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Abstract 

The article describes a test procedure based on the fundamental principle of Nonlinear Elastic Wave Spectroscopy. Without 
integration of all test stages into one automated measurement station and without Maximum Length Sequence (MLS) 
perturbation signal, this method would be otherwise lengthy and unfit for practical application. Material nonlinearities are 
elegantly quantified in a single coefficient. Furthermore, in the same measurement Eigenfrequency of the sample can be 
estimated with greater accuracy than in conventional methods. The method is applied on thermally loaded mortar samples.  
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICEBMP 2016. 

Keywords: Nonlinear Elastic Wave Spectroscopy (NEWS); Maximum Length Sequence (MLS); building materials; Eigenfrequency; non-
destructive testing; ultrasound 

1. Introduction 

Acoustic waves introduced into the specimen are changed and reflected as they interact with inhomogeneities. 
Amplitudes of reflected echoes and resulting time of flight is in classical defectoscopic approach used to locate 
inhomogeneities. However, more sophisticated methods focus on information contained within the frequency 
domain, to estimate dynamic modulus of elasticity and other material properties.  
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The purpose of Nonlinear Elastic Wave Spectroscopy (NEWS) [1,2] is to assess severity of micro-cracking from 
ultrasonic wave propagation. Material nonlinearities manifest themselves as resonant frequency shifts, harmonics 
and dumping coefficients. These methods are extremely useful for basic research. However, sweeping the whole 
frequency spectra with sine waveforms requires extensive test times. In practical applications is preferred Nonlinear 
Wave Modulation Spectroscopy (NWMS), in which additive and subtractive sideband of the two-toned excitation 
signal are monitored. The procedure described and tested in this article utilizes broadband pulse-compression signal, 
with variable amplitude to measure the change of fundamental frequency. 

1.1. MLS test signal properties 

Most tested systems are assumed to be linear time-invariant (LTI), in order to simplify non-destructive 
evaluation. Dynamic nonlinearities present themselves primarily at higher amplitudes of the signal. Therefore, the 
test signal should have minimal crest factor and high power spectra at specified harmonics to improve Signal to 
Noise Ratio(SNR) and reduce nonlinear behavior. Maximum Length Sequence with well-defined power spectra, 
crest factor of 1 and excellent autocorrelation property, make an ideal candidate for NDT. However, there are some 
general requirements if Maximum Length Sequence is to be used as an excitation signal. In order to prevent time-
aliasing, the period T of sequence N must be greater than system setting time (length of expected IR) See Eq. 1. 
Where n corresponds to number of bits in the shift register. 
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The second requirement concerns signal sampling. Maximum length sequence can be sampled at higher 
frequency as long as fs/fgn is integer. In literature, a power spectrum of MLS is often incorrectly assumed to be 
discrete and therefore flat. In real applications, sampling frequency fs is greater than generation frequency fgn. Such 
oversampling of original sequence results in power spectrum with Sinc-squared function envelope, dropping to zero 
at sequence’s generation frequency and its harmonics. The energy in the MLS is clearly spread over the harmonics 
in a non-uniform manner.  

Keeping this in mind, the system impulse response h(t), is retrieved by cross-correlating the system output y(t) 
with the original signal x(t). Where Rx,y(t) is the cross-correlation operator of x and y and * denotes the convolution 
See Eq. 2[2]. 

)()()()()()( ,, ththRRtxthtxLty xxyx   (2) 

1.2. Application of MLS in NDT 

Over the past two decades, pulse-compression techniques are applied in the field of NDT. Most of them are 
chirped signals and its aperiodic autocorrelation properties are used to obtain impulse response (IR). Other pulse-
compression techniques, based on periodic pseudorandom sequences, use cyclic correlation to reconstruct IR. 
Compared with classical, non-correlated signals, they offer quantization noise immunity, SNR enhancement and 
noticeable hardware cost reduction. 

