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Different constituents of concrete can have cracking behavior that varies in terms of the acoustic wave-
form that is generated. Understanding the waveform may provide insight into the source and behavior of
a crack that occurs in a cementitious composite. In this study, passive acoustic emission (AE) was used to
investigate the waveform properties of the individual components of concrete (i.e., aggregate, paste, and
interfacial transition zone (ITZ)). First, acoustic events produced by cracks generated using mechanical
loading in a wedge splitting test were detected. It was observed that cracks that occurred through the
aggregate have an AE frequency range between 300 kHz and 400 kHz, while cracks that propagated
through the matrix (paste and ITZ) have a frequency range between 100 kHz and 300 kHz. Second, tests
were performed using samples that were susceptible to alkali silica reaction; and AE and X-ray computed
tomography were used to detect cracking. AE events with a frequency range between 300 kHz and
400 kHz were detected at early ages, suggesting the initiation of cracks within reactive aggregate. At later
ages, AE events were detected with frequency ranges of 100–300 kHz, indicating crack development and
propagation in the matrix.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The basic premise of this paper is that a heterogeneous compos-
ite system like concrete can develop cracking behavior that is
dependent on the properties of the constituent components. It is
known that as concrete is loaded, microcracks form initially and
eventually these microcracks will propagate, coalesce, and serve
as a source for the development of a localized, visible crack [1,2].
Over the last four decades, numerous techniques have been used
to better understand concrete fracture. These methods include
(but are not limited to) visual observation, optical microscopic
examination, scanning electron microscopy, X-ray computed
tomography, ultrasonic pulse velocity, resonant frequency, and
acoustic emission [3–9]. Attempts have been made to identify
the cause of cracking and to pinpoint the location at which crack-
ing is taking place [3–8].

Among several techniques used to detect concrete fracture,
acoustic emission (AE) is a real-time, non-invasive testing tech-
nique that has been used by many researchers to investigate the
fracture processes in concrete [10–19]. Passive AE refers to sound
waves that are produced when a material undergoes cracking;
and it is based on the principle that when a crack develops in a
material, energy is released and a portion of this energy is dissi-
pated as an acoustic wave possessing different frequencies.
Acoustic waves and corresponding energy could be released by
the generation of cracks or microcracks under several types of
internal or external loading [20]. The characteristics of the gener-
ated acoustic waves (e.g., the number of counts, number of hits,
amplitude, rise time, duration, velocity, frequency, signal strength,
and corresponding AE energy) may provide a means to identify the
constituents that fracture in the concrete. The strength of the sig-
nals and the waveform properties of the signal generally depend
on the amount of released energy, distance, source, orientation of
the source with respect to the AE sensor, and the nature of the
transferring medium [10,20–22]. When AE is performed in a pas-
sive mode, AE transducers continuously capture acoustic waves
generated by the formation of cracks or microcracks during a test.
These acoustic waves are then analyzed to identify the type and
magnitude of the resulting damage [23–27].

Materials with different microstructures and mechanical prop-
erties produce different types of acoustic activity when they
undergo cracking [28]. Analyzing AE signals can therefore help to
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determine the type and severity of the damage [8,10,12,25,29–31].
Since AE can provide a continuous measurement of crack forma-
tion and can detect its waveform properties, it may provide an
improvement in understanding fundamental mechanisms in con-
crete fracture.

In the present study, passive acoustic emission measurements
are utilized to determine whether the cracking can be assigned
to the individual constituent components of the concrete in which
the cracks likely occur. In cementitious materials, the source of
these activities is located either in the aggregate or the matrix
(cement paste and interfacial transition zone (ITZ)). The waveform
of an AE event generated at different sources in the concrete can
have distinguishable properties due to the nature and mechanical
properties of its source. The aim of this work is to characterize
the fracture behavior of the concrete by analyzing the AE wave-
forms and to thus identify the fracture behavior of the individual
components of the concrete (i.e., aggregate and matrix). Once the
AE waveform characteristics of each component are defined, they
can be used to detect the time and the source of cracking in
concrete.
Fig. 1. Fracture wedge splitting test of concrete equipped with AE sensor.
2. Experimental program

