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Abstract 

 

The acoustic emission (AE) technique and data analysis have been applied to detect and 

characterise the corrosion of aluminium and its impact on the mechanical stability of encapsulat-

ing cementitious systems. To that purpose laboratory scale samples prepared by ordinary Port-

land cement (OPC) and blast furnace slag (BFS)/OPC to mass ratio 7:3 with encapsulated alu-

minium rods were monitored for AE. The cumulative number of signals generated by piezoelec-

tric broadband transducers attached to the samples and recorded by a computer-controlled AE 

system provided initial indication for the active corrosion process and damage development 

within the cementitious structures. Additional analysis based on the time domain parameters of 

the recorded AE signals (in relation to the visual and optical microscopy observations) was used 

to conclude on the potential AE sources active on micro and macro scale. According to their fre-

quency characteristics the AE signals collected were divided into two main groups. The first 

group consisted of a large number of signals with two major frequency components distributed 

respectively below and above 100 kHz. The second group comprised of fewer resonance-like 

signals with a single frequency component at 34 kHz. Wavelet transformation was subsequently 

applied for frequency-time analysis. Calculation of the cross-correlation function in time domain 

was performed to assess the similarity of the acquired AE signals and therefore to conclude on 

the potential sources activity in time and space. The AE technique was shown as a potential tool 

for monitoring of the aluminium corrosion development associated with accumulation of struc-

tural damage within the encapsulating cementitious structures. 
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Introduction 

 

Over a number of years in the UK, cementation of low and intermediate level radioactive 

waste (LLW and ILW) has been developed and carried out on an industrial scale resulting in the 

manufacturing of tens of thousands of containers with cemented radioactive wastes, e.g., cemen-

titious monoliths termed wasteforms (Main UK Radioactive Waste Inventory Report, 2005). 

Composite cement-based formulations with partial replacement of ordinary Portland cement 

(OPC) by latent hydraulic materials such as blast furnace slag (BFS) or pozzolanic materials 

such as pulverised fuel ash (PFA) have been extensively used for encapsulation of liquid and 

solid ILW such as sludges, ion exchange resins and metallic debris (Ojovan and Lee, 2005; 

Sharp et al., 2003; Streatfield, 2001). The cemented wastes (wasteforms) have been sealed into 

500-litre stainless steel containers (Generic Waste Package Specification, 2005; WSP/100, 2005) 

and placed in interim storage for a minimum of 50 years before final disposal. 

 

The characteristics of the cementitious wasteforms such as setting time, temperature eleva-

tion during early stages of hydration, the presence of surface water as well as the mechanical 
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stability and tensile strength of the final hardened material have been studied for encapsulation 

of different waste streams (Streatfield, 2001). However, the mechanical behaviour of the cemen-

titious wasteforms in tens and hundreds of years of storage before final disposal can be substan-

tially affected by chemical and electro-chemical interactions between the waste and the immobi-

lising matrix (Streatfield, 2001). 

 

The corrosion of metallic ILW such as aluminium and magnesium-aluminium alloy, termed 

Magnox, encapsulated in composite cements is a well-known process that can cause damage of 

the wasteforms due to hydrogen gas generation and deposition of an expansive layer of corrosion 

products such as aluminium hydroxide and strätlingite or brucite (Setiadi, 2006; Setiadi et al., 

2006). The main sources of metallic ILW in the UK are the decanning of the spent nuclear fuel 

elements and those already accumulated at nuclear sites as legacy radioactive waste aluminium. 

According to the latest Radioactive Waste Inventory Report (2005) in the UK there are ~8000 

tonnes of Magnox and aluminium classified as ILW, and more than 23000 cementitious waste-

forms containing radioactive Magnox produced by the encapsulation plants at Sellafield site. 

Given the scale of these figures the safe storage of the wasteforms with encapsulated metals and 

assessment of their acceptability for transportation and final disposal is an important issue for the 

nuclear industry. One of the solutions extensively researched to limit the corrosion of the encap-

sulated aluminium and Magnox is the application of alternative cement-based formulations such 

as calcium sulfoaluminate cements, condensed silica fume and sulphate resisting Portland ce-

ments (Streatfield, 2001; Zhou et al., 2006). However, non-intrusive methods such as AE applied 

for continuous monitoring and inspection of the cementitious wasteforms would be of significant 

benefit. 

