate price and 
generating a more desired output, the regulator is studied in 
the present work. 

In using non-contact methods, the correct calculation of the 
excitation force is important. The force generated by this 
system depends on different parameters such as pressure, 
nozzle distance, nozzle shape, etc. The amplitude of the 
applied force is determined as follows [19]: 

 
ܨ ൌ ሶ݉  ௠          (6)ܥ

 
where݉ ሶ is the mass flow rate, and ܥ௠is the average velocity. 
By assuming the conservation of mass, the average velocity in 
terms of ሶ݉ is calculated through the following equation [2]: 
 

௔ܸ௩௚ ൌ ସ௠ሶ
గఘబ஽ೞ

మ         (7) 
 
In the above relation, ߩ଴is the ambient air density and ܦ௦is 

the target diameter, which is obtained by the following 
equation[2]: 

 
௦ܦ ൌ ሺ1ܦ ൅ 2. .௚ܮ  ሻ       (8)ߙ݊ܽݐ

 
whereܮ௚ denotes the gap between the nozzle and the target, 
andߙ is the dispersion angle. To obtain force, ሶ݉ is required 
and it is related to pressure, area, input and outputmass of the 
convergent nozzle as mentioned in [20]. So ሶ݉ can be defined 
as follows: 
 

ሶ݉ ൌ ܽଵ · ௣బ

బ்
బ.ఱ ቂ௞

ோ
ቃ

଴.ହ
·

ۏ
ێ
ێ
ێ
ۍ

௠భ

ቂଵାቀೖషభ
మ ቁ·௠భ

మቃ
ቌ

ೖశభ
మ

ೖషభቍ

ے
ۑ
ۑ
ۑ
ې
      (9) 

 
where ଴ܶand ଴ܲare the stagnation pressure and temperature, 

݉ଵis the incoming Mach number and k = 1.4 and R = 287. 

Constant and Harmonic Load 
For a constant load excitation, an open-loop control 

program written in the MATLAB software can be used to 
control the regulator’s output force. To obtain a more desired 
output in the generation of harmonic load, a closed-loop 
control program along with filtering has been employed in 
order to eliminate the excess noises and frequencies. In the 
PID controller used, the feedback is taken from the pressure 
sensor installed on the back of the nozzle, and the sinusoidal 
wave (i.e., harmonic excitation) can be observed. The desired 
input and the pressure sensor output for the harmonic load 
produced with a frequency of 20/2π ݏ/݀ܽݎcan be seen in Fig. 
2. Using a load cell, the output harmonic force generated by 
the nozzle is shown in Fig. 3. This output force is calibrated 
by the load cell, based on weight, and its minimum and 
maximum values are 1.3 and 2.45gr, respectively. 

 

 
Fig. 2 The desired input and the pressure sensor output for the 

harmonic load 
 

 
Fig. 3 The output harmonic force 

 
In the next step, another control program is prepared, to 

which an input force is given as the desired parameter and 
then by getting a feedback from the load cell and controlling it 
by the PID controller, the output is corrected. This way, we 
will be able to produce different arbitrary forces. For example, 
the produced harmonic force can be observed in Fig. 4. 
According to the figure, a desired force with amplitude of 0-
2gr and frequency of 60/2π ݏ/݀ܽݎ has been given as input 
data. The phase difference observed between the desired and 
output force can be due to different reasons, including the 
damping of the device, the filter used in the load cell and the 
use of the controller. Fig. 5 shows the range of the pressure 
applied to produce the mentioned harmonic load. 
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IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 
To validate the experimental setup devised to produce the 

non-contact moving load, two case studies applied on a beam 
have been considered. 

