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Abstract  
In this experimental study, Hilbert-Huang transform (HHT) was employed on acoustic emission waveforms which were 

recorded during the compressive fracture process in cementitious materials. Several test specimens made with cement 

concrete and mortar were tested as per ASTM C-39 recommendations and simultaneously, the released AE waveforms 

were recorded using an 8 channel AE monitoring system. The aim is to study the relationship between fracture and 

corresponding AE waveforms in cementitious materials. HHT functions were used to extract information from the 

recorded AE to understand the damage taking place focusing on the AE energy release and hits recorded during 

different stages of fracture process. Results were computed using HHT transform and compared to results obtained by 

wavelet transform to check the effectiveness of HHT when dealing with non-stationary and non-linear signals (i.e. AE 

signals) with respect to other time signal analysis tools. Several specimens including standard size cylinders were tested 

for this study. The difference in the samples was the size of coarse aggregate. The outcome of the present study lead to 

the conclusion that AE energy release was more concentrated during the initial and final phases of the fracture process 

while was less concentrated during the phase in between. Also, it was found that there was a decrease in the frequency 

of the waveform generated during maximum energy release as the size of coarse aggregate was reduced.  
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1. INTRODUCTION 

 

It is known that Damage is physical harm that impairs the value, usefulness, or normal 

function of something. Damage adversely affect the functioning of the structures [1]. Any 

occurrences of damage in a structure produces changes in dynamic characteristics such as natural 

frequencies, mode shapes, modal damping, impulse response, frequency responses resulting in 

weakening the structural strength. Structural Health Monitoring (SHM) is the process of 

establishing some knowledge of the current structural conditions or implementing a damage 

detection strategy for structures in-situ [2]. 

Huang developed a new method named HHT for analysing nonlinear and nonstationary data. HHT 

method consists of empirical mode decomposition (EMD) and Hilbert transform (HT). The most 

innovative idea is the introduction of EMD method with which any complicated set of data can be 

decomposed into a finite and often small number of intrinsic mode functions (IMF) that admit well-

behaved HT. Since the EMD is based on the local characteristic time scale of the original data, this 

decomposition method is adaptive and highly resourceful. The HHT method has then been quickly 

used in many scientific and engineering disciplines to give new insights into the nonstationary and 

nonlinear physical phenomena.(4) 
 
2. METHODOLOGY 
 
2.1 Wavelet Transform 
 

A wavelet is a localized wave of effectively limited duration that has an average value of zero. 

Instead of oscillating forever it drops to zero rather quickly. They stem from the iteration of filters 

and filter banks (with rescaling) so they are inherently orthogonal or biorthogonal. Fourier analysis 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: 
ht

tp
://

w
w

w
.n

dt
.n

et
/?

id
=

24
37

4



2 

 

consists of breaking up a signal into sine waves of various frequencies. Similarly, wavelet analysis 

is the breaking up of a signal into shifted and scaled versions of the original (or mother) wavelet. 

The wavelet used in the current study is the morlet wavelet, which is the default wavelet used in the 

matlab command cwt(continuous wavelet transform). The transform results in decomposition using 

the aforementioned wavelet and gives the average frequency for any given waveform. 

The continuous wavelet transform of a function x(t) at a scale (a>0) a∈R
+ 

and translational value 

b∈R is expressed by the following integral 
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   Where, ����� is a continuous function in both the time domain and the 
frequency domain called the mother wavelet and the overline represents operation of complex 
conjugate. 
 

The CWT in MATLAB constructs a spectrogram giving the variation of frequency versus time 

along with the magnitude of wavelet amplitudes. The results of the wavelet transform are then 

compared with those obtained by Hilbert Huang Transform. 

 
2.2 Concept of Hilbert Huang Transform 

 

This technique is used to decompose any given AE signal as a set of narrow-band signals. Each 

component (which may not be stationary) of a signal is termed an IMF of the original function, on 

which Hilbert transformation is performed. 

 

Empirical Mode Decomposition: It is initially designed as a processing step to extract 

simple oscillatory functions from the signal known as IMFs. Any data set can be decomposed into 

several IMFs by a procedure called sifting process. IMFs must satisfy two basic conditions. First, 

the number of extreme value points is equal to or one more than that of zero-crossing points. 

Second, at any time, the average value of the envelope formed by the maximum value point and 

formed by the minimum value point is identically equal to zero. The characteristic time scale is 

defined by the time lapse between the extrema; and If the data were totally devoid of extrema but 

contained only inflection points, then it can be di�erentiated once or more times to reveal the 

extrema.  