 

Advantages of the AE Technique to Monitor Cementitious Structures Immobilising Metal-

lic Radioactive Wastes such as Aluminium 

 

The AE technique has a number of advantages which make it a potentially suitable tool to 

monitor and inspect structures immobilising nuclear wastes. These are the high sensitivity of the 

AE technique not only to macro-scale damage but also to micromechanical events providing in-

dication for structure degradation in progress (Ono, 2006; Pollock, 1989). AE testing is easy to 

implement in-situ and examine the overall volume of the structure with a network of sensors. In 

theory the monitoring can be established for an unlimited interval of time without a need for ad-

ditional forces to be applied to the structures. Nevertheless, when used as an applied tool the AE 

technique requires good knowledge of the propagation properties of the medium associated with 

wave reflection, dispersion or absorption, the type of active sources, e.g., cracks formation and 

propagation due to compression or tensile loading, fatigue testing, corrosion development, the 

operational frequency range of the sensors used and the quality of their attachment to the exam-

ined structure. Moreover, under conditions of high temperature, aggressive solutions or radioac-

tivity, specially designed sensors or waveguides are needed. All of these factors (determined by 

the experimental setup) lead to collection of AE signals with diversified parameters and devel-

opment of relatively complex methods for AE sources location, orientation and differentiation 

such as moment tensor and wavelet (Grosse et al., 2004; Ohtsu, 2000). However, the AE tech-

nique has achieved a high level of capability and industrial approval in various applications with 

a large database of experimental setups on a wide range of materials, components and structures 

and procedures for data analysis (Ono, 2006; Pollock, 1989). The major distinct steps in the 

methodology applied for AE data analysis include (a) variation of the AE signals rate in relation 

to the alteration of the experimental conditions, e.g., level of loading, (b) change of the AE signal 
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parameters in time domain and (c) more advanced and computational resources demanding sig-

nal processing. 

 

Although used for many years on a large range of materials and structures, the application of 

the AE technique in the field of nuclear waste management is not fully explored and very lim-

ited. Apart from our previous work (Spasova and Ojovan, 2007; Spasova, Ojovan and Scales, 

2006a; Spasova and Ojovan, 2006b) only Belov and Aloy (2004) reported on the potential of the 

AE technique to be applied as a tool for quality control during fabrication of glass and ceramic 

used for immobilisation of nuclear wastes. Therefore, the AE technique applied for monitoring 

and inspection of radioactive wasteforms is a new area with a potential for future development 

and implementation. 

 

AE Technique Applied for Cementitious Structures 

 

AE testing and monitoring of cement-based structures for civil engineering applications has 

been one of the main driving forces for the development and industrial implementation of the AE 

technique. For different cement-based materials, the threshold levels used to determine separate 

phases in the mechanical performance of the cementitious structures under compression or ten-

sile loading have been defined based on strain-stress, load-displacement or load-time curves 

combined with AE detection and analysis and visual or optical microscopy observations. The 

physical mechanisms such as microcrack initiation and propagation, formation of a fracture 

process zone (FPZ), macrocrack nucleation and subsequent growth in relation to the size and 

shape of the FPZ have been associated with the parameters of the recorded AE signals (Landis 

and Ballon, 2002; Landis, 1999; Yoon et al., 2003). 

 

A significant contribution to understanding the mechanism of failure of concrete due to the 

expansive corrosion process of metallic reinforcement has been performed by Uddin at al. 

(2006). Based on boundary element method (BEM) and SiGMA code (Ohtsu, 2000) using the 

arrival time and the amplitude of first motion of the recorded AE signal waveforms, the crack 

type, orientation and location in concrete samples were determined and illustrated in 3D space. 

According to Uddin at al. (2006) diagonal visible cracks initiated by uniform distributed pressure 

around the reinforcement due to the expansive corrosion process are most likely to be formed 

within the concrete structures. In terms of AE, the damage initiation and propagation in the ex-

amined concrete samples corresponded to an abrupt increase in the number of the detected AE 

signals at peak load caused by a number of tensile, shear and mixed-mode cracks (Uddin et al., 

2006). 

 

However, when cementitious structures are monitored for AE, it is important to consider that 

the cement clinker composition, water-to-cement mass ratio, aggregate size and geometry of the 

prepared samples, the operational range(s) of frequencies of the sensors and their coupling and 

location can substantially affect the time and frequency domain characteristics of the acquired 

signals. Moreover, experiments revealed that in the highly damping medium of concrete, mortar 

and cement paste the ultrasonic pulse attenuation and velocity are frequency dependent (Philip-

pidis and Aggelis, 2005) and the attenuation increases exponentially with increase of the distance 

from the source (Tarmaratnam and Tan, 1990). 