To study the fracture behavior of different components in con-
crete, two types of experiments are performed including mechani-
cal and chemical testing. In the first part of this study, the
mechanical wedge splitting test is used to determine AE waveform
signatures of cracking by changing the material in which the crack-
ing occurs. Aggregate, cement paste, and ITZ are designed to be
cracked individually, thereby knowing the constituent material in
which the cracking is generated. The second part of this paper
investigates alkali–silica reaction (ASR) of concrete using reactive
and non-reactive aggregates. Cracks caused by ASR appear to
develop inside aggregate as tensile cracks first before they extend
to ITZ and cement paste as tensile and shear cracks [32–34]. The AE
results of ASR cracking are compared to the waveform properties of
the constituent components obtained in the first part of this study.
X-ray computed tomography is also carried out on ASR samples at
different exposure ages to further define the fracture behavior of
ASR cracking. Table 1 shows the experimental program that was
carried out in this study.

2.1. Wedge splitting test

2.1.1. Materials, mixture proportioning, specimen preparation and
conditioning

Mortar and paste were prepared using ordinary Portland
cement (Alborg Portland CEM II/A-LL52.5) in a standard mixer in
accordance with NT BUILD 201 [35]. Granite rock from Bornholm,
Denmark was used as aggregate with a maximum aggregate size
Table 1
Experimental program.

Experiment Test type Sample type

Wedge splitting and AE
measurement

Series 1: mortar w/c = 0.32, .042, and 0.50
Series 2: granite rock –
Series 3: cement
paste

w/c = 0.32

Series 4: half rock
and half paste

w/c for paste = 0.32

Alkali silica reaction Length change
measurement

Mortar bar with w/c = 0.47 made w
and non-reactive sand

AE measurement Mortar cylinder with w/c = 0.47 m
reactive and non-reactive sand

X-ray computed
tomography

Mortar cylinder with w/c = 0.47 m
reactive and non-reactive sand
of 4.75 mm. The specimen geometry was based on standard cube
specimens (100 mm on a side) provided with a cast groove and a
sawn starter notch (Fig. 1). The depth of the starter notch was
equal to half of the specimen depth. The width of the notch was
5 mm [36,37]. A wet saw was used to create the notch while the
sample was supported properly.

Four series of samples were prepared for subsequent wedge
splitting tests. In the first series, the wedge splitting test was per-
formed on mortar samples made with different water-to-cement
ratios by mass (w/c) of 0.32, 0.42, and 0.50; it was assumed that
as the w/c of the mortar increased, more cracking would occur
through paste and ITZ (mortar matrix), while mortar with a lower
w/c has cracking through not only matrix, but also aggregate. In the
second series, bulk pieces of granite rock were cut and prepared
using the wedge splitting test sample size noted above. In the third
series, specimens were prepared using only cement paste with w/c
of 0.34 by mass. In the fourth series, the split sections of granite
rocks obtained after performing the wedge splitting test in the sec-
ond series were used to prepare paste-rock samples; these half
rock and half paste samples were prepared to simulate the interfa-
cial transition zone (ITZ) in concrete. To prepare the fourth series, a
half piece of rock was placed in the mold and the other half space
of the mold was cast using a paste with w/c of 0.42. Specimens
were kept in limewater for 20 d (20 �C ± 1 �C) after demolding
and were removed from the limewater 1 h prior to starting the test.

2.1.2. Testing procedure
The wedge splitting test was performed in accordance with NT

BUILD 511 [37] as shown in Fig. 1. The specimen was equipped
with a groove and a starter notch (to ensure the crack propagation)
Purpose

Influence of w/c on cracking behavior of mortar samples
Determination of waveform signature for aggregate cracking
Determination of waveform signature for paste cracking

Determination of waveform signature for ITZ cracking

ith reactive Determination of length change due to ASR in mortar sample

ade with Determination of waveform signature for aggregate and matrix
cracking due to ASR in mortar sample

ade with Determination of cracking pattern and damage development due
to ASR in mortar sample
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(Fig. 1). Two steel brackets with roller bearings were placed partly
on top of the specimen and partly into the groove, and through a
wedging device, the splitting force (Fsp) was applied. During the
test, the load in the vertical direction (Fv) and the crack opening
displacement (COD) were monitored.

