
9th European Workshop on Structural Health Monitoring 

July 10-13, 2018, Manchester, United Kingdom 

Creative Commons CC-BY-NC licence https://creativecommons.org/licenses/by-nc/4.0/ 

Power Spectral Entropy (PSE) as a Qualitative Damage Indicator 1 

 2 

 3 

Avik Kumar DAS1 and Christopher K Y LEUNG1 4 

1 Hong Kong University of Science and Technology (HKUST), Hong Kong, 5 

akdas@ust.hk 6 

 7 

Abstract 8 
 9 

Acoustic Emission has been used widely to monitor the health of structures. Typically 10 

AE wave parameters such as Event, Count, Peak Amplitude and Duration have been 11 

used as Damage Indicators (DIs) to qualitatively identify the initiation of non-reversible 12 

change (damage) in a structure as they can be efficiently computed at real time. 13 

However, the use of such parameters suffers from disadvantages such as dependence on 14 

subjectively selected thresholding and sensitivity towards residual noise. Thus, these 15 

parameters may be unsuitable for both real life application and laboratory experiment 16 

due to poor repeatability. These disadvantages become elucidated while testing 17 

materials exhibiting multiple cracking where high noise level is a norm. To address this 18 

issue, Power Spectral Entropy (PSE) is introduced as a new damage indicator in this 19 

paper. For each waveform, Power Spectral Density (PSD) was first calculated and PSD 20 

magnitudes were normalized. The PSE was then calculated using normalized magnitude 21 

following Shanon’s Entropy criteria. The statistical variability (stability) of the PSE was 22 

analyzed for a wide range of SNR values, different manual intervention and various 23 

noise filtration techniques, and compared with conventional parameters. Results 24 

indicate that the PSE is SNR invariant and insensitive to manually determined 25 

parameters such as thresholding. Apart from that PSE can be calculated efficiently in 26 

the order of 10^-2 s (real time) and thus suitable for real time monitoring.  27 

 28 

1.  Introduction 29 

 30 

    Infrastructure systems such as bridges, buildings, roads, pipelines and power grids are 31 

vital resources for basic services in an economy. With aging of infrastructure and 32 

growing concern on durability of vital infrastructure all around the world development 33 

of an effective and accurate structural health monitoring system has become a necessity, 34 

rather than a convenience. Conditional assessment of structural system is an important 35 

step towards verifying design assumptions, tracking structural performance over a 36 

structure's life, and rapidly identifying unsafe structural conditions originating from 37 

damage and deterioration, thus ensuring the safety and well-being of the users and 38 

structure and providing society with a higher quality-of-life [1]. 39 

    Acoustic emission (AE) system is a common passive SHM system that has been 40 

widely used for damage detection [2]-[4]. One major objective of AE monitoring is to 41 

obtain a sensitive damage indicator (DI) for any irreversible damage in structural system 42 

through the paradigm involving a) data acquisition (in situ or remotely); b) data feature 43 

extraction, and c) mapping the extracted feature to the occurrence of performance 44 

deterioration (damage) to access the condition of the structure. 45 
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    46 

  47 

  Acoustic Emission (AE) involves passive detection of stress waves generated due to 48 

strain relaxation caused by damage (cracking) in a structural component. Typically an 49 

AE system includes piezoelectric sensor (PZT) to detect the dynamic motion (stress 50 

waves) as an AE signal and a preamplifier to enhance the signal which is then saved for 51 

further analysis in a computer [5]. The schematic of AE testing is shown in Figure 1.   52 

     The correlation of AE signal and damage in the laboratory leads to development of 53 

damage indicators (DIs). Specifically, the AE data (Signal) captured are correlated with 54 

damage according to either signal parameters or signal waveform.  The former approach 55 

is referred to as parametric analysis while the latter is called waveform analysis [5]. The 56 

advantages of obtaining DIs from parametric analysis, including computational 57 

efficiency and low storing capacity, 58 

Figure 1. Schematic of Acoustic Emission Testing 
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 59 

 60 

make this a common approach for severity assessment in practical applications. In 61 

comparison, waveform analysis is generally used as secondary system to get further 62 

information on AE events such as event localization and source type discrimination.  63 

