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ABSTRACT 

The paper submitted deals with the investigation of failures of engineering structures by means of 

the Method of higher orders spectra. The reason why Method of higher orders spectra is prospective 

in future is that unlike other non-destructive methods this one offers a high-quality information on 

the existence of non-linear processes in material and geometrically complex investigated samples 

(structures) and thus also the information on the existence and degree of development of particular 

faults. A timely detection of the level or location of a failure of a structural member or of the entire 

structure is gaining its importance at present due to the increasing maintenance costing. The 

application of this method will also offer the source materials about real material and geometrical 

characteristics of engineering structures in existing numerical models. 
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1.  Introduction 

It has appeared recently that there is a lack of simple non-destructive methods applicable to a fast 

analysis of different structure elements or whole structures, which is typical particularly of the field 

of civil engineering. This has been demonstrated by Hourdis ceiling slab structure breakdowns as 

well as many collapses of house and hall roof structures in 2006 in consequence of excess weight 

overload due to a large quantity of snow lying on them.  

Another expected problem area comprises bridge structures and for example also prefabricated 

panel houses.  Among marked factors affecting the condition of building structures, there are the 

following: poor maintenance, inappropriate service load, unfavourable geologic conditions, climatic 

effects, etc. Another cause may consist in the design, production process, construction procedures or 
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operating conditions. Depending on the building type, the critical condition of structures (and the 

resulting need for rehabilitation or reconstruction) comes after some 30 years of service.  

At present, there is a range of different methods designed to non-destructive testing of materials, 

building elements and entire structures. Methods based on the elastic wave propagation, reflection 

and interference appear to be currently in the technical public’s limelight.  Among them there are: 

acoustic emission, Impact-echo, or some non-linear ultrasonic spectroscopy methods, but also 

vibration analysis or modal analysis methods, to mention them in brief. All of these methods require 

sophisticated instrumentation and highly skilled operating personal. Some of them fail to provide 

plausible results for complicated-shape building elements or inhomogeneous-material-made 

building elements.  

This is why it is imperative to look permanently for simple, reliable and fast-operating diagnostic 

methods being based on new achievements in the signal analysis and material engineering fields.  

In what follows, we are going to describe an application of the Higher-order-spectrum method to the 

roofing tile analysis. [1,2] 

2. Theoretical background

Higher-order-spectrum methods make a new, promising tool of signal analysis, which provides an 

insight into the non-linear characteristics of potential applications, where the traditional linear 

analysis tools (correlation, frequency analysis) fail to provide sufficient information. The higher 

order spectra can be defined based on their relationship to generally known characteristics. Every 

process can be characterized in many ways, for example, by its amplitude, energy (power) or time 

behaviour. The probability distribution density, which provides detailed information about the 

process amplitude distribution, can be used to describe the signal in question. Statistical moments 

are a set of quantities, describing in a simplified manner the shape of the probability function. The 

first-order moment, m1, is the mean value of the process. The second-order moment, m2, is its 

dispersion. Higher-order moments are the acuteness, m3, skewness, m4, etc. Special non-linear 

combinations of the above moments are so-called cumulants. The process first-order cumulant, c1, is 

the process mean value. The second order, c2, third-order c3 and fourth-order c4 process cumulants 

are defined by following equations: 
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If we create spectra of these cumulants, we obtain so-called polyspectra. A k-th order polyspectrum 

is defined as a Fourier transform of the respective cumulant.  
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Here, C2, C3 and C4 are representing the power spectrum, bispectrum and trispectrum, respectively. 

It is to be noted that the bispectrum and trispectrum are functions of two and three frequencies, 

respectively. In contrast to the power spectrum, which is real and non-negative, the bispectrum and 

trispectrum are complex quantities and are carrying phase information. A presumption can be raised 

that, thanks to this fact, the above mentioned characteristics can detect and quantify random-

exciting-signal-induced non-linearities included in the response signal. It is to be noted that it is just 

the specimen defects and imperfections that give rise to the response signal non-linearities and phase 

shifts. 

The bispectrum can be calculated in a similar way as the Welch's periodogram for the power 

spectrum estimate. It is advisable for the data sequence, required for obtaining a consistent estimate, 

to be Langer that that for the power spectrum estimate calculation. The estimate dispersion can be 

reduced in amount by averaging over the date segment multiples. 