After the specimen was placed in the loading device, it was pre-
loaded to a level of 50–100 N. Thereafter, in the beginning of the
test, the measured COD increased at a constant rate of 25–
50 lm/min for COD from 0 mm to 0.2 mm. For COD between
0.2 mm and 2 mm, a constant rate of 0.25 mm/min was applied.
When the COD passed 2 mm, the rate of loading increased to
0.5 mm/min. The load–COD diagram was determined by continu-
ously measuring and logging corresponding values of the vertical
load (Fv) and the COD. The splitting force (Fsp) can then be calcu-
lated using Eq. (1).

Fsp ¼
Fv

2 tanðaÞ ð1Þ

where hai is the angle between the wedge and the vertical load line.
During testing, an acoustic emission sensor was attached to the end
of the cube using Dow high vacuum grease. 1The sensor was held in
contact with the specimen using a rubber band, to record acoustic
activity during fracturing.

In this study, a Vallen AMSY51 acoustic emission system with
the capability of wave transient recording (TR) was used.
Therefore, a complete waveform diagram of any captured wave
was recorded and then analyzed. VS375-M cylindrical broadband
sensors with a diameter of 20.3 mm and a height of 14.3 mm were
used. This type of transducer is a broadband frequency transducer
with its peak sensitivity at 375 kHz and is ideally suited for detect-
ing waves due to crack growth in noisy environments. During test-
ing, the acoustic waves generated due to the crack/microcrack
formation were captured by the AE sensor and then converted to
electrical signals. The electrical signals were processed and magni-
fied by preamplifiers. A data acquisition system with the capability
of streaming TR data up to 10 MHz was used to record the results.
A noise threshold of 40 dB was considered for all AE sensors to
exclude surrounding environmental noise.

2.2. Alkali silica reaction test

Three series of experiments were prepared for subsequent alkali
silica reaction test. In the first series, length changes of mortar bars
were measured similar to the procedure described in ASTM C1260-
07 [38], however, the mortar specimens were cured for two weeks
and the experiment was carried out at 23 �C ± 2 �C. In the second
series, cylindrical mortar specimens were exposed to 1 N NaOH
solution and the acoustic emission activities that were caused by
either aggregate or matrix cracking were measured. In the third
series, X-ray computed tomography was performed on cylindrical
samples which were exposed to 1 N NaOH solution; and damage
development and cracking were monitored.

2.2.1. Materials, mixture proportioning, specimen preparation and
conditioning

Mortar specimens were prepared using ordinary Portland
cement (OPC, Type I) with a w/c of 0.47 by mass and 55% fine
aggregate by volume. The total equivalent alkali content of the
cement was 0.86%, including 0.35% of sodium oxide and 0.77% of
potassium oxide, by mass. Reactive aggregates (Jobe sand, Texas
1 Certain commercial products are identified in this paper to specify the materials
used and procedures employed. In no case does such identification imply endorse-
ment or recommendation by the National Institute of Standards and Technology or
Purdue University, nor does it indicate that the products are necessarily the best
available for the purpose.
[20]) and non-reactive aggregates (ASTM Ottawa standard sand
[39]) were used. These two aggregates had relatively similar parti-
cle size distributions. The sieve analysis for the reactive and non-
reactive aggregates was determined according to ASTM C136-06
[40] and is shown in Fig. 2. According to ASTM C136-06 [40], the
maximum standard deviation for the sieve analysis test is less than
1% for a single-operator measurement. The mortar made using the
cement and the reactive fine aggregates showed more than 0.1%
expansion after 3 d, 0.67% after 14 d, and 0.81% after 28 d when
tested according to ASTM C1260-07 at 80 �C ± 2 �C [20,38].

The mortar was prepared in a standard mortar mixer in accor-
dance with ASTM C305-12 [41]. ASTM C490 standard mortar
prisms [42] with square cross section of 25 mm � 25 mm and
length of 285 mm were prepared for length expansion testing.
Extra mortar prisms were prepared for X-ray computed tomogra-
phy evaluations. For the AE experiment, smaller cylindrical sam-
ples were cast, since it has been shown that ASR cracking can be
detected using AE techniques in specimens with different dimen-
sions [20]. The AE samples were 20 mm in diameter and 40 mm
in height and were cast in a plastic form. The length change and
the X-ray computed tomography samples were cast in steel molds.

