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Abstract. The study presented research on the possibility of using acoustic emission to detect and analyze the development of the alkali-silica 
reaction (ASR) in cement mortars. The experiment was conducted under laboratory conditions using mortars with reactive opal aggregate, 
accelerating the reaction by ensuring high humidity and temperature, in accordance with ASTM C227. The progress of corrosion processes 
was monitored continuously for 14 days. The tests were complemented with measurements of the expansion of the mortars and observations of 
microstructures under a scanning electron microscope. The high sensitivity of the acoustic emission method applied to material fracture caused 
by ASR enabled the detection of corrosion processes already on the first day of the test, much sooner than the first recorded changes in linear 
elongation of the specimens. Characteristic signal descriptors were analyzed to determine the progress of corrosion processes and indicate the 
source of the cracks. Analysis of recorded 13 AE parameters (counts total, counts to peak, duration, rise time, energy, signal strength, amplitude, 
RMS, ASL, relative energy, average frequency, initial frequency and reverberation frequency) indicates that the number of counts, signal strength 
and average frequency provide most information about the deleterious processes that occur in the reactive aggregate mortars. The values of 
RA (rise time/amplitude) and AF (average frequency) enabled the classification of detected signals as indicating tensile or shear cracks. The 
acoustic emission method was found suitable for monitoring the course of alkali-aggregate reaction effects.
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ucts swell up osmotically due to water absorption [15, 16]. The 
reaction results in the formation of products of volume distinctly 
greater than the original volume of silica aggregate. The degree 
of swelling of gel products depends on the density of the gel cre-
ated and on the amount of water absorbed. Swelling sodium-po-
tassium-calcium silica gel causes cracking of the aggregate and 
surrounding cement paste [17]. Depending on the degree of reac-
tivity of the aggregate and on the reaction mechanism, corrosion 
products may also accumulate in air pores [18, 19].

The methods for assessing the degree of concrete degrada-
tion due to ASR usually involve visual inspection and tests of 
collected concrete cores. A mesh of cracks or gel exudations 
may be observed on the concrete surface and may be misinter-
preted as results of frost corrosion or leaching corrosion. This 
is largely dependent on the experience of the inspector [20]. 
Determination of the advancement of corrosion processes, fre-
quently based on compressive strength tests of concrete, is not 
particularly effective, either, because ASR only exerts a small 
adverse impact on this strength [2]. Also, there are other active 
corrosion processes that may have an adverse effect on strength 
[21]. Among the many methods for detection of internal corro-
sion, non-destructive methods are of particular importance [20]. 
The most frequently used method is the ultrasonic concrete test 
(UPV test), which measures the velocity of ultrasonic waves 
passing through the material. Any cracks or discontinuities of 
the material affect attenuation, time of wave propagation and 
formation of the waves being reflected. There exist many anal-
yses indicating that the UPV method enables the detection of 
primarily surface cracks caused by ASR [22]. Recorded changes 
of wave propagation velocity were small even at significant 
specimen expansion levels [23].