 

This paper is part of a series of experimental studies (Spasova and Ojovan, 2007; Spasova, 
Ojovan and Scales, 2006a; Spasova and Ojovan, 2006b) on cement-based samples with encapsu-
lated aluminium aiming to assess the feasibility of the AE technique to be applied for cementi-
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tious structures with encapsulated ILW. In the present paper, the established methodology from 
Spasova and Ojovan (2006b) is used to analyse and compare the collected AE data from a 
BFS/OPC sample with encapsulated aluminium and those from a reference OPC and to relate the 
conclusions drawn for the mechanical changes within the structures during the conducted AE 
monitoring with the findings of the post-test visual and optical microscopy observations. 
 

Experimental Setup 

 

Preparation of the specimens 

The AE monitoring was carried out on cement-based samples with encapsulated high-purity 

(99.999%) aluminium rods. Two types of specimens were prepared. The first type was a pure 

OPC unit with encapsulated aluminium used as a reference. The second was a composite cement 

sample with 70 wt% BFS replacement of OPC (BFS/OPC to mass ratio 7:3) used as a lower limit 

in the composition envelope for nuclear waste encapsulation applied by Sellafield Ltd. The OPC 

and BFS were supplied respectively by Castle Cement and Redcar Steel Works, UK. 

 

For the preparation of the laboratory scale units the cement powder and water to mass ratio 

0.33 were mixed and then poured in 340 mL capacity plastic containers. An aluminium rod with 

a length ~48 mm and 10 mm diameter (Fig. 1a) was centrally placed in the cement grout before 

closure of the plastic containers with airtight lids. Cylindrical cementitious samples were formed 

as shown in Fig. 1b. The specimens were cured at 20ºC and 95% relative humidity (RH) in an 

environmental chamber for more than 180 days. Before the commencement of the AE monitor-

ing 50 mL of distilled water was poured in the plastic containers. The latter was done in order to 

capture the AE, generated from the cement structures in excess of water. This is a major concern 

for the safe storage of the cementitious wasteforms in a long period of time (Ojovan and Lee, 

2005). 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Aluminium rod as is (a) and after being encapsulated for 90-days in an OPC matrix (b). 

 

AE monitoring and data collection 

A schematic diagram of the AE experimental setup used in this study is shown in Fig. 2. A 

piezoelectric transducer (or sensor) with a diameter of 18 mm and a height of 12 mm in stainless 

steel casing was attached to the bottom of the plastic container, containing the cement-based 

sample via a thin layer of grease used as acoustic couplant. Wideband transducers (type WD), 

calibrated and supplied by Physical Acoustics Corporation (PAC), with broad-band response be-

tween 100 and 1000 kHz were used to detect AE from both cement-based samples with encapsu-

lated aluminium. The electrical signals from each of the transducers were amplified by a low-

noise preamplifier type 2/4/6/ from PAC set at 40 dB and passed through a bandpass filter oper-

ating between 20 kHz and 3 MHz. Each of the analog signals (voltage) then was measured and if 

a) b) 
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above the threshold level of 40 dB was digitized by an 18-bit analog-to-digital converter (ADC) 

with 5 MSPS sampling rate. 

 

 

Fig. 2. AE experimental setup for monitoring of the cementitious wasteform samples with encap-

sulated aluminium. 

 

A hit-driven data acquisition process with a PCI-2 based AE system, calibrated and supplied 

by PAC, was used. When an acoustic wave was detected by the transducer attached to the sample 

and its amplitude exceeded the threshold the data streaming was allowed. The data recorded on a 

conventional PC hard drive in an ASCII file for each detected and measured AE signal (or hit) 

consisted of a set of parameters such as duration, amplitude, counts, rise time and absolute 

(ABS) energy. These were used for post-test analysis. The definition of each of those signal pa-

rameters in time domain, denoted in Fig. 3, according to ASTM 1316 standard (1989), are given 

by PAC as follows:
 

• Duration: the time interval between the first and the last crossing of the threshold level for 

the AE signal; 

• Amplitude: the largest voltage peak in the AE signal waveform given in dB or V. The am-

plitude for the PCI-2 based AE system covers the range 0-100 dB (0 dB corresponds to 1 

μV at the sensor output and 100 dB to 10 V); The conversion of AE signal amplitude from 

mV to dB is done using the equation: 

AdB = 20 log10
Vmax
Vmin

P                                           (1) 

where P is preamplifier gain given in dB, Vmax and Vmin are the amplitude of the AE wave 

given as positive voltage (in V) and minimum voltage measured by the AE acquisition sys-

tem (1 V for the AE-based system used in this study). 