 64 

1.1 DIs from AE parameter and Limitations 65 
 66 

  For an AE event, the basic AE parameters, including Count/Hit (rate), Peak 67 

Amplitude, Duration, Count to Peak, Rise Time (RT) and Rise Angle (RA) are 68 

commonly calculated. The determination of basic parameters for an event is illustrated 69 

in Figure 2. The derivation of other AE parameters from basic AE parameters are 70 

described in detail in [RW.ERROR - Unable to find reference:140]. 71 

     AE has been commonly employed for monitoring the failure process of cementitious 72 

materials in both the laboratory and the field.  Particularly in the literature, basic AE 73 

parameters have been shown to behave as DI for onset of damage in reinforced concrete 74 

(RC) beam [6], [7] , in steel fiber reinforced beam (SFRC) [8], [9], in RC column [10] 75 

and in concrete under dynamic tensile test [11]. 76 

   Such DIs derives the numeric value from subjectively determined threshold so 77 

variation is observed among different testing condition and researchers. Due to such 78 

variation, the DIs derived from basic AE parameters might not have sufficient accuracy 79 

for real time information for engineers to make optimal data driven decision. Moreover, 80 

the limitations can even affect the reproducibility of experiments in the laboratory.  81 

   Additionally, with impetus on sustainability in built environment new high 82 

performance materials are being used in construction industry. Pseudo Ductile 83 

Cementitious Concrete (PDCC) is one such high performance material known for high 84 

deformation, high damage tolerance and energy absorption characteristics [12]. These 85 

properties in PDCC is attributed to the formation of closely-spaced micro-cracks during 86 

the progressive deformation and failure process [14] leading to high burst rate (HBR) 87 

and wave overlapping. With the overlapping of individual AE waves under high burst 88 

rate, internal (non-filterable) noise is introduced to the system so it is difficult to 89 

determine reliable DIs to understand the evolution of damage [3], [13].  90 

     91 

1.2 Problem Definition 92 

 93 

   Deterioration of old concrete structures is a worldwide concern and the condition 94 

assessment by means of nondestructive testing (NDT) is therefore of great practical 95 

interest.  In particular, DIs derived from parameters obtained from waves captured by 96 

Acoustic Emission (AE) techniques have been proposed in the literature. However, for 97 

successful implementation of automated monitoring and data driven decision making in 98 

practice, it is crucial for a DI to be insensitive to exogenous noise and manually 99 

determined factors (such as the threshold applied on a wave).    100 

   Thus, there is a necessity to develop a parameter which maintains the calculation 101 

efficiency of conventional DI while curbing the necessity of manual intervention or 102 

subjective judgment for value derivation. To fill this gap, a new DI, Power Spectral 103 

Density (PSE), is introduced. In the following sections, theoretical statistical stability of 104 

Figure 2. An AE Event with Common AE parameter and their definition Figure 2. An AE Event with Common AE parameter and their definition 
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PSE under various conditions will be presented in detail and compared with 105 

conventional DIs based on AE wave parameters. Finally, computation complexity is 106 

demonstrated.  107 

 108 

2.  Proposed Methodology 109 

 110 

2.1 Entropy 111 
 112 

Information entropy (IE) (which is commonly known as Shanon’s entropy) is first 113 

introduced in the context of communication theory. Entropy is the measure of the 114 

unpredictability or disorder in the information content [14].  115 

  Due to lucidity and ability of quantification of the uncertainty, the IE has been found 116 

useful in applications in physics [RW.ERROR - Unable to find reference:178], 117 

engineering [15], [16]  and mathematics [17]. Detailed discussion and results on 118 

information and entropy can be found in reference [14]. 119 

 120 

To formalize the entropy calculation,   121 

let A be a random discrete set [a1, a2, a3…. an] with probability pi. Also, let B ⊂ A and  122 

 123 

                                                                                                               (1)   124 

                                                                                                                 125 

Then, the information gained with knowledge of B a priori is defined as 126 

 127 

                                                               (2)    128 

                                                                                      129 

The information entropy in H(A) is then given by 130 

 131 

                                                                                    (3)       132 

                                                                                                                                                                           133 

where n is the number of sets i ⊂ A and P(i) is the probability of ith set 134 

  135 

   To illustrate the basic concept, assume there are 2 coins with one being fair and the 136 

other biased towards heads. For brevity the former coin is dubbed as Coin A and later is 137 

dubbed as Coin B respectively. If the probability distribution of heads and tails for both 138 

the coin is known a priori before flipping the coin, the results of the flipping of coins A 139 

and B along with IE is tabulated in Table 1. 140 

 141 

  142 
Details Coin A Coin B 

Probability 

Distribution for 

Heads P(H) and 

Tails P(T) 