One day after casting, the samples were removed from their
molds and sealed in a double plastic sheet and maintained at
23 �C ± 1 �C for two weeks for curing. Samples were then soaked
in water for one day at 23 �C ± 1 �C. After immersing in water, sam-
ples were immersed in a 1 N NaOH solution at 23 �C ± 1 �C; and
length change of mortar bars and AE tests of cylindrical samples
were performed. The volume proportion of sodium hydroxide solu-
tion to mortar samples in a storage container was 4 ± 0.5 volumes
of solution to 1 volume of mortar samples.

Cylindrical X-ray computed tomography samples with a diame-
ter of 10 mm and a height of 25 mm were prepared by coring from
extra prismatic samples after two weeks curing. A jeweler’s dia-
mond bit (inner diameter of 10.28 mm) was used with center core
water pressure to keep the core intact. After coring, these samples
were immersed in water and then moved to a 1 N NaOH solution
with a similar conditioning as was done for the other samples.

2.2.2. Acoustic emission detection
During the ASR test, one AE sensor was used to continuously

record passive AE signals; this was done due to the small size of
the cylindrical samples. The AE sensors used in this study had a
sensitivity of �75 ± 13 dB re 1 V/lbar to detect AE activity within
the frequency range between 75 kHz and 500 kHz. Fig. 3a shows
the experimental setup for AE detection for ASR testing. A small con-
tainer was used; a hole was made in the container lid with the same
diameter as the ASR sample. Then, the cylindrical sample was
inserted inside the container through the hole in such a manner that
the flat end of the cylindrical sample was kept at the same level
Fig. 2. Sieve analysis for reactive and non-reactive aggregate.



Fig. 3. (a) Mortar sample immersed in 1 N NaOH for ASR test with AE sensor, (b) mortar core sample inside X-ray computed tomography instrument to detect cracks.

138 Y. Farnam et al. / Cement & Concrete Composites 60 (2015) 135–145
(plane) as the container lid (Fig. 3a). This was done to attach the AE
sensor. A rubber gasket was used between the sample and the hole
on the container lid to tighten and seal the sample inside the con-
tainer. Afterward, 1 N NaOH solution was injected inside the con-
tainer using a syringe through a very small hole that had been
established in the container lid earlier. Passive AE detection was
begun immediately after the container was filled by the 1 N NaOH
solution. The AE sensor was installed using a chemical resistant
bearing grease (MOLYKOTE 3451 Dow Corning grease1). This grease
is resistant to harsh chemicals or solvents, and high and low tem-
peratures. A slight force was applied to the sensor using a rubber
band to have a better contact at the sensor/sample interface. All con-
tainers were placed on a sound and vibration dampening mat to
reduce the surrounding noise. The acoustic emission equipment
that was used is the same as that used for the wedge splitting tests.
2.2.3. X-ray computed tomography
X-ray computed tomography was performed using a SkyScan

11721 system on 10 mm diameter samples. Fig. 3b illustrates the
sample on the turntable in the SkyScan 1172 unit. To scan the sam-
ples, the samples were removed from the 1 N NaOH solution and
the bottom portion of the sample (in surface saturated dry (SSD)
condition) was fitted into an aluminum sleeve. Before exposure
to sodium hydroxide, initial radiographs were taken that were sub-
sequently converted into tomographic reconstructed images.
During ASR experiments, tomography was performed at different
exposure times (i.e., 13 d, 22 d, 37 d, 44 d, 66 d, 89 d, 116 d, and
168 d) to monitor initiation and growth of cracks. At every imag-
ing, multiple scans were performed in the vertical direction
(averaging of 4 images at each angle, with an angular spacing of
0.3 degrees) and reassembled for a single tomography dataset,
using a camera detector with 4000 pixels � 4000 pixels. For the
Fig. 4. Load and percent of acoustic emission energy versus crack opening displacement
on total acoustic energy, and fracture properties had an average COV equal to 24%).
sample sizes, the 10 mm diameter sample had each voxel
representing approximately 3.9 lm � 3.9 lm � 3.9 lm. An alu-
minum filter with 0.5 mm thickness was used to reduce the low
energy X-rays; and the X-ray source was typically operated at
93 keV and 108 mA.
3. Experimental results and discussions

3.1. Wedge splitting test

3.1.1. Typical mechanical and acoustic emission response for concrete
Fig. 4 indicates the typical mechanical response and AE energy

for concrete with different w/c. While the load–COD curve has a
similar linear pre-peak response for different w/c, the peak load
increases as w/c decreases. The differences in load–COD curves
between samples with different w/c occur when the load levels
exceeds 70% of peak load. In this region, the stress concentration
in the mortar becomes large enough to initiate the coalescence of
micro cracking. With increasing load, cracks continue to coalesce
until crack localization and propagation occur during the post-peak
softening [43].