• Counts, Ncounts: the number of AE signal excursions over the threshold; 

• Rise time: the time between the first threshold crossing and the amplitude of the signal 

measured in s; 

• Absolute (ABS) energy, EABS: quantitative measurement of the energy of the AE hit de-

rived as an integral of the squared voltage signal divided by a reference resistance (10 k  

for the PCI-2 based AE system) over the duration of the AE waveform packet and meas-

ured in atto joules (10
-18

 J). 

 

Moreover, the waveform of each AE hit (Fig. 3) was described by 3072 discrete points stored 

in the PC memory. The pre-trigger time, used to recover the acoustic waveform before the first 

threshold-level crossing was, set up at 100 s. Selective cross-plots such as amplitude versus du-

ration and histograms, plotted by PAC AEWin software package, provided real-time information 

for the AE activity from the samples under monitoring. 
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Fig. 3. Schematic of an AE signal and its associated parameters in time domain. 

 

Results and Analysis  

 

Relationship between the AE hit rate and the time domain parameters of the recorded signals 

from the cementitious samples and their potential sources due to corrosion of the encapsulated 

aluminium 

During the conducted AE monitoring of the cementitious samples with encapsulated alumin-

ium the cumulative AE hit number and associated ABS energy provided initial information (in 

real time) for micromechanical events within the structures associated with the generation and 

release of acoustic waves. As it can be seen in Fig. 4 there were several stages in the AE history 

of the experiments with discriminative rate (high or low) for both the OPC and BFS/OPC sam-

ples with encapsulated aluminium, which can be associated with several typical phenomena (As-

souli et al., 2005; Landis and Ballon, 2002; Landis, 1999; Yoon et al., 2003; Uddin et al., 2006). 

 

Firstly, the relatively long period of time of 16.5 and 92 hours for the OPC and composite 

cement specimens respectively was associated with a very low AE activity. The sources of this 

AE can be related to the process of water infiltration through the cement pores (Assouli et al., 

2005) and the porous zone in the aluminium corrosion products layer formed at early stages of 

cement hydration (Setiadi, 2006; Setiadi et al., 2006). Subsequently as a result of the aluminium 

corrosion re-initiation, this AE can be generated and released due to the stable growth of the pre-

existing microcracks, formed during the setting and curing of the cement samples due to hydro-

gen gas evolution and accumulation of corrosion products (Setiadi, 2006; Setiadi et al., 2006). 

 

After this first stage, a new period characterised by an abrupt increase in the number of the 

detected signals and their ABS energy was observed likely to indicate nucleation and propaga-

tion of critical size crack(s) within the structures corresponding to peak loading (Landis and Bal-

lon, 2002; Landis, 1999; Yoon et al., 2003; Uddin et al., 2006). This period with a duration of 

only 3.5 hours for the OPC sample but around 50 hours for the composite cement has been fol-

lowed by a time interval (2b in Fig. 4) where the AE hit rate considerably decreased in compari-

son with the previous period 2a in Fig. 4. Similar alteration in the AE hit rate were reported to 

correspond to post-peak loading associated with critical size crack growth in cement-based mate-

rials (Uddin et al., 2006; Landis and Ballon, 2002), debonding along the steel reinforcement in 

concrete (Yoon et al., 2003) or hydrogen gas release as a result of stainless steel corrosion devel-

opment (Fregonese et al., 2001; Yonezu et al., 2006) associated with the detection of high 
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energy, i.e., high amplitude and long duration AE signals ultimately leading to decrease of the 

overall stress level within the structures. 

 

 

 
Fig. 4. Cumulative number of AE hits and associated ABS energy during the AE monitoring of 

(a) the OPC and (b) BFS/OPC samples with encapsulated aluminium. 

 

Then a period of AE “silence” was observed for the OPC specimen followed by a new jump 

in the number of the detected hits during stage 4 in Fig. 4a. However, a period of AE “silence”, 

denoted in Fig. 4b as stage 3, was also found in the history of the conducted monitoring of the 

BFS/OPC sample with encapsulated aluminium. 

 

A visual observation confirmed that visible radial cracks appeared on the surface of the sam-

ples, as shown in Figs. 5a and 5c. The latter were found also in the cross-section of the speci-

mens (Figs. 5b and 5d) likely to be formed before the commencement of this AE monitoring for 

the OPC sample, but not expected to be formed within the BFS/OPC structure at that age of hy-

dration (Setiadi, 2006). The initiation and/or propagation of these cracks were the very first po-

tential source of AE identified during our test. 