P(H)=0.5 

P(T)=0.5 

P(H)=0.8 

P(T)=0.2 

Entropy   (using 

Eq. 3) 

1 0.72 

 143 

Table 1. Results of Coin Flipping 
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With the known probability distribution, before a coin flip it is possible to predict the 144 

outcome of Coin B with higher certainty and lower randomness thus there is a lower 145 

value of IE as compared to Coin A. 146 

 147 

2.2 IE as DI in AE and limitations 148 
 149 

   Kahirdeh, et al. [18] have conducted fatigue crack initiation and growth test on 150 

titanium alloy. IE is calculated from AE counts. As a result, the derived IE is also 151 

susceptible to problems associated with common AE parameters described in section 152 

1.1.  153 

     Chai et al. [19] performed fatigue crack growth test under three point bending on a 154 

steel plate and IE was calculated by first subjectively selecting a bin size (size of the 155 

intervals of a histogram) and then calculating the histogram of amplitude distribution in 156 

each AE waveform. A qualitatively positive correlation between crack growth and 157 

evolution of IE was obtained. It was suggested [19] that using this form of entropy can 158 

circumvent the uncertainty associated with basic AE parameter [18]. 159 

   A major limitation associated with such IE based DI is the dependence on the manual 160 

intervention in the bin size determination. Thus the method is also susceptible to 161 

variations in the derived value, a similar problem as that of basic AE parameters as 162 

shown in figure 3. 163 

  164 

2.3 Power Spectral Entropy (PSE) 165 
 166 

Figure 3 A) A typical AE Wave B) Entropy (from Amplitude Distribution) for AE wave (Figure 

3A) for different bin width 
 

A

) 

B

) 



 6 

   Power Spectral Density (PSD) has been found to be very sensitive to the arrival of 167 

acoustic wave [2], even in the presence of overlapping waves [3].  In this study, instead 168 

of windowed PSD (which is used in [2], [3]), PSD for the whole waveform is used for 169 

determining the entropy distribution. 170 

      To calculate PSE, the first step is to calculate the PSD for an AE waveform using 171 

Eq. 4 172 

                                                                                              (4)        173 

where,  is Power Spectral Density, x(t) is the signal and T is the length of the AE 174 

signal  and f is frequency                                                                                                                               175 

then, normalized PSD distribution   was calculated using Eq. 5 176 

 177 

                                                                                                                       (5)         178 

                                                                                                                                     179 

Finally, PSE was calculated using Eq. (6)  180 

 181 

                                                              (6) 182 

 183 

 184 

The overall architecture for calculation for PSE is shown in Fig. 4(a-d) for a typical AE 185 

wave. 186 

 187 

3 Experimental Design  188 

 189 

   To illustrate the applicability of PSD based parameter to damage detection in concrete 190 

members, 4pt beam bending test was performed on steel fiber reinforced concrete 191 

(SFRC) beam. The testing details are tabulated in Table 2. 192 

  193 

Figure 4: Calculation Process for PSE a) AE Wave b) PSD Magnitude c) Normalized PSD 

Magnitude d) PSE value 

Table 2. Testing Details 
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 194 
Mix Design Fiber Content 

Cement:Sand:Water 

= 1:2:0.5 

1% steel fiber 

 195 

  The beam dimensions, sensor location and loading position are shown in Figure 5.  196 

The span between supports at the bottom was 900mm and the loading points are at 197 

300mm from each support. The details of the AE instrumentation system, sensor and 198 

amplifier characteristics are the same as those reported in [2]. 8 piezoelectric 199 

transducers (PZT) were employed, and 2 of them were fixed on each opposite side 200 

surface and 4 were fixed on the bottom surface of the beam (symmetric about the center 201 

of the beam).   202 

    203 

 204 

4 Results and Discussion 205 

 206 

  The results are divided into 3 sub-sections. Sub-sections 1-2 deal with statistical 207 

stability of the proposed method in comparison to the established DIs derived from AE 208 

parameter. To do so the following benchmarks are designed. 209 

a) Precision: The benchmark is designed to understand the variation in numerical 210 

value of a DI for the same waveform, when a different threshold value is chosen 211 

since thresholding is a manual and subjective process. 212 

b) Value Retention: This benchmark is designed for understanding the effect of 213 

exogenous noise on the changes the derived value for a DI. Overlapped AE 214 

waves can be divided into intersected AE wave and intersecting AE wave [3]. 215 

Due to overlapping, the intersecting wave would have similar behaviour as that 216 

of a noise [3]. Thus value retention can also help to understand the effect of 217 

overlapping of AE waves on the derived value of a DI.    218 

   Sub-section 3 deals with calculation time in various computing system. To ensure that 219 

the results are realistic, the AE waves detected during the bending test were chosen. 220 

