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bstract

An acoustic emission (AE) technique was applied for early detection, characterisation and time progress description of cracking phenomenon
aused by the corrosion of Al encapsulated in cement matrix. The study was conducted on an ordinary Portland cement (OPC) system encapsulating
igh purity Al bar. Acoustic signals were generated and released during immersing of the sample in deionised water. A computer controlled PCI-2
ased AE system processed the signals detected by piezoelectric transducers. A subsequent comparative study of the AE data collected with those

btained from a reference OPC sample has been applied. Recorded AE activity confirmed that the process of initiation and development of Al
orrosion causes significant mechanical stresses within the cement matrix. Our analysis demonstrated possibility to differentiate AE signals based
n their characteristics, and potentially correlate detected AE with the fracture processes in the cement system encapsulating Al.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Cementation, bituminisation and vitrification are commer-
ially available technologies for immobilisation of radioactive
astes [1]. Hydraulic cements have been used over many years

or encapsulation of low and intermediate level radioactive waste
LILW) due to their favorable chemical and physical proper-
ies [1–10]. In the UK LILWs are typically encapsulated in
ement matrix to produce solid wasteforms [3,8,9]. However
orrosion of encapsulated radioactive metals such as Al, Mg
nd their alloys, arising from spent nuclear fuel reprocess-
ng, in the high pH environment of cement matrix potentially
auses loss of mechanical strength of cementitious wasteforms
9]. Since durability is one of the most important requirements
or safe storage and wasteform long-term disposal [1] differ-
nt composite cements have been extensively studied [3,8,9].
evertheless reliable methods for early detection of dam-
ge initiation and development applied to cementitious waste-
orms encapsulating metallic wastes would be of significant
enefit.

∗ Corresponding author. Tel.: +44 114 222 5990; fax: +44 114 222 5943.
E-mail address: mtp05lms@sheffield.ac.uk (L.M. Spasova).
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ation and development

AE technique based on detection of transient acoustic waves
enerated and released during microcracking and other irre-
ersible structural changes is widely used as a nondestructive
ethod for materials research [11,12]. Moreover AE technique

as been proved as a valuable tool to study the fracture processes
n materials and particularly in cement-based structures [13–22].
he mechanical behavior of generic cement materials during
eformation and rupture is related to their heterogeneity and
an be explained in term of microcrack and macrocrack nucle-
tion and development [13]. Microcracks are typically formed
t relatively low stress level. As the stress intensity increases
he microcracks are localized to initiate development of visible
racks, which further grow and eventually lead to structural fail-
re. An AE activity presented by cumulative AE events number
nd energy has been used to determine the onset and extend of
he damage induced under loading in cement-based structures
14,15]. On the other hand acoustic characteristics such as dura-
ion, amplitude and counts number have been applied to identify
ifferent failure mechanisms at various stress levels and to relate
enerated and released AE with different processes presented in

ement-based materials under stress [16].

The high sensitivity of AE technique to microcrack nucle-
tion and propagation is a main advantage applied for continuous
onitoring of concrete structural integrity. Based on AE data

mailto:mtp05lms@sheffield.ac.uk
dx.doi.org/10.1016/j.jhazmat.2006.05.067
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number and absolute energy were recorded on a hard drive. For
each detected AE signal following acoustic parameters were
24 L.M. Spasova, M.I. Ojovan / Journal of

ollected several modeling approaches for prediction of concrete
racture behavior have been developed [18,19]. Moreover Landis
nd Baillon [15] reported for a relationship between the AE and
he fracture energy in order to apply AE as a tool for quantitative
amage measurements in concrete materials. They observed a
ignificant jump in the detected AE energy when a peak loading
as been achieved. An important alteration of the AE energy
ate during postpeak loading has been also distinguished. Lan-
is and Baillon associated the later phenomena with microcrack
orming processes resulted in the onset of critical crack growth
ollowed by a change of the dominant source of AE energy from
racture to “noncrack forming energy dissipation processes”.
am and Weng [14] and Wu et al. [22] found a good correlation
etween the time progress of AE activity and the mechanical
erformance of concrete specimens with different aggregates
nder compression. They associated the significant increase
bserved in the total number of detected AE events with “unsta-
le cracking” of the structure when its ultimate strength has been
chieved. In order to summarize the main sources of AE activ-
ty in generic cement structures under loading were attributed
o different failure mechanisms caused by processes such
s [13–22]:

(a) microcrack initiation and development including
microflaws aggregation, microcrack formation, steady
growth and coalescence and formation of visible cracks. As
it is reported in [16,22] the later processes generated large
number of AE signals with relatively short duration and
low amplitude in comparison with the signals associated
with

b) crack(s) extension, reinforcement breaking or pullout, dis-
tinguished by detection of high energetic signals in less
population [16].

Corrosion of steel reinforcement is one of the main issues
f serviceability of concrete structures. AE technique has been
pplied for detection and identification of concrete cracking due
o corrosion of reinforcing steel [23–26]. Detected AE was asso-
iated with several events such as:

(a) infiltration of the aggressive solution through the cement
porosity followed by modification of the medium at
metal/concrete interface and initiation of the corrosion pro-
cess;

b) accumulation of corrosion products which results in
an increase of the compressive forces at reinforce-
ment/concrete interface leading to microcrack initiation;

(c) friction of the corrosion products along the walls of these
cracks and cement pores;

d) microscopic crack propagation.

In addition the initiation and development of different type

orrosion processes such as pitting, exfoliation and galvanic cor-
osion of aluminum alloys have been also an object of extensive
E monitoring and analysis [27–29]. The processes generated
E were related with:

u

•

rdous Materials A138 (2006) 423–432

(a) friction and release of hydrogen bubbles formed during
corrosion characterised with low amplitude and rise time
signals in high population in comparison with the signals
due to

b) crack propagation and evolution of hydrogen bubbles.

Finally AE technique was used to characterise and predict
he accumulation of strength during solidification of concrete
31,32] and early hydration of cement paste [33–35]. Neverthe-
ess the applications of AE in the nuclear waste management
eld are still limited. An example is the study performed by
elov and Aloy [36] concerned with the feasible application
f this nondestructive method for quality control of glass and
eramics for waste immobilisation. However no comparative
tudy of AE signals characteristics and possible relationship
etween AE activity and stresses induced in the cement matrix
ue to corrosion of encapsulated Al have ever been made.

The objectives of the present work are to assess the mechan-
cal performance of cement matrix encapsulating Al in terms
f AE; to identify the processes which initiate microcrack for-
ation and development based on the number of AE events,

nergy detected and analysis on the acoustic characteristics such
s duration, peak of amplitude and counts number; to compare
he results obtained from the cement sample encapsulating Al
ith those collected from the reference cement sample.

. Experimental procedure

Pure ordinary Portland cement (OPC) has been used for
reparation of two samples on a laboratory scale, one with encap-
ulated Al and a reference sample. Water to powder mass ratio
pplied was 0.33 providing required mechanical strength of the
igid products used for immobilisation of metallic wastes [1,2,9].
igh purity Al (99.999%) was chosen to minimize any possi-
le effects of cement on the Al corrosion process in presence
f alloying elements. The cement was mixed and then poured
nto 100 ml capacity plastic containers with airtight lids and Al
od placed inside. Cylindrical samples with 65 mm height and
0 mm diameter were formed. Then the samples were cured at 20
nd 40 ◦C in environmental chambers for more than 6 months for
he cement sample with encapsulated Al and at about 2 months
or the reference sample.

AE was monitored by two transducers plugged into pream-
lifiers further connected with the active channels of a computer
ontrolled PCI-2 based AE system, supplied and calibrated by
AC (Physical Acoustics Corp.). The transducers applied were a
roadband (WD) and R15D from PAC, attached to the samples
nder AE monitoring as shown in Fig. 1. Acoustic waves and
heir parameters such as amplitude, duration, rise time, counts
sed for postprocessing:

AE event duration: time interval between the first and the last
threshold level crossing;
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Fig. 1. Exp

Counts number (Ncounts): ring down count over the AE event
duration;
Peak of AE wave amplitude: magnitude of the most energetic
component of the wave given in dB;
Absolute energy (EABS): quantifiable measurement of the
energy contained in an AE hit derived as an integral of the
squared voltage signal divided by the reference resistance
(10 k�) over the duration of the AE waveform packet and
performed in atto joules (10−18 J);
AE hits number (Nhits): number of registered AE signals;
Average absolute energy per hit (EABS,av) calculated by

EABS,av = Total EABS

Total Nhits

here Total EABS is the sum of the absolute energies of all AE
it divided by their total number (Total Nhits) for a particular

nterval of the test duration.