 

a) 

b) 
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Fig. 5. Visible cracks formed at (a) and (c) surface and (b) and (d) cross-section of the OPC and 

BFS/OPC samples with encapsulated aluminium respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Micrographs of (a) and (b) splitting cracks between the aluminium rod and the corrosion 

products layer and (c) and (d) microcracks within the aluminium corrosion products layer 

identified within  the examined OPC and BFS/OPC samples. 

 

c) 

Microcrack 

Aluminium 

Microcrack 

b) 

d) 

Microcrack 

Aluminium 
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a

a) 
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An optical microscopy observation of the samples provided additional evidences for the for-

mation of splitting microcracks between the aluminium rod and the corrosion products layer 

(Figs. 6a and 6b). These can be formed as a result of the increased compressive forces due to the 

hydrogen gas generation, friction and release. Moreover, the presence of microcracks within the 

corrosion products layer, as shown in Figs. 6c and 6d, indicated for another type of active AE 

sources within the cementitious structures. 

 

In an attempt to differentiate collected signals from different sources in the cement-based 

structures with encapsulated aluminium the analysis was extended from AE hit time distribution, 

providing information for some kind of structural changes to the parameters of the detected sig-

nals. According to Pollock (1989) some of the most commonly used acoustic parameters for 

characterisation of the AE sources are amplitude, duration, counts and rise time. To the purpose 

of this study, we applied a selection procedure proposed by Wu et al. (2000) and also adopted 

elsewhere (Spasova, Ojovan and Scales, 2006a; Spasova and Ojovan, 2006b) to classify detected 

signals at each of the stages of the conducted  monitoring based on their amplitude, duration and 

counts and associate their appearance with the mechanisms causing damage within the cement-

based structures. 

 

Table 1 summarises the results from the application of the selection procedure from Wu et al. 

(2000) on the parameters of the signals recorded for the BFS/OPC sample with encapsulated 

aluminium. Similar parameter-based AE study and differentiation of the signals based on their 

duration, amplitude, counts and average ABS energy (EABS,av), calculated as a ratio between the 

total number of AE hits (Nhits) and total ABS energy (EABS), for the OPC sample with encapsu-

lated aluminium can be found in Spasova and Ojovan (2006b). 

 

The data in Table 1 show that the AE activity during the stage 1 in Fig. 4b consists of a small 

number of signals with a relatively short duration (up to 200 μs) and low amplitude (up to 48 dB) 

in a good agreement with the data reported for the OPC sample with encapsulated aluminium at 

stage 1 in Fig. 4a (Spasova, Ojovan and Scales, 2006a; Spasova and Ojovan, 2006b). This type 

of AE can be associated with distributed microcracking within the aluminium corrosion products 

layer (Fig. 6d) and the cement structure. The signals with a slightly higher amplitude and longer 

duration, detected in a most high population at the beginning of the second stage (period 2a in 

Figs. 4a and 4b) can be attributed to localised microcracking within the cement structure and the 

onset and/or activation of damage mechanisms such as debonding along the aluminium rod 

caused by the increase of the compressive forces at the aluminium/corrosion products layer and 

corrosion products layer/cement interfaces  and hydrogen gas evolution. The most energetic sig-

nals detected in a high population for the OPC (Spasova and Ojovan, 2006b) and BFS/OPC sam-

ples during the second stage can be associated with the extension of the splitting cracks between 

the aluminium and the corrosion products layer (Figs. 6a and 6b) and the visible radial crack(s) 

formation within the cement structures (Figs. 5a and 5c).  It is important to note that during each 

of those stages of the conducted monitoring there were signals which cannot be classified using 

the criteria of the procedure proposed by Wu et al.
 
(2000). These events were less frequent and 

were characterised by a higher amplitude, average ABS energy (EABS,av) and a longer duration in 

comparison with the classified dominant populations of recorded signals (Table 1) and indicate 

for the presence of damage (observed at the end of the test) within the cementitious structures. 
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Table 1. Parameters of the signals recorded during the AE monitoring of the BFS/OPC sample 

with encapsulated aluminium. 
 