1. Introduction

Corrosion processes resulting from physical factors, so-called 
freeze-thaw cycles, shrinkage, erosion and salt crystallization, 
and chemical factors, i.e. sulphate corrosion, acid corrosion, 
alkali-aggregate reaction and biological corrosion, are all causes 
of insufficient concrete durability [1]. The cracks caused by 
product swelling or weakening of the structure due to the disso-
lution/leaching of hydration products result in the deterioration 
of the mechanical properties of the material [2–4]. Alkali-silica 
reaction (ASR) was a cause of damage to concrete structures 
that was particularly frequent in the United States, in structures 
erected from the 1920s to 1940s. Since then, aggregate reactivity 
has become a subject of intensive scientific research [5–9]. In 
Poland, no reduction of durability of actual concrete structures 
due to the ASR has been observed so far; however, the presence 
of aggregate demonstrating alkali reactivity was confirmed in 
certain regions of Poland [10–13]. The alkali-aggregate reaction 
is a heterogeneous reaction of reactive forms of amorphous or 
poorly crystalline silica with sodium and potassium hydroxides 
dissolved in the solution in concrete pores [14]. The process 
takes place in two stages: during the first stage, acidic silanol 
groups react with sodium and potassium hydroxides, leading to 
the formation of alkali silica and silicic acid, which then reacts 
with hydroxyl ions, creating additional portions of an amorphous 
and strongly hygroscopic gel. During the second stage, the prod-
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Correct identification of alkali corrosion requires methods 
that enable monitoring of the affected structure and determi-
nation of the location of cracks [24, 25]. Such capabilities are 
provided by the acoustic emission method (AE) [24–26]. It is 
a non-invasive, passive, non-destructive method commonly 
used in the examination of concrete exposed to corrosion 
[27– 29]. AE equipment records physical effects that occur 
spontaneously in the tested material, i.e. the equipment does 
not emit any signals and, therefore, does not affect the physical 
condition of the tested facility [30]. Corrosion processes in con-
crete reduce internal energy, becoming a source of an AE signal. 
High-frequency ultrasonic waves propagate in all directions in 
the material. The acoustic emission wave reaches the sensor and 
then the AE analyzer in the form of voltage variations. The AE 
signal is characterized by a number of parameters that provide 
information about the AE source [30–32]. Acoustic waves are 
generated by so-called active damage, i.e. damage forming or 
developing during the measurement. Therefore, acoustic emis-
sion may be used to monitor corrosion processes during which 
the cracks form or develop. It is a promising method for the 
testing and monitoring of active corrosion processes, both in 
situ and under laboratory conditions [33, 34].

The emission method was adapted to measurements of alkali 
corrosion in rock and concrete samples, conducted primarily 
under laboratory conditions, fairly recently, in the second decade 
of the 21st century. The tests were conducted on specimens of 
mortars with reactive aggregate, using the accelerated testing 
methodology in accordance with ASTM C1260, and concrete 
specimens in accordance with ASTM C1293 [35–37]. The 
results of the analyses indicated that AE enabled the detection 
of early ASR cracking of concrete; at later test stages, partic-
ularly with an increased degree of cracking and gel formation, 
elastic wave attenuation was observed [38].

An analysis of the destructive process in unloaded early-age 
concrete, concerning mainly concrete shrinkage due to water 
evaporation, was published in [39]. To assess the processes 
involved, the acoustic emission method was used based mainly 
on the energy of AE signals and on modification of this param-
eter. From observations of other researchers, e.g. Ono et al. and 
Ohtsu et al. [40, 41], the use of energy of AE signals and the 
sum of energy are subject to a high degree of uncertainty. This is 
due to the fact that the values   of these parameters, especially the 
sum of energy, are strongly influenced by the size of the sam-
ples, thus they can only provide information about the intensity 
of the processes, but cannot indicate the process that induces 
them. The energy parameter can only be an auxiliary parameter.

In the presented work, the parameters used were less depen-
dent on the effect of scale and more significantly dependent on 
the mechanisms generating them. These parameters were taken 
from standard recommendations developed by international sci-
entific bodies, including e.g. JCMS-III B5706 and RILEM rec-
ommendations [42, 41]. However, this solution also has certain 
shortcomings, in particular due to entailing some discretion in 
establishing a separating line between the areas with the dom-
inance of one of the two destructive processes.

Concrete is an anisotropic material, which is why the 
authors deem the use of energy parameters (signal strength, 

RMS) based on the signal waveform mathematical analysis the 
correct approach for analyzing destructive processes. The use 
of Fourier analyses in the case of composite materials, such as 
concrete, is encumbered with a great deal of uncertainty. This 
results from the heterogeneous structure of concrete. The paper 
includes an analysis of the corrosion processes with the use of 
sum and point charts of the signal strength, amplitude param-
eters and summations in the time function. Such an approach 
allows for evaluating and identifying the processes’ intensity. 
Corrosion processes were tested in cement mortars stored under 
the conditions specified in ASTM C227. The specimens were 
continuously monitored for 14 days, i.e. in the period of largest 
expansion of mortars with opal aggregate. Characteristic param-
eters of recorded AE signals were analyzed in order to examine 
the progress of corrosion processes. This was accompanied by 
simultaneous analysis of the acoustic activity of mortars with 
non-reactive aggregate, making it possible to detect signals 
caused by, in particular, maturing and hardening. The tests were 
complemented with observations of the microstructure of the 
mortars under a scanning electron microscope.