Obtaining information from a non-normalized bispectrum may sometimes be difficult, because the 

estimate dispersion for a particular frequency couple, (k,l), depends not only on the data sequence 

length, but also on the signal power at frequencies k, l and k+l. It is sometimes more advantageous to 

use the so-called bicoherence to the measured signal analysis. It is, in fact, a normalized bispectrum. 

For any frequency couple k,l the bicoherence can be interpreted as a ratio of power at a frequency 

k+l, which is in phase with the components of frequencies k+l. The bicoherence is calculated from 

the following equation: 
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where C3(f1,f2) is the bispectrum estimate and P(f) is the power spectrum estimate. 

3. Experiment  implementation

Fig. 1. The fixture 
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The mathematical formalism (based on the Higher-order spectrum method), being elaborated and 

optimized in our research, was step-by-step verified in laboratory environment, by testing selected 

structural element assemblies.  

To verify the above mentioned method, simple-geometry and simple-material-made structural 

elements, both flawless and containing intentionally simulated geometry and structure related 

defects, have been tested In this paper, we are presenting test results for a flawless roof tile (Fig. 1) 

and for a roof tile containing simulated defect (intentionally created crack). 

A random exciting signal response method was used to the specimen testing. An inertial vibrating 

exciter was used to excite the specimen. The frequency interval was specified to range from 10 Hz 

to 2000 Hz. A "Pulse" measuring system was used to control the experiments. The response signals 

were measured by accelerometric sensors, which were fixed to the specimen at preselected points.  

The measurement result is an electric signal, as picked up by the sensor and digitally recorded, 

representing instantaneous acceleration values at the sensor mounting point. Frequency and 

bicoherence spectra were subsequently derived from the signal waveform.  

Fig. 2 shows a bicoherence diagram for a flawless specimen.  It is apparent in this diagram that the 

different frequency peaks are distributed uniformly in the frequency plane. No pronounced 

maximums can be observed here. Fig. 3 represents a bicoherence diagram for a specimen which 

contains a structure defect. 

As is apparent in the diagram of Fig 3, pronounced components occur at frequencies and frequency 

couples of 50 Hz, 120 Hz, 260 Hz, 350 Hz. The comparison of bicoherence diagrams for the two 

above mentioned cases reveals large differences. This is due to the fact that the bicoherence contains 

also phase information, which quantifies the non-linearities in the response to random excitation, 

and therefore, defects and flaws. 

Fig. 2. Bicoherence diagram for a flawless specimen 
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Fig. 3. Bicoherence diagram for a specimen containing a structure defect 

4. Conclusions 

As a conclusion, it may be stated that the above described experiment has brought interesting 

results. Out of new mathematical tools of signal analysis, a Higher-order-spectrum method has been 

selected and its applicability to the non-destructive diagnostics of building structures and structure 

elements has been verified.  

From the theoretical analysis as well as experiments carried out it is evident that this method 

provides information about the existence of non-linear processes in the specimen under investigation 

and, therefore, information about the respective defects. It is advisable to verify the above 

mentioned conclusions by step-by-step testing of simple-geometry and simple-material-made 

structural elements, both flawless and containing intentionally simulated geometry and structure 

related defects. Regarding the need for easy result interpretation, testing of additional simple-shaped 

concrete and steel joists and beams is recommended. The next stage should include testing of 

elements and components of more complicated geometry. For instance, analysis of Hourdis ceiling 

slabs, both flawless and containing various defect types, testing of various concrete lintels, slabs, 

selected parts of steel structures with simulated defects, etc., could be recommended. Generalization 
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of thus obtained results shall lead to designing a method for on-site measurements of selected 

concrete and metal structures. 

In view of its simplicity, the proposed methodology meets all requirements for being inserted into 

the product quality check process also in the production line. The product quality evaluation process 

can be fully automated provided that this method is supplemented by some of qualitative analysis or 

artificial intelligence methods (for example fuzzy sets, neural networks, etc).  

Based on the theoretical analysis as well as the experiments carried out, the building structure 

analysis using the Higher-order-spectrum method can be expected to provide the investors and 

managers with relevant pieces of information needed for an exact evaluation of the structure 

(building) condition, for its service life estimation and for specifying the most appropriate 

maintenance procedures. In this way, the above-mentioned method will support the decision-taking 

process in planning capital expenditures with regard to presumed maintenance and rehabilitation 

operations  [3,4,5]. 
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