The threshold level for AE data acquisition was set up at
0 dB. The same value of amplification was also established for
he preamplifiers. A good acoustic coupling of the transducers

i
l
a
s

Fig. 2. Cumulated AE hits number (a) and absolute energy (b
ntal setup.

ith the external bottom surface of the plastic containers was
rovided by a thin layer of grease.

Under our experimental conditions, carried out at room tem-
erature, the same amount (50 ml) of deionised water was poured
n the plastic containers followed by the commencement of AE
ata acquisition.

. Results and analysis

During the test duration established for 51.5 h 5340 AE hits
ere detected from the cement sample with encapsulated Al and
423 from the reference sample. The curves representative of the
umulated number of AE hits (Nhits) and absolute energy (EABS)
ersus time for the cement sample with encapsulated Al and the
eference sample are plotted respectively in Figs. 2 and 3.

The number of AE hits and associated absolute energy
etected from the cement sample with encapsulated Al (Fig. 2)
as not constant in time with clearly defined periods of an
ncrease followed by intervals of very low AE activity. A simi-
ar pattern has been reported by Ing et al. [24] and related with

consequence of periods of crack extension within concrete
tructures followed by accumulation of corrosion products on

) vs. time for the cement sample with encapsulated Al.
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Fig. 3. Cumulated AE hits number (a) and absolu

einforcing steel surface. However the AE activity from the ref-
rence sample was characterised with continuous increasing rate
ut also performed with a sequence of periods with discrimina-
ive number of the detected AE hits (Fig. 3).

The common trends of alteration (high or low) in the AE
ctivity and amount of detected absolute energy from the cement
ample with encapsulated Al was used to distinguish four stages
n the history of conducted AE monitoring (Fig. 2). For the
rst time we applied a procedure based on acoustic character-

stics to analyse our data from each of the determined stages.
his procedure for differentiation of failure mechanisms within
ement-based materials under mechanical loading was devel-
ped by Wu et al. [16]. The method, which is used to relate
pecific mechanisms of fracture in concrete structures and AE
haracteristics of detected signals [16], suggests that:

(i) for the same AE activity, the higher the energy the higher the
amplitude of detected signals and the longer their duration;

ii) AE activity associated with the same failure mechanism has
the same acoustic characteristics.

The diagram of the identification procedure developed in [16]
s given in Fig. 4.

To differentiate mechanisms generating AE a number of fil-
ers are set for the duration of signals in the range of several
s. When a certain duration range is selected, three graphs are
rawn: (i) the number of AE hits versus amplitude (in dB), (ii)
he counts number versus amplitude (in dB) and (iii) the hits
ersus counts. Then the shapes of the curves obtained on these
hree graphs are compared. If the peak of hits versus ampli-
ude graph (A) has the same value as that from the counts
ersus amplitude graph (B) the average number of counts per
it (C) has to be determined by dividing the total number of
E hits to total number of counts. Furthermore if calculated
alue (C) matches with the peak of counts versus hits graph

D) one fracture mechanism which corresponds to an AE activ-
ty within the selected duration range can be determined. For all
ther cases identification of the mechanism initiating AE cannot
e done.

o
t
w
r

rgy (b) vs. time for the reference cement sample.

The results obtained for the AE activities from the cement
asteform samples analysed by use of identification procedure

rom [16] are discussed below.