Preliminary studies on the use of the acoustic emission 
method for monitoring the effect of lithium nitrate on the alka-
li-silica reaction have been published in paper [43]. The results 
of the research presented in this article constitute follow-up 
of the works conducted, aimed at applying the AE method to 
assess the reactivity of aggregates and the progress of corrosive 
processes.

These tests are the first stage in the use of the acoustic 
emission method for monitoring corrosion processes in mortars 
and concretes. The AE method is based on traditional single 
acoustic emission descriptors (amplitude, average frequency, 
counts, signal strength) and on the RA factor, which is a product 
of signal rise time and amplitude, on average frequency. Further 
research will focus on statistical methods and Kohonen neural 
networks, used for analyzing AE signals generated by processes 
accompanying phenomena related to aggregate reactivity.

2. Materials and methods

The tests were conducted using CEM I 42.5R Portland cement 
with the composition as specified in Table 1. Total alkali content 
was 0.90% Na2Oe. Opal aggregate from southern Poland was 
used as the reactive aggregate. The acquired rock fragments 
were fragmented mechanically to the 0.5–1 mm fraction. The 
petrographic analysis of the applied aggregate demonstrated 
that its primary ingredients were opal (65% vol.) and chalced-
ony (30% vol.); the remaining portion was made up of small 
amounts of quartz, talc and goethite [44].

The reactivity of opal aggregate was determined by means 
of testing potential reactivity of the aggregate, in accordance 
with ASTM C227 [45]. Opal aggregate was used with grain size 
distribution of 0.5 to 1.0 mm in the quantity of 6% in relation to 
the mass of standard quartz sand. The remaining portion of the 
aggregate was made up of non-reactive quartz sand with grain 
size distribution meeting the requirements of the standard. The 
mass ratio of all aggregate to cement was 2.25. The water-ce-
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ment ratio was kept at 0.47. Two series of 25£25£250 mm 
mortar bars were prepared, 9 specimens in each series. The first 
series included mortars with opal aggregate, and the second 
series consisted of reference specimens made of non-reactive 
aggregate, i.e. quartz sand, which was also used in the first 
series. 24 h after forming, all specimens were moved into spe-
cial containers and placed in a climate chamber. The specimens 
were kept in closed containers at 38±2°C and 100% relative 
humidity. Three mortar bars were subject to elongation mea-
surements, and three other bars were monitored by means of 
acoustic emission.

The specimens were kept in the specified conditions for 
14 days. Samples for microscopic analysis were taken from 
the three remaining mortars from each series after 1, 3, 7, and 
14 days.

2.1. Expansion measurements. The extension of mortar bars 
was measured every day for 14 days. Linear changes of the 
specimens were referred to the baseline measurement, i.e. 
measurement following the demolding of mortar bars. The 
extension of the mortars was measured directly after the spec-
imens were removed from the chamber in order to minimize 
the measuring error due to the cooling of the specimen and in 
order to ensure optimum correlation of expansion tests with the 
results obtained using acoustic emission. The specimens were 
measured using the Graf-Kaufmann apparatus with accuracy of 
down to one 0.01 mm.