Figure 5: Dimension of the Beam (Note: The beam is shown red lines, loading point in black 

lines, bottom support in blue lines, sensors as circle. Dimension are in cm) 
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Most common DIs derived for AE wave are based on AE count and duration (Figure 2) 221 

thus only those are used for comparison. 222 

 223 

4.1 Precision 224 
 225 

For brevity, the procedure followed for calculation Precision are: 226 

a) An AE wave is randomly selected and normalized using Equation 7. 227 

b) The threshold is varied from 0.01 to 0.2 in a step of 0.01. 228 

c) The values of different parameters are calculated for each threshold level. 229 

d) Step a-c was repeated for 10 different randomly chosen AE wave. 230 

e) Average Change in precision (ACp) is calculated using Eq. 8 for each DI. 231 

                                                                                           (7) 232 

 233 

where, Waven(i) is the value of normalized wave of ith element 234 

                                                                                   (8) 235 

 236 

where,  is the value of parameter for the for jth wave at threshold i and ACp is 237 

average change in precision in percentage. 238 

     Final Results of AC for most common DIs and PSE as function of threshold value is 239 

plotted in Figure 6. Results show that common DIs (duration and count) change in value 240 

by almost 75% whereas PSE stays unchanged. This observation can be attributed to the 241 

fact that the PSE derivation is independent of threshold whereas other DIs show large 242 

variation. Due to such variation, the use of conventional DI parameters would not be a 243 

good indicator for irreversible damage in a structural system. 244 

 245 

4.2 Value Retention 246 
 247 

Figure 6: Change of Conventional DI (Count, Duration) and PSE as a function of threshold 

value 
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To obtain the value retention of different parameters, the following steps are followed: 248 

a) An AE signal is chosen randomly from Beam Bending Test. 249 

b) The SNR of AE wave is calculated [2]. This SNR value was then used to calculate 250 

the power of white noise required to reach a specified SNR (db) value.  251 

c) White noise is added digitally [2] to get a Noised Wave. 252 

d) Step (c) is repeated 50 times for specified SNR from 100 to 15 with step size of -253 

5. 254 

e) Step a-d is repeated for 10 different AE wave. 255 

f) The average change in value retention (ACvr) for each Noised Wave is calculated 256 

according to (Eq. 9) for each parameter. 257 

                                                                              (9) 258 

 259 

 Final Results of ACvr for different parameters as function of SNR is plotted in Figure 7. 260 

From the chart in figure 7 it is shown that: 261 

A) SNR of the wave is an important parameter that affects the derived value of 262 

conventional DI based on duration and count for AE wave. 263 

B) For the same wave, the value of duration changes by approximately 50% and count 264 

changes by approximately 5000% whereas the proposed parameter PSE does not change 265 

from the retained value even for SNR as low as 25 and it only changed by 3% for SNR 266 

value of 15 which is negligible. As a result PSE can be considered SNR invariant. 267 

 268 

4.3 Computational Requirement and Comparison 269 
 270 

Figure 7: Change of Conventional DI (Count, Duration) and PSE as a function of SNR 

value 
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 All the computations done in section 4.1 and 4.2 are performed in 2 different computers 271 

without any GPU assist and parallel pool. 1st computer has 7th generation CPU while the 272 

second had 4th generation intel CPU. For both cases, the computation time for each set 273 

of calculation is of the order of ~10^-2s. So, PSE can be classified as real time DI. 274 

 Comparative statistical stability of various DIs is shown in Table 3. 275 

 276 

5 Conclusion 277 

 278 

The study shows that 279 

a) Subjective parameters such as thresholding and exogenous and internal noise 280 

(caused by wave overlapping) are important factors which can affectthe derived 281 

value. 282 

b) Conventional damage indictors (DIs in numeric values) derived from AE wave 283 

parameter are severely affected by subjective parameters and noise, thus might 284 

be inaccurate for damage detection. 285 

c) Power spectral entropy (PSE), a proposed new DI, shows high precision against 286 

extreme changes in subjective thresholding and good value retention for 287 

degraded AE waves with low SNR values. 288 

d) PSE maintains calculation efficiency and damage sensitivity of a good DI and 289 

each set of calculation can be performed in real time for practical structural 290 

monitoring.  291 

 292 
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