.1. AE data analysis for the cement sample with
ncapsulated Al

The first determined stage (stage 1 from Fig. 2) with relatively
ong duration of 16.5 h corresponded to a low AE activity con-
aining about 2% of the total number of detected AE hits. Table 1
ummarises the results from the procedure (Fig. 4) applied for
he AE signals detected during this stage. It was found that the
ignals with short duration between 0 and 20 �s and respec-
ively low amplitude of 41 dB are in most high population. As
reviously reported [25,26] this type of signals can be associated
ith water infiltration through the porosity of the cement struc-

ure and modification of the medium at metal/cement interface
ollowed by activation of Al corrosion. Additionally the accu-
ulation of corrosion products resulting in an increase of the

ompressive forces on the metal/cement interface causes micro-
rack nucleation and growth of the pre-existing microcracks,
oids or other defects within the cement matrix [25]. More-
ver the friction of the corrosion products and formed hydrogen
ubbles along the inner side of these cracks and cement pores
lso can be responsible for generation and release of AE waves
24,25]. The later processes can be correlated with identified sig-
als with longer duration between 21 and 200 �s and amplitude
eak of 44 and 45 dB. The last three groups of more energetic
ignals, however, given in Table 1 are likely to be generated by
icroscopic crack propagation and hydrogen bubbles evolution

27–30].
Stage 2 with duration of 13.5 h is characterised with signif-

cant increase in the AE activity presented by 30% of the total
E hits number and 68.6% of the total absolute energy. More-
ver the graphs in Fig. 2a and b show a meaningful difference

f the AE hits and absolute energy rate after about 20 h from
he commencement of our AE data acquisition. The last finding
as used to divide the second stage in two periods with duration

espectively 3.5 and 10 h.
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Fig. 4. The procedure for identification of an internal mechanism initiating AE applied for cement-based materials [16].

Table 1
AE characteristics for the signals detected during the stage 1

Time period Hits
duration
(�s)

Amplitude
peak (dB)

Amplitude
range (dB)

Maximum
no. of
counts/hits

Calculated
average
counts/hits

Nhits Ncounts % of
total Nhits

Total EABS

(aJ)
EABS,av

(aJ)

0–16.5 h

0–20 41 40–44 1 1 27 27 0.5 857 31.74
21–50 43 40–44 2 2 15 30 0.28 771 51.4
51–80 44 40–45 3 3 8 24 0.15 611 76.37
81–200 45 43–47 4 4.21 14 59 0.26 1130 80.71

201–300 46 43–49 6 6.61 13 86 0.24 2570 197.7
301–700 48 45–57 11 11 9 99 0.17 7870 874.44
701–1549 60 44–61 Not determineda 17.5 16 280 0.3 40700 2543.7

Total 102 605 1.9 54509 –

a The criteria for identification of an internal mechanism initiated AE are not satisfied.
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Table 2
AE characteristics for the signals detected during the stage 2, period 2a

Time period Hits
duration
(�s)

Amplitude peak
(dB)

Amplitude
range (dB)

Maximum no. of
counts/hits

Calculated
average
counts/hits

Nhits Ncounts % of total
Nhits

Total EABS

(aJ)
EABS,av

(aJ)

16.5–20 h

0–20 41 40–42 1 1.05 94 99 1.76 2790 29.68
21–50 42 40–44 2 1.95 228 445 4.27 10000 43.86
51–80 43 40–46 3 2.93 391 1147 7.33 27000 69.05
81–200 44 40–48 4 4.27 230 982 4.31 20800 90.43
201–300 47 42–51 6 6.69 62 415 1.16 13600 219.35
301–500 50 41–55 10 9.68 47 455 0.88 25700 546.81
501–700 59 40–61 15 15.46 62 959 1.16 123720 1995.5
701–4650 Not determineda 40–66 Not determineda 29.06 59 1715 1.11 392710 6656.1

T 1173 6217 21.98 616320 –

satisfied.
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a The criteria for identification of an internal mechanism initiated AE are not

During the first period (2a) the hits rate was about 335 hits/h.
large number of detected AE signals have duration in the range

1–200 �s and peak of amplitude from 42 to 44 dB (Table 2).
oreover a significant jump in the AE hits number compared
ith the previous stage has been observed. A very similar alter-

tion in the AE activity is reported from conducted AE monitor-
ng during loading of concrete structures [14,20,22]. The later
henomenon is associated with microcrack development and
ocalization resulting in the onset of a critical crack(s) within
he structures. We can suppose that under our experimental con-
itions the stress intensity in result of accumulation of corrosion
roducts on the Al surface approached a level when a zone of
racture within cement matrix has been formed, making easier
icrocrack continuous growth and propagation. Additional evi-

ences for this assumption are the cracks observed on the sample
urface at the end of the test shown in Fig. 5.