A. Beam Experiment 
In this section, the natural frequencies of a beam made of 

stainless steel 420 with dimensions of 385*20*1.5 ݉݉ଷ, on 
which a constant moving load is applied through a pressure of 
5 bars at a speed of 14.22 cm/s, have been calculated. To 
compare the frequencies obtained by the moving load, the 
considered beam has also been excited by impact load 2ms 
with a pressure of 4 bars. The vibration signal generated has 
been sensed via sensor and then amplified by power amplifier. 
The amplified signal is converted to digital numeric values by 
a data acquisition device. The numeric values are then 
manipulated by a computer and the natural frequencies are 
computed via the FFT. 

The calculation of the first five natural frequencies for a 
cantilever beam is performed using NML, as shown in Fig. 8. 
The obtained result through non-contact impact excitation is 
depicted in Fig. 9. Comparison between natural frequencies by 
NML and impact results is reported in Table II. As can be 
seen, the maximum deviation is about 5.7%. 

 

 
Fig. 8 The first five natural frequencies of the beam 

 
TABLE II 

 NATURAL FREQUENCIES OF THE BEAM EXPERIMENTS WITH NON-CONTACT 
IMPACT AND MOVING LOAD – B.C: C – F 

Mode number freq-impact load freq-moving load dev-in% 
1 
2 
3 
4 
5 

8.361 
50.17 
143.8 
275.9 
448.2 

8.361 
50.17 
142.1 
292.6 
449.8 

0% 
0% 

-1.18% 
5.7% 

0.335% 

B. Experimental Test of the Proposed Set-up for Crack 
Detection 

In this section, damage in a cracked beam is detected by 
exciting the beam with a constant moving load. A stainless 
steel 420 fixed-fixed beam with dimensions of 375*20*1.5 
݉݉ଷ was used, and the accelerometer sensor is positioned in 
the middle of it. The load was kept constant at 5 bars and the 
speed was 6.4 cm/s. A damage detection method based on the 
CWT is applied to analyze in a cracked beam. Crack location 

can be detected by peaks in the CWT coefficient of data using 
Gaussian4 Wavelet. 

 

 
Fig. 9 The first five natural frequencies of the beam 

 
A damage was created at 11.2cm from the left support of 

the beam. Fig.10 shows result of CWT coefficient of the 
displacement. One peak can be clearly seen that is the exact 
location of the crack. 

 

 
Fig. 10 CWT coefficient of response of beam – single crack 

V. CONCLUDING REMARKS AND RECOMMENDATIONS 
In this study, Non-contact Moving Load (NML) using 

pressurized air is successfully applied to obtain the dynamic 
characteristic of beam and detection of a crack. It is shown 
that NML is a very powerful tool to excite a structure and it 
can be an attractive alternative to the moving load problems. 
For the dynamic analysis, frequency, one of the important 
quantities, was calculated using FFT experimental method and 
the results were compared to non-contact impact load. Crack 
detection in a beam subjected to moving load using 
Continuous Wavelet Transform (CWT) is conducted in which 
the moving load is modeled as NML instead of moving a 
small vehicle or mass. According to the result of CWT and 
peak, the exact location of the crack is detected. There is an 
obvious necessity to develop simple and accurate methods. It 
can be inferred that in comparison to other methods the NML 
has several advantages, for example it is inexpensive, 
controlled and automated so that operator differences can be 
avoided. 

Further studies on the subject of NMLs are important from 
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different aspects, and the following recommendations can be 
presented in this regard: 
1) Obtaining a variety of responses based on the type of 

system and performing the necessary analysis. 
2) Accommodating the model with the practical bridge-

vehicle systems; for example, using beams with different 
materials and shapes (curved, skew). 

3) Using other experimental models such as plates and shells 
and performing tests on biological tissues. 

4) Increasing the degrees of freedom of the designed system 
to enable its movement in different directions. 

REFERENCES 
[1] S. Vanlanduit, F. Daerden, P. Guillaume, Experimental Modal Testing 

Using Pressurized Air Excitation, Journal of Sound and Vibration 299 
(2007) 83–98. 

[2] R. Farshidi, D. Trieu, S.S. Park, T. Freiheit, Non-Contact Experimental 
Modal Analysis Using Air Excitation and a Microphone Array, 
Measurement 43 (2010) 755–765. 