 

Time 

Period 

Hits Dura-

tion, [ s] 

Amplitude 

Peak, 

 [dB] 

Amplitude 

Range, 

[dB] 

 

Max of 

Counts/

Hits 

Calculated 

Average 

Counts/Hits 

 

Nhits 

 

Ncounts 

% of 

Total 

Nhits 

Total 

EABS, 

[aJ] 

 

EABS,av, 

[aJ] 

0 - 50 41 40 - 42 1 1.25 92 115 3.95 4120 35.82 

51 - 200 43 40 - 48 4 3.92 88 345 3.78 11100 32.17 

 

 

0 – 92 h 

 (1) 
 

201 - 1993 
* Not de-

termined 

 

42 - 54 
 

*10 
 

*19.3 
 

13 
 

251 
 

0.56 
 

68700 
 

5284.6 

                                                                         

Total 

193 711 8.29 83920 5353.59 

0 - 20 41 40 - 46 1 1.14 740 841 31.79 28200 38.1 

21 - 80 42 40 - 46 2 2.07 590 1222 25.34 40900 69.32 

81 - 1000 43 40 - 55 4 4.76 634 3018 27.23 124000 195.98 

 

 

92 – 142 

h 

(2a) 

 

1001 - 

10136 

*Not de-

termined 

 

40 - 64 
*Not 

deter-

mined 

 

*91.55 
 

92 
 

8423 
 

3.95 
 

224000 
 

2434.7 

                                                                         

Total 

2056 1350

4 

88.31 417100 2738.1 

0 - 20 41 40 - 45 1 1.13 22 25 0.95 917 41.68 142 – 168 

h 

(2b) 
21 - 601 43 41 - 53 3 *5.6 43 241 1.84 24300 565.11 

                                                                                                                                     Total 65 266 2.79 25217 606.79 

0 - 20 40 40 - 42 1 1 8 8 0.34 235 29.37  

168 – 

183.5 h 

(3) 

21 - 100 42 42 - 44 2 1.83 6 11 0.25 378 63 

                                                                        

Total 

14 19 0.59 613 92.37 

                                         * The criteria for identification of an internal mechanism initiated AE from Wu et al. (2000) are not satisfied 

 

The presented results confirm that the parameter-based approach can provide a good AE de-

scription and differentiation of the mechanisms causing damage in the cementitious samples due 

to the corrosion of encapsulated aluminium. As there is a strong dependence of the measured 

acoustic parameters on the experimental setup (quality of the sensor coupling, location and orien-

tation) a signal-based analysis was also applied additional results more independent from the ex-

perimental setup. To that purpose conventional fast Fourier transformation (FFT) and wavelet 

transformation (WT) were used. 

 

Frequency characteristics of the main populations of AE signals recorded from the cementitious 

samples with encapsulated aluminium 

The signal-based AE analysis includes advanced mathematical transforms to facilitate the 

identification of characteristic features of the generated acoustic signals. Conventional FFT 

(McGillem and Cooper, 1984) is typically applied to determine the frequency spectra of the de-

tected acoustic waves. The primary frequency, defined as the most energetic frequency compo-

nent in the acoustic signal, has been used as a “fingerprint” of different AE sources in concrete 

structures under loading (Yoon et al., 2003) or corrosion of metals such as stainless steel (Yo-

nezu et al., 2006). However, the FFT is of a fixed resolution at all frequencies and fails to detect 

small, high frequency events, which usually last for a very short interval of time (tens of μs). 

These events can be characterised by WT analysis. WT is a relatively new signal processing 

technique applied for time-frequency analysis of AE signals. Since AE is not a stationary proc-

ess, i.e., typically more than one wave mode is present within the signal, WT can be helpful to 

characterise the processes, causing AE, in the heterogeneous cement-based structures used in this 

study. 
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Continuous WT (CWT) is defined as a set of basic functions obtained by compres-

sion/dilation or shifting of a “mother wavelet”. CWT of a function f(t) in time t is defined as 

(Ifeachor and Jervis, 2002): 

W f a,b( ) = f t( ) a,b
*

+

t( )dt  (2) 

where a,b t( ) =
1

b
(t – a) / b( ) , and * t( )  is complex conjugate of the mother function 

( )t . The two terms, a and b, are known respectively as translation and scale parameters. The 

translation, a, defines the shift of the time window through the signal. The scale b in WT is a pa-

rameter higher for low frequencies, which correspond to global information of the signal and 

lower for high frequencies that can provide more details for mechanical events, which usually 

last very short time. Different mother functions ( )t  have been studied and applied for analysis 

of complex signals such as AE transients. In this study Gabor analyzing wavelet was used. Gabor 

mother wavelet ( )t  is given as (Suzuki et al., 1996):
  

t( ) = 1/4 p

1/2

exp
t 2

2
p

2

+ i pt  (3) 

where p  is the centre frequency and  is a constant calculated as ( ) 336.52ln/2
2/1
== . 