Regarding the AE activity illustrated in Fig. 4, all samples
showed a relatively similar trend in AE energy release. Before peak
load, AE energy increases with a higher rate which can be attribu-
ted to formation of microcracks, coalescence, and localization of
micro/macro cracking. The amount of AE energy released before
peak load is less than 10% of the total AE energy that was released
at a 1 mm COD (which is nearly complete cracking and damage of
the sample with very little remaining load capacity (Fig. 4)). During
the initial loading a relatively low amount of AE energy has been
generated. This AE energy can be due to the formation of small
microcracks with a relatively low amount of new surface area
for different w/c (AE measurement had a coefficient of variation (COV) equal to 21%



Fig. 5. Properties of acoustic emission waveforms in cracking of concrete with different w/c: (a) distribution of acoustic emission events versus maximum frequency and (b)
distribution of acoustic emission events versus frequency center of gravity.
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created. After the peak load is reached, the AE energy increases at a
higher rate, which can be attributed to crack propagation (macro
crack growth and crack opening). The rate of AE energy increase
reduces as the COD reaches 1 mm, indicating that the sample
reaches nearly complete failure.

3.1.2. Acoustic waveform analysis of mechanical fracture in concrete
During crack coalescence, localization and propagation, the ITZ

and paste strength play an important role in the fracture of con-
crete [43]. For concrete with higher w/c, the paste has a relatively
lower strength due to a higher porosity [44,45]. The matrix (ITZ
and paste) is weaker than aggregates and most of the cracks occur
in this component [43]. In concrete with very low w/c, the matrix
strength increases. Accordingly, cracking begins to occur more fre-
quently in the aggregate, which implies that cracking in higher
strength concrete occurs in the aggregate and the matrix.
Therefore, it is expected that for concrete with higher w/c, the cap-
tured acoustic events during a splitting test belong mostly to crack
formations only in the matrix, while for concrete with lower w/c,
cracking occurs in both the matrix and aggregates.

Fig. 5 illustrates the characteristic frequency determined from
waveform analysis of AE events during the splitting tests of mor-
tars with different w/c. Fig. 5a shows the distribution of the
Fig. 6. Cumulative distribution of acoustic emission energy (left) and its derivative (ri
comparison to the result for the mortar sample with a w/c of 0.42.
maximum frequency of the waveforms (the frequency where the
frequency spectrum has maximum amplitude) for the different
mixtures. The detected AE waves are shown to have maximum fre-
quency in three ranges including 100–150 kHz, 150–200 kHz, and
300–400 kHz. For w/c of 0.30, the number of AE events having
maximum frequency between 300 kHz and 400 kHz increases dra-
matically and it will be asserted later in the paper that this range of
maximum frequency may be attributed to acoustic emission due to
aggregate cracking. AE events seen for all samples in the maximum
frequency ranges between 100 kHz and 150 kHz and 150–200 kHz
may belong to acoustic waves generated by matrix cracking, since
matrix always participates in cracking in concrete fracture, regard-
less of its w/c.

The distributions of AE events versus waveform frequency cen-
ter of gravity (FCG) are shown in Fig. 5b. Decreasing the w/c, the
distribution moves to higher FCG ranges (300–400 kHz) which
again is consistent with increased crack formation in the aggregate
in lower w/c (higher strength concrete).

3.1.3. Constituent component response
Fig. 6 shows the cumulative distributions of AE energy and its

derivative (probability density) as a function of the frequency cen-
ter of gravity (FCG) of each AE event for samples prepared from
ght) versus frequency center of gravity for different components of concrete with
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aggregate (Series II), paste (Series III), and interface (Series IV)
wedge splitting tests, as well as the result of the wedge splitting
test of the mortar with a w/c of 0.42. A large portion of the detected
AE events due to cracking in aggregate was observed in the FCG
range between 300 kHz and 400 kHz, which correlates with dam-
age observed in the concrete samples prepared with different w/c
discussed in the previous section. For paste samples, two ranges
of FCG having higher levels of AE energy can be seen: (a) FCG
around 150 kHz which encompasses 70% of the total detected
energy, and (b) FCG around 250 kHz having 20% of the total energy.
For ITZ cracking, the AE energy is approximately dispersed
throughout the entire range of FCG. The cumulative distribution
of AE energy for the mortar sample is relatively similar to that
for the paste sample.