During the second period (2b) of stage 2 the hits rate was
ignificantly lower in comparison with that from the first period
about 43 hits/h). The AE signals in largest population during
his time interval are characterised by amplitude peak of 56 dB
nd a duration between 301 and 600 �s (Table 3). These ener-

etic signals can be associated with emissive hydrogen bubbles
volution and crack(s) extension within the cement structure.
oreover Landis and Baillon [15] reported very similar change

n the amount of detected AE energy at about 40% of the post-

n
o
H
a

able 3
E characteristics for the signals detected during the stage 2, period 2b

ime period Hits
duration
(�s)

Amplitude peak
(dB)

Amplitude
range (dB)

Maximum no. of
counts/hits

0–30 h

0–20 41 40–41 1
21–50 42 40–43 2
51–200 43 40–45 3
201–300 47 40–49 6
301–600 56 40–59 13
601–700 58 56–60 20
701–1293 Not determineda 54–61 Not determineda

otal

a The criteria for identification of an internal mechanism initiated AE are not satisfi
ig. 5. Cracking of the cement sample with encapsulated Al after 51.5 h of AE
onitoring (5p coin included for scale).

eak loading as this observed during stage 2b (Fig. 2b) and
elated it with the dominant role of energy dissipation mecha-

isms such as friction, aggregate interlock and cracks bridging
ver the fracture processes within concrete under compression.
owever in our cement system the hydrogen bubbles evolution

nd friction along the walls of the crack(s) formed are the most

Calculated
average
counts/hits

Nhits Ncounts % of total
Nhits

Total EABS

(aJ)
EABS,av

(aJ)

1.02 46 47 0.86 1290 28.04
1.85 46 85 0.86 2480 53.91
3.44 52 179 0.97 5190 99.81
6.31 35 221 0.655 9260 264.57

13.74 222 3050 4.16 285730 1287.1
19a 18 342 0.33 51800 2877.8
20.54 11 226 0.21 36500 3318.2

430 4150 8.05 392250 –

ed.
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Table 4
AE characteristics for the signals detected during the stage 3

Time period Hits duration
(�s)

Amplitude peak
(dB)

Amplitude range
(dB)

Maximum no. of
counts/hits

Calculated
average
counts/hits

Nhits Ncounts % of total
Nhits

Total EABS

(aJ)
EABS,av

(aJ)

30–41 h 17–729 Not determineda 43–60 Not determineda 12.17 12 146 0.23 19800 1650

a The criteria for identification of an internal mechanism initiated AE are not satisfied.

Table 5
AE characteristics for the signals detected during the stage 4

Time period Hits
duration
(�s)

Amplitude peak
(dB)

Amplitude
range (dB)

Maximum no. of
counts/hits

Calculated
average
counts/hits

Nhits Ncounts % of total
Nhits

Total EABS

(aJ)
EABS,av

(aJ)

41–51.5 h

0–20 40 40–45 1 1.11 657 732 12.3 18900 28.77
21–50 41 40–45 2 1.85 635 1175 11.89 26900 42.36
51–100 46 40–47 3 3.06 1297 3969 24.29 108800 83.88

101–450 47 40–55 5 5.89 780 4598 14.61 136600 175.13
451–1000 46 40–59 6 10.25a 225 2307 4.21 75030 333.47

1001–2867 48 40–56 Not determineda 20.20 29 586 0.54 21000 724.14

T

satisfi

l
o

i
T
w
d

T
a
a

T
A

T

A
(

T

B
(

T

C
(

T

otal

a The criteria for identification of an internal mechanism initiated AE are not

ikely to be responsible for generation and release of this type
f AE waves.