In 1979, Schroeder introduced Maximum length sequences (MLS) technique for identification of LTI systems. It 
is now considered to be one of the most successful approaches. Shortly after that, Eysholdt and Schreiner presented 
a novel method for to recovering of individual transient responses at high stimulation rates. Lam and Hui were the 
pioneers, who suggested using MLS in the field of NDT [4,5]. MLS has been utilized for many applications, since 
then. In the field of electrical engineering, performance of switching power supplies is tested by MLS [6,7]. For its 
immunity to noise, it is used in room acoustics to test absorption coefficients of various materials [8,9]. MLS is used 
for piezoelectric sensors testing and to measure Modulus of Elasticity [10]. In impedance spectroscopy MLS signal 
is used for rapid measurement across the frequency spectra [11]. Lastly, radar technologies in nautical engineering 
and medical grade ultrasonic imaging instruments are all based on pulse compression signals. Techniques based on 
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signal correlation have the potential to achieve higher accuracy and eliminate multiple-echo interference problem, 
which would otherwise heavily degrade the performance of conventional methods. 

2. Materials and methods 

2.1. Test procedure 

For reasons given in introduction chapter, Pseudorandom Binary Sequence of Maximum Length is used as a 
perturbation signal in presented experiment. The signal I generated and degraded prior to the own experiment, 
although the sequence could be efficiently generated in flight by an n-bit shift register with exclusive or (XOR) 
feedback registers [12]. 

Generated sequence of 0 and 1 is transformed into electrical impulses using Digital output of the acquisition card. 
Programmatically controlled voltage supply defines signal level of logical 1. In the state of logical 0 electrodes of 
ultrasonic transducer are discharged by short-circuiting. Design of such Binary amplifier is described in [13,14]. The 
electrical signal is transformed into mechanical vibrations by means of Langevin transducer. Both piezoelectric the 
transmitter and receiver are fixed coupled with the specimen in the pass through setup. Since we are interested in the 
change of fundamental frequency the additional mass of transducers is not influencing the measurement [15–19]. To 
prevent aliasing of high frequencies the response signal is low pass filtered before acquisition. 

Signal generation, acquisition, synchronous time averaging, perturbation signal amplitude level control, signal 
processing and graphical outputs were all carried in LabVIEW software. Unification of all processes within a single 
program is a perfect example of automated test solutions.  

2.2. Specimen preparation 

Three mortar specimens were used to investigate the relationship between fundamental frequency and amplitude 
of the perturbation signal. Mortar was made from type CEM I Portland cement (Ceskomoravsky Cement -
Heidelberg Cement Group); water to cement ratio (W/C) of 0.50–0.55 and siliceous sand (up to 2 mm), with 
aggregates to cement ratio of 2. Resultant plasticity of the batch was 155 mm. The specimens were left in the 
moulds (prism: 40 mm×40 mm×160 mm) for 24 hours, then cured in water for 27 days and finally air-cured for 
32 days at laboratory temperature 25 °C. After initial curing, the specimens were oven dried at moderate 
temperature of 60 °C for two days. Following furnace heating of individual samples at given temperature was done 
according to [19].  

3. Results and discussion 

Raw Impulse response recovered by cross-correlation needed to be smoothed by force windowing and zero 
padding. After proposed signal processing methods Amplitude of frequency spectra, calculated by fast Fourier 
transform, forfeits its physical dimension, therefore an arbitrary unit (a.u.) is noted in all graphs. It should be noted, 
every signal treated in the same. Afterwards, position of fundamental frequency for each signal voltage levels 
estimated polynomial fit. The nonlinear theory predicts shift towards lower frequency with increasing amplitude. 
This phenomenon is visible at all instances. Second order polynomial fit would be the best way to describe the 
nonlinear behavior. Still, the experiments proved the microstructural damage and signal amplitude is small enough 
to use linear estimation by least square method. Severity of nonlinear behavior is then defined by a single number; 
the slope of the line. Yet another important value is the Intercept value of the line and frequency axis. In fact, the 
frequency of 0 V signal amplitude is the closest possible estimate of LTI system. It could be used for calculation of 
dynamic modulus of elasticity, just as it is done by Impact-Echo method, but with greater accuracy [20]. 