Comparing the results in Fig. 6 with the results in Fig. 5, it can
be verified that first, aggregate cracking generates acoustic activity
possessing higher frequencies (300–400 kHz), second, cracking in
the matrix (paste and ITZ) mostly produces acoustic waves pos-
sessing lower frequencies (100–300 kHz).
3.2. Alkali silica reaction test

The second portion of this study examined the acoustic activity
that occurs in samples undergoing alkali silica reaction. Available
alkalis in concrete pore solution can react with reactive siliceous
aggregates in the presence of water. This reaction is relatively slow
and results in the development of an expansive gel that is formed
over time. The expansion generated by the formation of ASR gel
can result in the development of internal tensile stress in the
aggregate and matrix. If this internal stress exceeds the strength
of the aggregate or matrix, it can cause cracking. It has been sug-
gested that cracking begins as microcracks that develop in the
aggregate which, as the damage continues to occur, can extend
into the matrix (i.e., the cement paste and ITZ) [32–34].
3.2.1. Length change and acoustic activity response
Fig. 7a shows the typical length change measurements for

ASTM C490 samples stored in a 1 N NaOH solution at
23 �C ± 1 �C. It can be noticed that a similar (and minor) expansion
occurs for both samples made with reactive and non-reactive
aggregates up to 15 d. After this age, the rate of expansion begins
to increase for samples made with reactive aggregate. It can be
noticed that the samples made with reactive sand show an expan-
sion of 0.1% after 72 d, while samples prepared with non-reactive
sand show approximately 0.01% expansion throughout the dura-
tion of the test. It should be noted that the average coefficient of
Fig. 7. (a) Length change of ASTM C490 mortar bars in 1 N NaOH at 23 �C ± 1 �C solutio
length change measurement); and (b) cumulative AE signal strength for samples immers
non-reactive and reactive samples are indicated with black line).
variation for length change measurement was respectively 21%
for reactive aggregate and 13% for non-reactive aggregate.

Fig. 7b shows cumulative AE signal strength for samples pre-
pared for AE detection with reactive and non-reactive sand. The
difference between AE signal strength between the samples with
reactive and non-reactive samples can be seen in this figure.
Differences in the AE signal strength between reactive and non-
reactive samples begins to diverge at 5 d and become more preva-
lent over time, while length change measurements (Fig. 7a) take a
longer period (15 d) to show a difference between the non-reactive
and reactive aggregates. In addition, the first dramatic change in AE
signal strength (i.e., ASR cracking) can be observed at 26 d.
According to the ASTM length change measurements, however,
the reactivity of aggregate can be confirmed at 72 d. This illustrates
the capability of AE to detect ASR cracking at early ages since it
detects the onset of cracking, while it can take significantly longer
using ASTM standard length change measurements, as the latter
measures the influence of cracks on the length change. This is well
investigated previously in the work done by Pour-Ghaz et al. [20].

AE activities for both samples are indicated in Fig. 8. While sam-
ples prepared using the non-reactive sand showed relatively few
AE activities and substantially lower AE signal strength, samples
prepared using the reactive sand indicated substantial amounts
of AE activity and AE signal strength.

The AE activity detected at early ages in samples prepared using
non-reactive aggregate (Fig. 8a) and some part of the early age AE
activity in samples prepared using reactive aggregate (Fig. 8b) may
be attributed to the absorption of NaOH solution or removal of air
bubbles from the solution/sample. Samples prepared using the
reactive aggregates showed several bursts of cracking events as
well as more gradual AE activity developed over time. This appears
to indicate that not only is ASR cracking a gradual fracturing, but it
may be associated with specific discrete activities (instabilities)
where numerous cracking events happen over a short period of
time. These bursts of AE activities are highlighted by arrows in
Fig. 8b.
3.2.2. Waveform analysis of ASR cracking
As previously mentioned, the aggregate is expected to crack

before cracking occurs in the matrix [32–34]. And because aggre-
gate typically cracks at a higher frequency, one would expect the
earliest acoustic events in the ASR specimens to have higher fre-
quency content than those occurring at later ages. Fig. 9 shows
the number of AE events and their signal strength as a function
of the frequency center of gravity for the AE waveforms in the reac-
tive and non-reactive aggregate samples. Fig. 9a provides data to
illustrate that the center of gravity of the frequency for the AE
n over time, (the error bars indicate ± one standard deviation for four replicates of
ed in 1 N NaOH at 23 �C ± 1 �C solution over time (the differences in values between



Fig. 8. Acoustic emission activity for samples prepared with reactive and non-reactive sand immersed in a 1 N NaOH solution at 23 �C ± 1 �C versus time (arrows show bursts
of AE activity due to cracking).