Stage 3 of our AE monitoring is determined by a long time

nterval of an 11 h (Fig. 2a) with a very low AE activity (Table 4).
he phenomenon observed during this stage can be associated
ith the Kaiser’s effect [38] in cement-based materials observed
uring the loading–unloading cycles of the structures [14,37].

p
a
t
f

able 6
E characteristics for the signals detected from the reference cement sample

ime period Hits
duration
(�s)

Amplitude peak
(dB)

Amplitude
range (dB)

Maximum no. of
counts/hits

0–15.5 h)

0–1 43 40–49 1
2–3 44 41–52 3
4–16 45 41–54 5
17–400 46 41–55 3
401–615 50 43–55 12

otal

15.5–25 h)

0–1 44 40–51 2
2–3 46 41–53 5
4–16 Not determineda 41–55 Not determineda

17–400 Not determineda 41–55 Not determineda

401–618 51 41–55 7

otal

25–51.5 h)

0–1 43 40–51 2
2–3 45 41–53 4
4–16 Not determineda 41–55 1
17–400 45 41–55 2
401–612 Not determineda 43–55 Not determineda

otal

a The criteria for identification of an internal mechanism initiated AE are not satisfi
3623 13367 67.84 387230 –

ed.

hus within our cement specimen the stresses induced by further
ccumulation of corrosion products causing microcrack nucle-
tion and development generated again AE activity after a long

eriod of time, when the initial loading (suggested by the AE
ctivity from the second stage) has been exceeded. This assump-
ion is additionally verified by the results of the analysis applied
or the AE hits from the last stage 4.

Calculated
average
counts/hits

Nhits Ncounts % of total
Nhits

Total EABS

(aJ)
EABS,av

(aJ)

1.67 203 338 3.74 271 1.33
3.95 292 1153 5.38 1296 4.44
6.03a 40 241 0.74 278 6.95

12.34a 168 2074 3.1 3320 19.76
123.6a 30 3708 0.55 5320 177.33

733 7514 13.51 10485 –

2.3 505 1162 9.31 1100 2.18
3.87 398 1540 7.34 2180 5.48
5.84 262 1531 4.83 3160 12.06
9.93 1184 11759 21.83 23200 19.59

20.75a 519 10773 9.57 20700 39.88

2868 26765 52.88 50340 –

2.09 419 876 7.73 686 1.64
4.05 560 2266 10.33 2820 5.04

a5.06 165 835 3.04 1660 10.06
a11.08 617 6836 11.38 13100 21.23
104.37 61 6367 1.13 13700 224.5

1822 17180 33.61 31966 –

ed.
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Stage 4 constituted of a large number of short signals with
uration between 0 and 50 �s and amplitude peak of 40 and
1 dB (Table 5). Moreover AE signals with duration between
1 and 450 �s and amplitude peak of 46 and 47 dB also were
n high population during this stage. The later finding suggests
ppearing of several events such as microcrack nucleation and
ropagation in result of accumulation of a great amount of cor-
osion products, hydrogen bubbles formation and evolution and
nfiltration of water within the cement matrix [25,26].

.2. AE data analysis for the reference cement sample

AE data collected from the reference sample have been pro-
essed following the same procedure as for the cement sample
ith encapsulated Al. However the time distribution of the AE

ignals along with the amount of detected absolute energy have
een used to distinguish three stages in the AE activity denoted
s A, B and C with duration respectively from 0 to 15.5, 15.5
o 25 and 25 to 51.5 h of our test (Fig. 3). For each of these
tages only the signals with very short duration in the range
–1 and 2–3 �s can be classified based on the criteria defined
n [16] (Table 6). As reported by Chotard et al. [33,34] the
omplex chemical processes of cement hydration result in the
nitiation of AE with diversified characteristics. They related
he low amplitude and short duration AE signals with the chem-
cal reactions between cement and water, empting the capillary
ement network. However the more energetic AE signals with
onger duration and higher amplitude can be associated with the
rowth of the crystalline phases in cement along with fitting
f hydrates and microcracking due to stress induced shrinkage
31–34]. The later processes generate AE which indicate further
ardening of the cement structure.