Quite interesting behavior was observed with sample degraded by 200 °C. Judging from fundamental frequency 
change, the dynamic modulus of elasticity dropped, but the micro-structural cracking is negligible, since the slope is 
similar to the reference sample. 
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Fig. 1. Dependence of fundamental frequency on signal amplitude. Reference temperature sample. 

 

 

Fig. 2. Dependence of fundamental frequency on signal amplitude. Sample degraded by 200 °C. 
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Fig. 3. Dependence of fundamental frequency on signal amplitude. Sample degraded by 400 °C. 

 

 

Fig. 4. Dependence of fundamental frequency on signal amplitude. Sample degraded by 600 °C. 
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Fig. 5. Dependence of fundamental frequency on signal amplitude. Sample degraded by 800 °C. 

Table 1. Results summary. 

Sample name - 

temperature (°C) 

8-refC 8-200C 8-400C 8-600C 8-800C 

Main freq. IE (Hz) 13875 13500 13000 12400 11700 

Fundamental freq. MLS (Hz) 13580 13225 12781 12322 11653 

Slope coef. (Hz/V) -0,027 -0,025 -0,112 -0,140 -0,232 

4. Conclusions 

The slope coefficient representing severity of nonlinearities, clearly shows that with increasing temperature 
loading mortar samples are more damaged. From the intercept coefficient we can estimate 26.3% decrease of 
dynamic modulus of elasticity at 800 °C, calculated assuming 1 D element [21]. Severity of micro-cracking 
resulting from thermal loading clearly leads to greater slope coefficient. Very similar findings were concluded in 
article [22], where the authors used  coefficient co classify severity of bone cracking. To clarify  coefficient 
represents relative change of Eigenfrequency at given signal amplitude.  

The procedure described in this article is based on the fundamental principle of Nonlinear Elastic Wave 
Spectroscopy. Without integration of all test stages into one automated measurement station and without MLS 
perturbation signal, this method would be otherwise lengthy and unfit for practical application. Material 
nonlinearities are elegantly quantified in a single coefficient. Furthermore, in the same measurement Eigenfrequency 
of the sample can be estimated with greater accuracy than in conventional methods. 

Acknowledgements 

This paper has been worked out under the project No. GA R No.16-02261S and under the project LO1408 
"AdMaS UP - Advanced Materials, Structures and Technologies", supported by Ministry of Education, Youth and 
Sports under the „National Sustainability Programme I" and under the project of specific research program at Brno 
University of Technology, project No. FAST-J-16-3034. 



312   L. Carbol et al.  /  Procedia Engineering   151  ( 2016 )  306 – 312 

References 

[1] K.E.-A. Van Den Abeele, P.A. Johnson, A. Sutin, Nonlinear ElasticWave Spectroscopy (NEWS) Techniques to discern material damage, Part 
I: Nonlinear Wave Modulation Spectroscopy (NWMS), Res. Nondestruct. Eval. 12 (2000) 17–30. 

[2] M. Meo, U. Polimeno, G. Zumpano, Detecting damage in composite material using nonlinear elastic wave spectroscopy methods, Appl. 
Compos. Mater. 15 (2008) 115–126. 

 [3] M. Ricci, L. Senni, P. Burrascano, Exploiting Pseudorandom Sequences to Enhance Noise Immunity for Air-Coupled Ultrasonic 
Nondestructive Testing, Ieee. T. Instrum. Meas. 61 (2012) 2905–2915. 

[4] F.K. Lam, M.S. Hui, An ultrasonic pulse compression system for non-destructive testing using maximal-length sequences, Ultrasonics 20 
(1982) 107–112. 

[5] T. Niederdränk, Maximum length sequences in non-destructive material testing: application of piezoelectric transducers and effects of time 
variances, Ultrasonics 35 (1997) 195–203. 