Fig. 9. Acoustic emission activity of ASR cracking in samples with reactive and non-reactive aggregates immersed in 1 N NaOH at 23 �C for 80 d: (a) distribution of AE events
versus frequency center of gravity, and (b) distribution of AE signal strength versus frequency center of gravity (note that y-axis is clipped between 50 events and 310 events
for (a), and between 2.5 lV s and 11.5 lV s for (b) to better illustrate the distribution).
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events that were detected in the non-reactive samples tends to
occur over the full range of frequencies with a slightly higher num-
ber of events occurring at higher frequencies which is consistent
with aggregate cracking. These events, however, are relatively
few in number and have very little AE signal strength (Fig. 9b). In
contrast, the samples made with the reactive aggregates show AE
events with differing frequencies (Fig. 9a and b). The center of
gravity for the frequency in the samples made with reactive aggre-
gates can be divided into two ranges: (a) low frequency range
(100–300 kHz), which is consistent with matrix cracking occurring,
and (b) higher frequency range (300–400 kHz) which is consistent
with aggregate cracking.

To better understand how the cracking changes as a function of
time, Fig. 10 was developed to plot the number of AE events versus
the center of gravity for the frequency in samples with non-reac-
tive (Fig. 10a) and reactive aggregates (Fig. 10b) during three dif-
ferent time ranges: early exposure time (1–21 d), moderate
exposure time (22–42 d), and long-term exposure time (after
43 d). It can be noticed that the samples prepared with the non-
reactive aggregate have events that are predominantly located in
the same frequency ranges at all exposure ages. As mentioned
before, the corresponding cumulative AE signal strength for these
events was found to be very small (Fig. 10b). The samples with
the reactive aggregate have waves that initially (1–21 d) occur pre-
dominantly at the higher frequency range (300–400 kHz) which
would be consistent with aggregate cracking due to stresses caused
by ASR gel expansion inside aggregate, and over time an increasing
portion of the acoustic activity shifts to the lower frequencies
(100–300 kHz) which would be consistent with more matrix (ITZ
and paste) cracking.

The results observed for ASR cracking (Figs. 9 and 10) match
almost completely with the results obtained in mechanical wedge
splitting tests for aggregate and matrix cracking (Figs. 5 and 6).

In addition to AE waveform signatures such as AE events, peak
amplitude, AE energy, AE signal strength, rise time, duration, maxi-
mum frequency, and frequency center of gravity, other AE indices
have been used in an attempt to help classify the cracks, as has
been done in other literature [25–27,46]. RA value (rise time/am-
plitude) and average frequency (AF) are two AE indices which are
used to distinguish tensile and shear cracks [25–27,46]. The RA
index and AF index can be calculated using Eqs. (2) and (3),
respectively.

RA ¼ RT
A

ð2Þ

AF ¼ C
D

ð3Þ

where RT is the rise time (the delay time between the onset of an AE
waveform and the peak amplitude), A is peak amplitude, D is the
duration of an AE waveform (the time between the first and the last
threshold crossing), and C is the total number of threshold crossings



Fig. 10. Distribution of AE events at different periods of time versus frequency center of gravity for mortar sample with reactive and non-reactive aggregate immersed in 1 N
NaOH at 23 �C (note that y-axis was clipped between 50 events and 250 events to better illustrate the distribution).