2.2. Acoustic emission. Acoustic activity of the specimens was 
measured using resonant piezoelectric sensors with a frequency 
of 55 kHz, characterized by high sensitivity, and a broadband 
sensor in the 100–1200 kHz range. This was done in order to 
verify the measurement of generated AE signals. The sensor 
system was connected to a 24-channel µSAMOS processor. AE 
sensors were attached to the mortar bar surface in its central 
part with a tape and connected to the surface of the mortar 
using silicone sealant [43]. AE signals were recorded contin-
uously, throughout the entire test. Sensor calibration was con-
ducted before the actual measurements by means of reading 
the parameters of AE signals generated by a reference source. 
The reference signal was the HSU-NILSEN source – acoustic 
signal generated by the fracture of 2H graphite lead of a pencil 
on the surface of the mortar.

The number and arrangement of AE sensors is dependent on 
mortar quality (damping factor). As for the test results published 
in works [46, 47], the maximum spacing of 2.6 m is assumed 
between the sensors in concrete elements, and up to 1.2 m in 
cracked concrete elements. When the crack location function 
(min. 2 sensors) is not used, single sensors placed in the center 

of the specimen (if the maximum radius does not exceed 60 cm) 
may be used to record the processes in the whole volume of 
the sample.

2.3. Scanning electron microscopy. Analyses of mortar 
microstructure were conducted on specimens with a size of 
25£25£10 mm, respectively after 1, 3, 7 and 14 days of reac-
tion. 12-mm-thick strips were cut out from the middle part of 
mortar specimens, and their surface was ground and then pol-
ished mechanically on a diamond washer.

The specimens were observed under the FEI COMPANY 
QUANTA FEG 205 scanning electron microscope. Magnifica-
tion of 100–30 000£ was used. The surface of the specimens 
was observed in the backscattered electron detection system. 
The image of the microstructure was obtained using 15 kV.

3. Results

3.1. Mortar expansion. Figure 1 shows the average expan-
sion of mortars without reactive aggregate and mortars made 
of non-reactive aggregate. It should be noted that mortars made 
of non-reactive aggregate demonstrate small linear changes, 
approximately 0.01% throughout the testing period. Mortar bars 
with reactive aggregate demonstrated large expansion – 0.19% 
after 14 days. In accordance with ASTM C227, aggregate 
should be classified as reactive if mortar expansion exceeds 
0.05% by the 90th day of reaction and 0.1% after 90 days. 
In the case being analyzed, mortar bars with the opal aggre-
gate exceeded the aggregate reactivity threshold very quickly. 

Table 1 
Chemical composition of cement [% by weight]

Material SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O N2O P2O5 LOI(a) N.s.p.(b)

Cement 19.07 5.43 2.79 62.99 1.66 3.41 0.99 0.25 0.45 2.25 1.00
(a) LOI – loss of ignition, (b) N.s.p – parts non-soluble in HCl and Na2CO3

Fig. 1. Length change in mortar bars with reactive and non-reactive 
aggregate
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Expansion of mortars reached 0.05% already after 4 days, and 
stood at 0.1% after 5 days. Therefore, the aggregate subject to 
analysis reacted very quickly.

During the same period, white exudations characteristic for 
ASR were observed on the surface of the bars with opal aggre-
gate, but no cracks were recorded. The surface of mortars made 
of non-reactive aggregate remained unchanged throughout the 
testing period.

3.2. Acoustic reactivity response. Analysis of signal param-
eters, so-called descriptors, constitutes an important aspect of 
assessment of the progress of corrosion processes using the 
acoustic emission method. The way material cracking occurs 
affects the characteristics of acoustic emission signals, i.e. the 
number of signals, signal duration, rise time, amplitude, signal 
energy and frequency. Analysis of acoustic activity parameters 
can be useful in determining the advancement of corrosion pro-
cesses and examining the corrosion mechanism itself.

The effectiveness of acoustic emission tests depends to 
a large extent on the procedures for digital processing of signals 
performed in order to reduce background noise [48]. In order 
to limit the recording of so-called noise, suitable background 
noise filters were used: HDT (hit definition time), determining 
the time between the end of one signal and beginning of another 
one, HLT (hit lockout time), which prevented measurement of 
reflected signals, and PDT (peak definition time), set at, respec-
tively, 800 µs, 1000 µs and 200 µs. The specified 40-dB noise 
threshold for all sensors enabled the elimination of background 
signals, e.g. operation of the chamber.