Finding the average of the maximum and minimum envelopes and recording it as m1(t), a 

new signal h1(t) can be get by using the original signal x(t). Subtract m1(t), and then check whether 

it satisfies the above two conditions or not. If the IMFs do not satisfy the two basic conditions, then 

repeat the above process until the conditions are contented. If the IMFs satisfy the above two basic 

conditions, the first-order IMF component is obtained. Thus the 1st order IMFs is extracted and 

written as C1(t). The remaining sequence r1(t) can be acquired by using x(t) minus C1(t). Then 

repeat the above steps on r1(t) until no IMFs can be resolved. At length, nth order IMF components 

C1, C2,…..,Cn and rn are separated from the original signal, namely 

 ���� =���
�

���
+ �� (1) 

Hilbert spectrum analysis employs HHT to obtain each order instantaneous frequency of IMF, 

thereby getting the time-frequency representation of the signal, i.e. Hilbert spectrum. HHT 

transform of an IMF Ci is given by 

  !��� = 1
" #$�

��%�
� − % �% (2) 

Establishing the analytic signal as 
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 z�t� = c�t� + iy+�t� = a�t�e./�0� (3) 

 

where one can get instantaneous amplitude and phase by 

 

 ���� = 12���� +  3���� (4) 

 4��� = arctan	�� 3��� + 2���� (5) 

 

Then the instantaneous frequency can be denoted by 

 

 8��� = �4���
��  (6) 

The Hilbert spectrum of the original signal can be denoted by its components 

 

 9�8, �� = :;��<���;� =>?�@�A@
�
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 (7) 

 

Where Re represents the real part of the formula. 

 

2.3 Experimental Program 

 

Unconfined uniaxial compression tests were conducted and monitored the deformation and 

failure behaviour of a set of cement concrete and mortar cylindrical specimens (150 mm diameter 

and 300 mm height) in Structures Laboratory, Department of Civil Engineering, Indian Institute of 

Science Bangalore, India. The tests were carried out under displacement control at a constant rate of 

0.05 mm/s and 0.002 mm/s using a servo-controlled testing machine (1200 KN capacity, MTS 

machine) and by recording the released AE simultaneously. The rate of loading is assumed (not as 

per any standard) to test the samples in the laboratory. This kind of MTS machine is controlled by 

an electronic closed-loop servo hydraulic system. It is therefore possible to perform tests under load 

or displacement control. 

 

The AE signal parameters along with AE waveforms were recorded via the AE monitoring system 

during the uniaxial compression of the cementitious materials to  reflect how fracture process occur 

and evolve. For AE signal detection, one resonant type differential AE sensor (57 kHz) with 

preamplifier gain set at 40 dB were used. The use of one AE sensors is acceptable for monitoring 

the AE parameters in laboratory. In this study, recording of AE event locations is not attempted. 

AEWIN SAMOS software and R6D resonant sensors were used. Each AE sensor was attached to 

the surface of the specimen at a height of 150 mm from bottom of cylinder on either side of the 

specimen. The sensor surface was 17.5 mm in diameter and 16.25 mm in height. The surface of the 

test specimen was thoroughly cleaned, and vacuum silicon grease was used as a couplant to both 

sensor surface and area of sensor location on the test specimen. Brown colour gum tape was used to 

attach the sensor to test specimen and also to apply pressure on sensor to maintain firm contact with 

specimen’s surface. A threshold of 40 dB was set to screen out surrounding noise and the AE 

activity generated due to friction between the top and bottom surface of the specimen with end 

plates. The AE data acquisition system was setup to acquire AE signal parameters namely, hits, 

peak amplitude, counts, energy, duration, signal strength, absolute energy, time, average frequency 

along with AE signal waveforms. The experimental setup is shown in Figure 1. The AE sensor has 

a sensitivity and frequency response over the range of 35 kHz - 100 kHz. The peak load, rate of 
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loading, age of concrete and AE parameters namely, counts and energy recorded for all test 

specimens are shown in Table 1. 

 

 
Figure 1: Experimental setup in Structures Laboratory, Department of Civil Engineering, Indian Institute of Science 

Bangalore, India. 

 

Test Specimens 

 

Twelve specimens were cast using each cementitious materials namely, Concrete-I, Concrete-II and 

six for Cement mortar (total 30 specimens). Cement mortar specimens were tested to study the 

coarse aggregate influence on AE characteristics of cement concrete. All specimens were cast in 

mild steel cylindrical moulds with a diameter of 150 mm and height of 300 mm. One end of the 

steel mould was capped to form a cylinder. Concrete was placed in nearly 100 mm thick layer and 

immediately compacted. An internal needle vibrator was used to ensure proper compaction of the 

cementitious mixtures. 
 

Table 1: Test specimen details, peak load recorded and AE parameters 
 

Cementitious 

Material 
Sample name 

Peak load 

(KN) 

Total AE hits 

recorded 

Total AE energy 

(Volt-s) 
Total counts 

Concrete 

with 20 mm 

coarse 

aggregate 

CYC_A1 498 22992 2175516 212935 

CYC_A2 541 17372 809946 630444 

CYC_A3 725 25825 6070096 3800071 

CYC_A4 680 20405 2412697 1776914 

CYC_A5 497 30820 8316820 7304250 

CYC_A6 684 19592 11991566 7171708 

CYC_A7 738 27791 2744722 2309798 

CYC_A8 564 26584 4513125 4140818 

CYC_A9 517 23598 9454412 7493069 

CYC_A10 564 24418 8035361 4486304 

CYC_A11 597 9676 4022289 2312638 

CYC_A12 566 16747 7202516 3411674 

Concrete 

with 12.5 

mm coarse 

aggregate 

CYC_B1 586 53720 20144020 11276262 

CYC_B2 538 127955 108432586 25549336 

CYC_B3 558 48204 67642378 22188942 

CYC_B4 411 41179 65196291 19125403 

AE System MTS System 
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CYC_B5 484 24701 11856225 5889106 