The WT of the detected acoustic waves for the cementitious samples was calculated and 

visulalised with AGU-Vallen Wavelet freeware (Vallen, 2005) based on Gabor mother wavelet 

with key parameters being: maximum frequency 400 kHz, frequency resolution 1 kHz and wave-

let size of 600 samples. The results from WT were illustrated in a 3D plot where x-axis corre-

sponds to the time, y-axis to the frequency and z-axis to the calculated coefficients of ( )t  for 

given values of a, b and p . Equation (2) written for a continuous function f(t) has been applied 

for the time series describing the acoustic waves via a built-in algorithm to limit the integration 

in the interval between 0 and tN , where N is the number of discrete points (3072 for this 

study), t  is the sampling interval and limited range of values given for the shift a and the scale 

b (Hayashi et al., 1999; Suzuki et al., 1996). 

 

Figure 7 illustrates typical acoustic waveforms and their frequency spectrum and 3D plot of 

WT from the largest population of signals with a duration up to 80 μs and an amplitude up to 46 

dB recorded during stage 2 in Fig. 4 respectively for the OPC (Figs 7a, 7b and 7c) and the 

BFS/OPC sample with encapsulated aluminium (Figs 7d, 7e and 7f). The plots in Fig. 7 show 

that the signals detected from both OPC and BFS/OPC structures were characterised by fre-

quency spectrum with a peak at 34 kHz but also energy in the frequency band above 100 kHz. 

Moreover, the 3D plots of WT (Figs 7c and 7f) confirm the presence of two main frequency 

modes, below 40 kHz and above 100 kHz, constituting the first 100 μs of the signals that can be 

directly related to the initial features of the AE sources. As stated by Grosse et al. (2003) after a 

few oscillations the signals are dominated by side reflections or geometry, heterogeneity of the 

materials under study, the intrinsic properties of the sensors such as resonance frequency or qual-

ity of the sensor coupling.  For the more energetic signals (with a duration above 81 s and an 

amplitude up to 64 dB) also recorded in a high population during stage 2 (Fig. 4) the frequency 

spectrum was dominated by the low frequency component at 34 kHz (Figs. 8c and 8f). Similar 

resonance-like signals were attributed to hydrogen gas evolution during monitoring of stainless 

steel corrosion (Fregonese et al., 2001; Yonezu et al., 2006). 
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Fig. 7. Typical AE waveforms, their amplitude spectrum by FFT, and 3D plot (inserted) of WT 

of a short duration (up to 80 μs) signals detected for the OPC (a, b and c) and BFS/OPC (d, e and 

f) samples with encapsulated aluminium during stage 2. 

 

Cross-correlation 

In order to extend the AE data analysis for characterising and differentiating the potential 

sources of AE within the cementitious structures the similarity in the recorded signals was as-

sessed using the maximum value of the calculated cross-correlation function. It is known that the 

shape of the acquired signals in time domain is influenced by the type of the AE source, the 

propagation path and the intrinsic properties of the sensors used (Kurz et al., 2004; Ono, 2006). 

Although the frequency response of the AE transducer “masks” the true propagation characteris-

tics of the wave the same type of sensor, applied for monitoring,  assures that any changes in the 
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Fig. 8. Typical AE waveforms, their amplitude spectrum by FFT, and 3D plot (inserted) of WT 

of the more energetic resonance-like signals detected for the OPC (a, b and c) and BFS/OPC (d, 

e and f) samples with encapsulated aluminium during stage 2. 

 

shape of the recorded signals characterises AE sources with a particular location and activity in 

time and space. During the conducted AE monitoring of the cementitious samples the sensors 

were firmly attached to the plastic containers and therefore the shape of the signals detected was 

influenced by the source-time characteristics, the wave propagation path or the distance and ori-

entation of the source to the sensor. 

 

The cross-correlation is a mathematical operation between two series of samples (or two dig-

itized signals) to produce a third signal called the cross-correlation of the two input signals. Each 
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Sample ƒxy[m] of the third signal is calculated from the second input signal y[n+m], shifted by m 

with respect to the first one x[n],  according to the equation: 

fxy m[ ] = x[n]y[n + m]
n=0

N m 1

 (4) 

where m = 1, 2 …2N–1, and N is the number of samples describing the signal in digital form. 

The amplitude of each sample in the cross-correlation signal is a measure of how much the sec-

ond input signal resembles the first one at that location. The value of the cross-correlation is a 

maximum when the second signal is “aligned” to the first signal. 

 

In this study the cross-correlation function was calculated between each two subsequent in 

time signals recorded by the sensors attached to the samples, i.e., between the first and the sec-

ond, second and third and etc. The plots in Fig. 9 show the maximum value of the calculated 

cross correlation functions for the AE activity for the OPC and BFS/OPC samples using a pro-

gram written in MatLab. 