During measurements of the acoustic activity of speci-
mens, particularly small-sized specimens, the main source of 
interference are waves reflected by specimen edges. High-pass 
and low-pass frequency filters were used to filter them off 
and record signals with a frequency of 1 kHz to 200 kHz. The 
main properties of AE signals, i.e. the number of counts, signal 
strength, amplitude and average frequency as averaged results 
of measurements from three mortar specimens, were extracted 
and depicted in Figures 2–5.

3.2.1. Counts. The number of acoustic emission counts, i.e. the 
number of detected signals exceeding a specific voltage level, is 
significantly different in mortars with reactive and non-reactive 
aggregate (Fig. 2). In the case of reactive aggregate, acoustic 
activity increases during the first 5 days of reaction and then 
slows down, after which, on the 12th day, it begins to increase 
again. The initially significant increase of the number of counts 
is caused by the quick progress of corrosion processes, which is 
confirmed by the expansion of the mortars. The increase of the 
number of counts in the later period is indicative of the growth 
of microcracks [49].

Mortars made of non-reactive aggregate do not demonstrate 
any activity in the first 3 days of the experiment. In subse-
quent days, acoustic activity increased significantly, reaching 
approx. 400, i.e. approx. 3.5 times less than in the mortars with 
reactive aggregate.

3.2.2. Signal strength and cumulative signal strength. Fig-
ure 3a, 3b shows a point and cumulative chart of AE signal 
strength for the analyzed mortars with reactive and non-re-

Fig. 2. Cumulative curve of the number of counts in the mortars during 
14 days of the experiment

Fig. 3. Variations of AE activity parameters of the specimens during the 
first 14 days of the experiment (a) AE signal strength, (b) cumulative 

AE signal strength

(a)

(b)
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active aggregate. Signal strength is one of the AE parameters 
defined as the area limited by the signal envelope, measured 
in pVs units. Since it is a measure of energy emitted by the 
specimen, it may be regarded as an indicator of damage. The 
increase of signal strength (SS) may be indicative of crack 
nucleation caused by the creation and accumulation of corro-
sion products [50].

The produced cumulative curve of signal strength (SS) 
increases over the entire analyzed period. The shape of the 
cumulative curve of signal strength (CSS) recorded over time 
can also be used to draw conclusions about the progress of 
corrosion processes. Sudden increases of CSS are indicative 
of damage caused by expansion due to swelling of corrosion 
products [51].

In the analyzed mortars, the characteristic “elbow” (vertical 
increase) was observed after the first, fourth and seventh day of 
the experiment and on the 12–13th days of the test, which was 
marked in Fig. 3a and 3b with dashed lines. It should be noted 
that the cumulative curve of signal strength does not flatten out 
in the analyzed period, which is indicative of continuity of the 
corrosion processes.

Mortars with non-reactive aggregate demonstrate low 
acoustic activity and small signal strength until the 9th day of 
the test. In subsequent days, however, the AE parameter being 
analyzed begins to rise in an exponentially stable fashion. This 
may be caused by the formation of small cracks in the mortars 
due to their storage conditions, i.e. high temperature and rela-
tive humidity, or changes in the microstructure occurring during 
cement hydration.

3.2.3. Amplitude. High levels of acoustic emission signal 
amplitude depicted in Fig. 4 confirm the high corrosive poten-
tial of opal aggregate recorded throughout the experiment. 
Both individual signals with high amplitudes and sequences of 
signals with lower amplitudes were recorded in mortars with 
reactive aggregate. As indicated by Farnam, material cracks 

caused by ASR may be gradual or may manifest themselves in 
the form of a considerable number of cracks over a short period 
[52]. A significant increase in the amplitude of signals in the 
mortars made of non-reactive aggregate occurred between the 
9th and 14th day.