[6] T. Roinila, M. Vilkko, T. Suntio, Frequency-response measurement of switched-mode power supplies in the presence of nonlinear distortions, 
Ieee. T. Power. Electr. 25 (2010) 2179–2187. 

[7] T. Roinila, M. Vilkko, T. Suntio, Fast loop gain measurement of a switched-mode converter using a binary signal with a specified fourier 
amplitude spectrum, Ieee. T. Power. Electr. 24 (2009) 2746–2755. 

[8] N. Londhe, M.D. Rao, J.R. Blough, Application of the ISO 13472-1 in situ technique for measuring the acoustic absorption coefficient of 
grass and artificial turf surfaces, Appl. Acoust. 70 (2009) 129–141. 

[9] P.A. Morgan, G.R. Watts, A novel approach to the acoustic characterisation of porous road surfaces, Appl. Acoust. 64 (2003) 1171–1186. 
[10] L. Carbol, I. Kusák, J. Martinek, Measurement of material properties using deterministic white noise, NDT.net. 19 (2014) 1–7. 
[11] T. Sun, S. Gawad, C. Bernabini, N.G. Green, H. Morgan, Broadband single cell impedance spectroscopy using maximum length sequences: 

theoretical analysis and practical considerations, Meas. Sci. Technol. 18 (2007) 2859–2868. 
[12] L. Carbol, J. Martinek, D. Štefková, Correct choice of maximum length sequence in nondestructive testing, Adv. Mat. Res. 1124 (2015) 

280–287. 
[13] L. Svilainis, A. Chaziachmetovas, V. Dumbrava, Efficient high voltage pulser for piezoelectric air coupled transducer, Ultrasonics 53 (2013) 

225–231. 
[14] L. Carbol, J. Martinek, Deterministic white noise generator based on microcontroller, in: 11Th Workshop Ndt 2013 Non-Destructive Testing 

In Engineering Practice, CERM, Brno (2013) pp. 72–80. 
[15] L. Carbol, J. Martinek, I. Kusák, Influence of water content on fundamental frequency of mortar sample, Adv. Mat. Res. 1124 (2015) 273–

279. 
[16] M. Tupý, D. Štefková, K. Sotiriadis, L. Krmí ek, L. Carbol, V. Petránek, Recycled Poly(Vinyl Butyral) used as a barrier to prevent mortar 

carbonation, Adv. Mat. Res. (2014) 28–34.  
[17] L. Topolá , T. Ficker, I. Kusák, Is componential strength analysis of concrete possible?, Mag. Concrete Res. 65 (2013) 1480–1485.  
[18] L. Pazdera, L. Topolá , M. Ko enská, J. Smutny, I. Kusák, M. Lu ák, Application acoustic emission method and impedance spectroscopy 

for monitoring concrete during hardening, Adv. Mat. Res. 1000 (2014) 257–260. 
[19] D. Štefková, M. Tupý, K. Sotiriadis, K. Šamárková, Z. Chobola, High-temperature degradation of mortar containing rubber aggregates and 

EVA binder evaluated by impact-echo method, Appl. Mech. Mater. 627 (2014) 272–275.  
[20] L. Carbol, I. Kusák, J. Martinek, P. Vojk vková, Influence of transducer coupling in ultrasonic testing, in: Ndt In Progress: International 

Workshop Of Ndt Experts : Proceedings : Prague, Czech Republic, CERM, Brno (2015) 23–29. 
[21 J. Martinek, L. Carbol, Comparison of modal analysis using FEM and eigenfrequency measurements, Adv. Mat. Res. 1124 (2015) 294–300.  
[22] M. Muller, J.A. Tencate, T.W. Darling, A. Sutin, R.A. Guyer, M. Talmant, et al., Bone micro-damage assessment using non-linear resonant 

ultrasound spectroscopy (NRUS) techniques: A feasibility study, Ultrasonics 44 (2006) 245–249. 