[3] L. Yu, Tommy H.T. Chan, Moving Force Identification Based On the 
Frequency–Time Domain Method, Journal of Sound and Vibration 261 
(2003) 329–349. 

[4] L. Yu, Tommy H.T. Chan, Recent Research on Identification of Moving 
Loads on Bridges, Journal of Sound and Vibration 305 (2007) 3–21. 

[5] S.S. Law, J.Q. Bu, X.Q. Zhu, S.L. Chan, Moving Load Identification on 
a Simply Supported Orthotropic Plate, International Journal of 
Mechanical Sciences 49 (2007) 1262–1275. 

[6] Nahvi, H., Jabbari, M. Crack Detection in Beams Using Experimental 
Modal Data and Finite Element Model. Int. J. Mech. Sci. 47, (2005) 
1477–1497. 

[7] ShuncongZhong, S. OlutundeOyadiji, Detection of Cracks in Simply-
Supported Beams by Continuous Wavelet Transform of Reconstructed 
Modal Data, Computers and Structures 89 (2011) 127–148. 

[8] S. Moradi, P. Razi, L. Fatahi, On the Application of Bees Algorithm to 
the Problem of Crack Detection of Beam-Type Structures, Computers 
and Structures 89 (2011) 2169–2175. 

[9] K. Mazanoglu, M. Sabuncu, A Frequency Based Algorithm for 
Identification of Single and Double Cracked Beams via a Statistical 
Approach Used in Experiment, Mechanical Systems and Signal 
Processing 30 (2012) 168–185. 

[10] U. Andreaus, P. Baragatti, Experimental Damage Detection of Cracked 
Beams by Using Nonlinear Characteristics of Forced Response, 
Mechanical Systems and Signal Processing 31 (2012) 382–404. 

[11] Parhi D R, Behera A K. Dynamic Deflection of a Cracked Beam with 
Moving Mass, Journal of Mechanical Engineering 211 (1997) 77– 87. 

[12] C. Bilello, L.A. Bergman, Vibration of Damaged Beams under a Moving 
Mass: Theory and Experimental Validation, Journal of Sound and 
Vibration 274 (2004) 567–582 

[13] B.T. Hefner, P.L. Marstona, Magnetic Excitation and Acoustical 
Detection of Torsional and Quasi-Flexural Modes of Spherical Shells in 
Water, Journal of the Acoustical Society of America 106 (1999) 3340–
3347. 

[14] P. Castellini, G.M. Revel, L. Scalise, Measurement of Vibrational Modal 
Parameters Using Laser Pulse Excitation Techniques, Journal of 
Measurement 35 (2004) 163–179. 

[15] LadislavFryba, Vibration of Solids and Structures under Moving Loads, 
Thomas Telford Publishing, 3rd edition, 1999. 

[16] S.S. Law, Zhu X.Q. , Dynamic Behavior of Damaged Concrete Bridge 
Structures under Moving Vehicular Loads, Engineering Structures 26 
(2004) 1279–1293 

[17] Hansang Kim, Hani Melhem, Damage Detection of Structures by 
Wavelet Analysis, Engineering Structures 26 (2004) 347–362 

[18] A.V. Ovanesova, L.E. Sua´rez, Applications of Wavelet Transforms to 
Damage Detection in Frame Structures, Engineering Structures 26 
(2004) 39–49 

[19] J.F. Blackburn, G. Reethof, J. Lowen Shearer, Fluid Power Control, the 
Technology Press of MIT and John Wiley & Sons, Inc. New York and 
London, 1960. 

[20] Robert W. Fox, Alan T. McDonald, Philip J. Pritchard, Introduction to 
Fluid Mechanics, John Wiley & Sons, Inc. 2004. 

[21] Richard G. Budynas, Keith Nisbett, Shigley’s Mechanical Engineering 
Design, McGraw-Hill, Eighth Edition, 2008. 