3.2.4. Average frequency. Important parameters that may pro-
vide information about the source of acoustic emission include 
inter alia the average frequency of the AE signal (Fig. 5). The 
average frequency of the signal is determined for the entire sin-
gle AE signal, in the form of the ratio of the number of counts 
to signal duration.

Fig. 4. Distribution of AE amplitude of the specimens during the first 
14 days of the experiment

Fig. 5. Point chart of average frequency over time in the mortars on 
the 14th day of the experiment

The analyzed mortars generate AE signals in a broad fre-
quency range. As indicated by the references, cracks in reactive 
aggregate are characterized by signals with frequencies higher 
than those of cracks in the cement paste [52]. The reference 
value of the signal corresponds to the frequency of 110 kHz. For 
reactive aggregate, the average frequency is within the range 
of 0–110 kHz; and in mortars with non-reactive aggregate, the 
average frequency range is similar.

3.2.5. RA value. The relationship between the RA index, which 
is a product of signal rise time and amplitude, and the average 
frequency can be used to classify the measured signals. Cracks 
can be classified into shear and tensile cracks; high frequency 
acoustic signals with low RA indices can indicate tensile crack-
ing, and AE signals with low frequency and high RA can most 
likely be considered shear cracking [53]. As demonstrated in 
the literature on cracking due to ASR, tensile cracking is most 
likely to occur in reactive particles while shear cracking is most 
likely to be observed in the cement matrix [54, 55]. The com-
bination of tensile and shear cracking indicates cracks in the 
aggregate, cement matrix and ITZ [52]. Parameters RA and AF 
help separate tensile cracking from shear cracking with a curve 
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at an appropriate slope. The slope of the curve separating the 
two areas is assumed to be 0.1 Hz*s/V. AE events with an AF 
to RA ratio greater than 0.1 Hz*s/V can be considered acoustic 
activity induced by tensile cracking, whereas an AF to RA ratio 
lower than 0.1 Hz*s/V indicates acoustic activity induced by 
shear cracking.

In the period being considered until the 9th day, during which 
the most significant mortar expansion can be recorded, most AE 
events are located in the left half of the chart, indicating the 
formation of cracks due to the action of normal forces (Fig. 6a). 
Signals with parameters that can be considered shear cracking 
were recorded as well. In accordance with the presented mech-
anism of concrete damage caused by ASR, microcracks form 
in the initial stages of reaction in reactive aggregate and at the 
interface between paste and aggregate due to the formation of 
reaction products.

The products generate pressure that exceeds the tensile 
strength of the material. During later stages of the reaction, 
cracks form in the cement matrix surrounding the reactive 
aggregate. Between days 9 and 14, in the period of stabilization 

of the expansion of mortars with reactive aggregate, fewer sig-
nals were recorded, indicating primarily cracking, which may 
be most likely the tensile cracking (Fig. 6b).

In the case of mortars with non-reactive aggregate, signals 
characterized by low RA and high frequency were recorded after 
9 days. These signals, indicating the development of cracks pri-
marily in the aggregate and in the interface area, were caused 
likely by the specimen storage conditions or cement hydration 
processes; however, further analyses are necessary to correctly 
determine the source of the cracks.

3.3. Mortar microstructure. Cracks of opal aggregate, caused 
by the formation of strongly swelling ASR gel, were primarily 
observed in the analyzed specimens of mortars with reactive 
aggregate. Cracks were recorded in the ASR gel itself both on 
the surface and inside the aggregate, most likely due to drying. 
In later stages of the reaction, the gel filled the small pores in 
the cement paste (Fig. 7a–d).