It can be seen from Table 6 that the AE activity during the

tage B is characterised with the largest number of detected AE
its. The important finding is that the average absolute energy
alculated for these signals is significantly lower than for the
E waves detected during the stages A and C. Therefore we

e
h
l
e

Fig. 6. Evolution of the total AE activity (a) and associated energ
rdous Materials A138 (2006) 423–432

an suppose that the source of this AE activity is the progres-
ive chemical reactions between the water and cement [33]. The
ignificant role of these reactions responsible for initiation of
E during the stage B can be additionally distinguished by
etection of AE signals with higher average absolute energy
uring the stage C believed to be related to microcracking of
he cement structure in result of hydration process development
32,33].

. Discussion

Our results confirm the potential of AE technique for detec-
ion of microcrack formation and development due to corrosion
f Al encapsulated in cement matrix. The increase of AE activ-
ty during the stage 2 of our test is an indication for cracking of
he structure caused by initiation and development of Al corro-
ion. The later was followed by hydrogen bubbles evolution and
amage extension characterised with a great AE activity during
he last stage of the conducted AE monitoring. It is worth not-
ng that the number of AE signals detected during the stage 2
1603) is about 2.3 times smaller than that detected during the
ast stage of the test (3623). However the total absolute energy
or the stage 2 is about 2.5 times higher than that for the stage
. This significant difference between the number of AE hits
Nhits) and the amount of detected absolute energy (EABS) ver-
us time is evidenced from Fig. 6. Therefore the application of
he procedure for identification of the failure mechanisms initi-
ting AE [16] can significantly contribute for the understanding
nd even prediction of the mechanical behavior of cement matrix
mmobilising Al. Furthermore an important difference between
he AE activities detected from both cement samples has been
erformed by the comparison of the range of variation of the
eak of amplitude, duration, counts number and total absolute

nergy given in Table 7. Although the cumulated number of AE
its is of the same order for both samples, the cumulated abso-
ute energy is about 16 times higher for the cement sample with
ncapsulated Al compared with the reference cement sample.

y (b) vs. time for the cement sample with encapsulated Al.
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Table 7
Characteristics of the detected AE hits form both cement samples

Amplitude (dB) Duration (�s) Ncounts Total Nhits Total Ncounts Total EABS (aJ) EABS,av (aJ/hit)

Cement sample with encapsulated Al
40–66 0–4650 0–50 5340 24485 1470109 275.3

Reference sample
40–55 0–618 0–93 5423 51459 92791 17.11
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Fig. 7. Evolution of the total AE activity (a) and asso

Moreover from Fig. 7 it can be seen that the largest number of
E signals from the reference sample is associated with highest

bsolute energy detected. The later finding also is important
n order to differentiate in term of AE the process of cement
ydration and cracking type phenomena occurred in the cement
tructures under conducted AE monitoring.

. Conclusions

Our study demonstrates that the AE technique can be used
s a valuable tool for the continuous monitoring of microcrack
ormation and development within cementitious wasteforms
ncapsulating metallic wastes. The tendency of variation of the
etected AE hits and amount of absolute energy is found to
e similar with that reported from AE monitoring of cement-
ased structures during mechanical loading–unloading cycles.
he experimental results indicate the presence of four different
tages in the AE activity from the cement sample with encapsu-
ated Al. The classification/differentiation procedure has been
uccessfully used for ∼93% of the total number of AE signals
rom the cement sample with encapsulated Al. It demonstrated
hat processes associated with AE signals are infiltration of
ater through cement pores, accumulation of corrosion prod-
cts followed by microcrack formation, onset of crack(s) and

heir extension, and hydrogen bubbles evolution. The compar-
tive study of the AE data collected from the reference sample
hows that the process of cement paste hardening is characterised
ith three time periods in the AE activity. Moreover detected
energy (b) vs. time for the reference cement sample.

E signals are distinguished by acoustic characteristics such
s amplitude, duration and counts number different from those
etected from the cement sample with encapsulated Al.
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