 

 

Fig. 9. Maximum value of the cross-correlation function calculated for each two subsequent in 

time signals recorded by the sensors attached to (a) the OPC and (b) BFS/OPC samples with en-

capsulated aluminium. 

 

As it can be seen from the plot in Fig. 9a, the signals did not remain identical throughout the 

test. It can be suggested that they were generated by sources with a different location (toward the 

sensor) and time activity. The same implies for the signals detected for the BFS/OPC sample 

with encapsulated aluminium, as evidenced from the plot in Fig. 9b. Nevertheless, significantly 

larger number of subsequent in time signals recorded for the composite cement specimen were 

identical (maximum cross-correlation function equal to 1) in comparison with those for the OPC 

sample. The latter can be used to conclude on more localized (in space and time) AE sources, 

detected  under the established experimental conditions for the BFS/OPC sample with encapsu-

lated aluminium. 

 

Discussion 

 

A large number of signals for the monitored OPC (5340) and BFS/OPC (2328) samples  

were recorded during clearly defined periods with a very low or almost none AE activity 



 65   

followed by abrupt jumps in the detected number of hits. This behaviour of the samples (in terms 

of AE) resembled the response of cement-based structures under loading associated with micro 

and macro-scale damage (Landis and Ballon, 2002; Landis, 1999; Uddin et al., 2006; Yoon et al., 

2003). Moreover, the intervals of AE “silence”, recognised in the history of the conducted AE 

monitoring, can be related to Kaiser effect (Kaiser, 1953). Thus in the monitored cementitious 

specimens  the stresses induced by further accumulation of corrosion products and hydrogen gas 

generation caused again AE after a period of time, when the initial loading (suggested by the pe-

riods with a high AE hit rate) has been exceeded. The applied conventional parameter-based 

analysis using the procedure from Wu et al. (2000) for classification of the detected signals ac-

cording to their duration, amplitude and counts provided the first point to conclude the complex 

AE nature and activity of a large number of processes (sources) later confirmed by visual and 

optical microscopy observations. 

 

According to their time domain parameters recorded signals can be divided generally in two 

main groups. The first group consists of a large number of hits with duration up to 80 μs and an 

amplitude up to 46 dB potentially associated with microcracks initiation and propagation. The 

second group consists of a lesser number of signals with amplitude above 46 dB and duration 

longer than 80 μs that can be associated with hydrogen gas evolution due to the aluminium cor-

rosion and critical size crack(s) formation and propagation within the cementitious structures. 

Moreover, this group of hits was distinguished by resonance-like signals with a primary fre-

quency at 34 kHz whereas the first one was characterised by signals with two frequency modes 

present: below 40 kHz and above 100 kHz respectively. 

 

It is worth noting that under similar experimental conditions the recorded AE signals for the 

BFS/OPC sample were significantly less than those recorded for the OPC sample, being nearly 

half of that for the OPC structure with encapsulated aluminium for more than three times longer 

period of monitoring. The latter is in a good agreement with the reported by Setiadi  (2006) 

lower rate of aluminum corrosion in BFS/OPC than in pure OPC environment. Additional evi-

dence for the decreased rate of the aluminium corrosion and therefore less damage developed 

within the BFS/OPC sample prior to this test is also the intensity of the AE generation and re-

lease calculated for the same stages 2 in Fig. 4 for the OPC and BFS/OPC samples to be respec-

tively of 335 hits/h and only 41.1 hits/h. 

 

However, the basic parameters and frequency characteristics of the detected signals for both 

cementitious samples did not reveal any important differences. The maximum of the calculated 

cross-correlation function between each two subsequent signals recorded by the sensors showed 

that the potential AE sources in both cementitious structures were with different location (toward 

the sensor) and time activity throughout the tests. 

 

Conclusions 

 

The AE technique is feasible for monitoring the mechanical performance of cementitious 

structures with encapsulated metallic wastes such as aluminium. The methodology for analysis 

performed on the AE hit rate, their parameters and frequency characteristics allows conclusions 

to be reached on the presence of different AE sources in the cementitious wasteform samples 

with encapsulated aluminium using additional visual and optical microscopy observations. An 

attempt to differentiate damage mechanisms such as distributed and localised microcracking, hy-

drogen gas evolution and visible cracks formation and extension within the cementitious waste-

forms was made based on signals duration, amplitude and frequency components. Although the 
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AE hit rate and time distribution for the OPC and BFS/OPC samples with encapsulated alumin-

ium were different under similar experimental conditions the recorded signals have been success-

fully classified using similar parameters and frequency characteristics. 
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