In mortar specimens with reactive aggregate, cracks on the 
surface of the reactive aggregate and alkali gels forming inside 

Fig. 6. Variations in RA values and average frequency of samples with and without reactive aggregate during: (a)1–8 days, (b) 9–14 days
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Fig. 7. Microstructure of mortars with reactive aggregate during: 1 day (a), 3 days (b), 7 days (c), 14 days (d)
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were observed already after the 1st day of reaction (Fig. 7a). 
Cracks of reaction products inside the aggregate are indica-
tive of strong hydration of the gels. At the initial stage of the 
reaction, alkali gels most likely do not generate high expan-
sion pressure, as indicated by the small number of cracks in 
the cement paste around the reactive aggregate. Significant 
progress of corrosion processes was recorded in the specimens 
with opal aggregate after 3 days of reaction (Fig. 7b). Reactive 
aggregate continued to dissolve further. Large amounts of reac-
tion products with visible voids were formed at the interface 
between paste and aggregate. The gels that form swell up to 
a greater extent than the ones observed on the first day, as 
indicated by the larger cracks of the cement paste around the 
aggregate. With the progress of the reaction of the aggregate 
with alkali, the thickness of the gel layer around the aggregate 
increases, intensifying the cracks around the aggregate itself 
and the surrounding matrix. The gel also fills the cracks in the 
aggregate (Fig. 7c).

Microstructural images of mortars with opal aggregate after 
14 days of reaction indicate significant advancement of corro-
sion processes. Crystalline products appear in a part of the area 
of reactive aggregate, and porosity of the aggregate increases 
due to the continued dissolution of reactive silica. The extent of 
cracks in the aggregate itself, at the interface between paste and 
aggregate and in the cement paste intensifies. Reaction products 
were sporadically observed in the pores (Fig. 7d).

A small number of silica aggregate cracks and a small 
amount of cement paste were recorded in the microstructure of 
mortars with non-reactive aggregate (Fig. 8a–d). The advance-
ment of these changes increased during the later period, after 
7 and 14 days. The cracks may be induced by stresses in the 
material caused by specimen storage conditions and by the 
existence of aggregate with a weakened structure. This issue 
requires further analyses.

4. Discussion

The study presented the results of tests conducted in order to 
determine suitability of the acoustic emission method for the 
analysis of the progress of corrosion processes, i.e. the so-called 
internal concrete corrosion. Measurements of the linear elon-

gation of specimens and observations of the microstructure 
under a scanning electron microscope were conducted at the 
same time.

The results of the tests indicate that the acoustic emission 
method is suitable for detection of cracks caused by aggre-
gate reactivity. Due to its high sensitivity, the NDT method 
applied may be a valuable tool for early detection of alkali 
corrosion in concrete. The acoustic activity of the analyzed 
specimens of mortars with reactive aggregate was recorded 
already on the first day of the test. However, as indicated by 
the measurements of specimen elongation, determination of 
potential reactivity of the aggregate with alkali requires a cer-
tain advancement of corrosion processes. It should be noted 
that the formation of microcracks and alkali-aggregate reaction 
products is reflected by the high acoustic activity of the spec-
imens. The signals have different characteristics because the 
AE signals are generated by different sources such as: aggre-
gate, matrix and interfacial transition zone. The cracks caused 
by the alkali-aggregate reaction form in the reactive aggregate, 
at the interface between paste and aggregate, in the cement 
matrix and in the ASR gel.

The acoustic activity of mortars with reactive aggregate is 
well-correlated with the linear elongation of the specimens. The 
rising signal strength, illustrated in the chart of the cumulative 
curve of signal strength, proves that the corrosion processes 
are continuous. As indicated by the analysis of frequency and 
RA, in the period until the 9th day of reaction, the developing 
microcracks are caused primarily by normal stresses, which is 
indicative of corrosion taking place primarily in the reactive 
aggregate. In turn, the cracks at the interface between paste and 
aggregate can be classified as shear cracking. Stabilization of 
expansion at a later stage of the experiment does not result in 
the impediment of acoustic activity in the mortars with reactive 
aggregate.