CYC_B6 537 16880 29317748 8282092 

CYC_B7 403 32442 20944146 7999682 

CYC_B8 560 10573 16311202 6523702 

CYC_B9 403 25016 22738562 8375909 

CYC_B10 577 13040 38419837 9260407 

CYC_B11 458 21551 10613173 7059672 

CYC_B12 532 9077 19562733 6251671 

1:4 Cement 

Mortar 

CYC_C1 346 16642 7133267 3147143 

CYC_C2 377 22978 16593389 3668371 

CYC_C3 313 13781 4080638 1876688 

CYC_C4 303 12048 15737118 4940209 

CYC_C5 327 12549 11505969 3867121 

CYC_C6 282 14001 5251775 2395312 

 

 

3. RESULTS & DISCUSSION 

 

A typical time load curve for three samples each having a different cementitious material is shown 

in Figure 2. The loading rate was kept high for one of the specimens and relatively low for the other 

two specimens to study the change in the AE parameters with respect to loading rate.  

 The energy magnitude of some damage events are marked 1-5 in the Time-AE Energy-

Cumulative Signal Strength plot (Figure 3).Also waveforms were extracted for peak load and the 

resulting instantaneous frequency was compared for the three specimens. It was noted that the 

frequency of the released AE signal was decreasing as the size of coarse aggregate decreased. 

 

 

 
Figure 2: Time Load curve for one specimen from each concrete type 

 

AE signals are taken into consideration which are considered important in the failure process and 

are marked (1-5). HHT was performed on the waveforms extracted at these points. Energy and 

cumulative signal strength (CSS) plot for one specimen is shown in Figure 3. It is observed that 

there is a shift in the CSS curve as cracks appear and the change is also reflected by the AE energy 
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release during different stages of failure. From the analysis it is shown that the frequency and 

energy of AE signal during the initial cracking phase is high, which degrades as the crack 

propagation phase is reached. The AE energy and frequency jumps up again when the failure stage 

occurs near the peak load. The corresponding instantaneous frequency with time at each energy 

point are tabulated in Table 2. 

 
Figure 3: Time-AE Energy-Cumulative Signal Strength (CSS) plot for specimen CYC_B10 

 

 

 

Table 2: Time-AE Energy-Frequency data for specimen CYC_B10 

 

Event Number Time (s) 
AE Energy 

(Volt-s) 
Frequency (kHz) 

1 105.51 1203 187.7 

2 263.96 65535 597.4 

3 374.32 40417 441.8 

4 421.26 65555 625.1 

5 515.50 7684 240.4 

 

For another study AE signal with maximum energy were extracted from one specimen of each of 

the three cementitious materials and HHT is performed. Typical frequency versus time plots are 

plotted for these signals. It is observed that as the size of the coarse aggregate in the cementitious 

materials is decreased, the corresponding instantaneous frequency for the maximum energy 

waveform also decreased. The corresponding spectrum for the study are shown in Figure 4(a)-(c) 

and the results are tabulated in Table 3. 
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(a) 

 
(b) 

 
(c) 

Figure 4: Continuous Wavelet transform spectrogram and Hilbert Huang Spectrum for AE waveform corresponding to 

maximum energy, (a) concrete with 20 mm coarse aggregate, (b) concrete with 12.5 mm coarse aggregate, (c) 1:4 

cement mortar 
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Table 3: Maximum energy recorded and corresponding maximum frequency for test 

specimens 

 

Cementitious Material Property 

Maximum AE 

energy 

(Volt-s) 

Maximum 

Frequency 

(kHz) using HHT 

20 mm coarse aggregate 53435 619.5 

12.5 mm coarse aggregate 65535 308.1 

1:4 Cement Mortar 65535 `84.38 

 

It is seen from the above results that the although the wavelet transform gives good temporal 

resolution but fails to give poor frequency resolution. On the other hand, HHT gives accurate 

frequency and temporal resolution. 

 

4. CONCLUSION 

 

Acoustic emission signal analysis was done using Hilbert-Huang transform (HHT) to show the 

effect of rate of loading and difference in the size of coarse aggregate on signal parameters. Based 

on AE energy and cumulative signal strength events with significant importance in the fracture 

process were identified and analysis was done on corresponding waveforms. A comparison was 

done to observe the change in instantaneous frequency with change in mixture details. The results 

for the studies were compared according to HHT and wavelet transform and it was established that 

HHT is a far better method to deal with non-stationary and nonlinear waveforms than wavelet 

transform. 

For future work, AE and HHT can be employed to carry out Structural Health monitoring by 

identifying the locations and intensity of released energy with respect to time. 
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