Mortars with non-reactive aggregate demonstrated low 
acoustic activity. The signals recorded, particularly the very 
few signals recorded until the 9th day of the test, were character-
ized by low amplitude and signal strength but different average 
frequency. Beginning with day 10, in turn, acoustic activity 
was characterized by different descriptors. The amplitude and 
signal strength increased and the recorded events had differ-
ent frequency, too. However, in the microstructure of mortars, 

Fig. 8. Microstructure of mortars without reactive aggregate during: 1 day (a), 3 days (b), 7 days (c), 14 days (d)

(a) (c)(b) (d)
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especially after 7 days of storage, some cracks in aggregates 
and cement paste were observed. This issue requires further 
analyses. Furthermore, when analyzing the behavior of non-re-
active aggregate in a 1M NaOH solution and temperature of 
80°C, Rashid et al. pointed to the increase in mortar expansion 
after several days. When analyzing the relation between the 
expansion and cumulative average non-linearity parameters in 
the NIRAS (non-linear impact resonance acoustic spectroscopy) 
method, they revealed a weak correlation. However, it was 
emphasized that in the case of mortars with reactive aggregate, 
there is a strong interdependency between mortar expansion, the 
DRI (damage index rating) and cumulative average non-linear-
ity parameters [56].

The tests conducted by the authors indicate that the ana-
lyzed opal aggregate reacts both through silica dissolution 
and solid-state reaction, as indicated in the works of Scriv-
ener et al. [57, 58]. Cracks caused by the formation of strongly 
hydrated alkali gels were observed on the first day of the test 
on the aggregate surface and inside the aggregate. An increase 
of aggregate porosity, caused by silica dissolution, was also 
observed on subsequent days. Different advancements of cor-
rosion processes, including microcracks, were recorded depend-
ing on aggregate size. Also, smaller aggregate corroded more 
quickly, as confirmed by examinations of microstructure carried 
out after the first day of the test. The progress of corrosion 
processes was accompanied by an increase in the volume of 
reaction products, concentrated in the reactive aggregate and 
at the interface between paste and aggregate.

A comparison of the results of mortar specimen elongation 
tests with the results of acoustic emission analyses demonstrated 
a significant consistency. Opal aggregate is highly reactive, and 
its reaction with alkali is quick. High acoustic activity of mor-
tars with opal aggregate was recorded already on the first day 
of the test. This proves the high sensitivity and suitability of 
the acoustic emission method for testing of corrosion processes. 
Thorough analysis of AE descriptors, in turn, makes it possible 
to describe the mechanism of material damage.

5. Conclusions

The paper demonstrates that the AE method allows for detecting 
cracks in mortars with reactive aggregate. Energy parameters, 
i.e. signal strength, counts and amplitude, can all be used for 
indicating cracks nucleation and RA while the average fre-
quency relationship can serve to determine which of the mortar 
components is subject to cracking. This can help in monitoring 
the course of reaction and determining the degree of corrosion 
processes. The following conclusions can be formulated based 
on these results:

– Due to the anisotropic structure of mortar, the evaluation 
based solely on frequency parameters can be erroneous 
to a large extent. The proposed approach facilitates the 
monitoring of the occurring processes and provides the 
basis for proposing the SHM tool as a means of monitor-
ing the impact of aggregate reactivity on the structure’s 
durability.

– Application of the energy parameters analysis allows for 
determining the source of the cracks, i.e. matrix, aggre-
gate cracking as well as aggregate and interfacial transi-
tion zones. The proposed analytic approach which uses 
energy parameters allows for monitoring the destructive 
processes’ intensity.

– The authors have confirmed the acoustic emission meth-
od’s high sensitivity in the analysis of the grout damage 
degree due to aggregate reaction with alkali. The results 
of the obtained analyses confirm the microscopic obser-
vations, indicating substantial progress of corrosion pro-
cesses in the grouts with opal aggregate and a minor quan-
tity of cracks in the grouts with non-reactive aggregate.

– Cracking caused by aggregate reaction with alkali was 
detected earlier when applying the acoustic emission 
method than in the traditional approach of measuring the 
samples’ linear changes. This can be helpful in determining 
the kinetics of the occurring corrosion processes and their 
early detection.
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