Fig. 11. Average frequency (AF) versus RA index for ASR AE events of samples prepared by reactive aggregates during (a) 1–21 d, (b) 22–42 d, and (c) after 43 d.
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for an AE waveform [27]. By means of the RA and AF indices, cracks
can be classified into tensile and shear cracks [25–27,46]. Fig. 11
shows average frequency versus RA index during three different
time ranges as before: early exposure time (1–21 d), moderate
exposure time (22–42 d), and long-term exposure time (after
43 d). The commonly suggested slope for the line to separate tensile
cracking and shear cracking is 0.1 Hz s/V, which was obtained based
on four-point bending tests and the direct shear tests of concrete
specimens [25–27,46]. When the ratio of AF to RA for an AE event
becomes greater than 0.1 Hz s/V, this AE event can be considered
as an acoustic activity for tensile cracking. Similarly, AE events with
the AF to RA ratios less than 0.1 Hz s/V can be considered as acous-
tic activities for shear cracking. It should be mentioned that when
this ratio is close to 0.1 Hz s/V, the cracking can be a combination
of shear and tensile cracking [25–27,46].

During early exposure times (Fig. 11a), most of the AE events
are predominantly located within the upper half part of the AF
versus RA plot which can indicate that tensile cracks are form-
ing. This is consistent with the fact that tensile micro-cracks
occur inside aggregate at early ages in ASR tests due to the
expansion of the newly formed ASR gel. At moderate exposure
times (Fig. 11b), some AE activities begin to correspond with
shear cracking which may represent the initiation of crack
extension to the matrix (ITZ and cement paste); tensile cracks
are still observed due to additional tensile cracking caused by
the ASR gel and aggregate expansion. At later exposure times



Fig. 12. X-ray tomography of mortar samples immersed in 1 N NaOH at 23 �C: (a) initial imaging: no cracking, (b) 44 d: initiation of visual cracks, (c) 89 d: propagation of
cracks into ITZ and paste, and (d) 116 d: growth of cracks (arrows highlight cracking in the mortar specimens).
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(Fig. 11c), a combination of tensile and shear cracking can be
observed which shows the formation of cracks in aggregate,
ITZ, and cement paste. It should be mentioned that the aggre-
gate cracking in ASR tests may most likely be the tensile crack-
ing, while the matrix (ITZ and cement paste) cracking may most
likely be the shear cracking [32–34].
3.2.3. Analysis of X-ray computed tomography images
In addition to length change measurement and AE recording for

ASR samples, X-ray computed tomography was also performed to
relate physical damage to length change and AE measurements.
Fig. 12 shows X-ray computed tomography images (2-D) for sam-
ples with reactive aggregate after different durations of being
exposed to the 1 N NaOH solution. During early ages before 44 d,
the X-ray computed tomography images remain almost unchanged
and no cracking was observed; this might be due to the image res-
olution which does not permit detection of micro-cracking which
is expected to occur in the aggregate. The first visual cracking
was detected at 44 d (Fig. 12b). At this age, samples with reactive
aggregate showed a relatively considerable length change
(Fig. 7a). According to AE measurement, moreover, this cracking
is associated with detection of numerous amounts of AE events
at different frequency ranges which indicates the formation of
cracks and macro-cracks due to fracture in aggregate and matrix.
At later ages, more cracking is observed in the matrix and through
the aggregates in the samples (Fig. 12c and d) showing the progres-
sion of ASR cracking. Although initial cracking was not able to be
observed with the specimen size and instrument settings, higher
resolution scanners are available that could be able to provide
insightful observations [32,47].
4. Conclusions

This work has shown that acoustic emission (AE) is an experi-
mental technique that is capable of detecting cracking in concrete
and the frequency of the AE events may be used to determine
which component of concrete is cracking. The AE activity due to
concrete cracking can be divided into two main categories: (1) a
high frequency range AE event (between 300 kHz and 400 kHz)
which can be an indication of aggregate cracking, and (2) a low fre-
quency range AE event (between 100 kHz and 300 kHz) which can
be an indication of matrix cracking (paste and ITZ). The frequency
ranges were determined by performing wedge splitting tests on
specific specimens of (1) rock, (2) hydrated cement paste, (3) com-
posite samples which are a combination of rock and hydrated
cement paste, and (4) mortar samples.

ASR tests were also performed on samples with reactive and
non-reactive aggregates, with concurrent AE measurements.
Substantially greater acoustic activity was observed for samples
with reactive aggregate than in samples with non-reactive aggre-
gates. Samples with reactive aggregate showed acoustic activity
long before significant expansion occurred. Comparing the results
from the length change measurement and AE detection for ASR
testing, acoustic emission may be used as a technique to detect
the reactivity of the aggregate faster than the common length
change measurements; however, more research needs to be done.
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For the ASR experiment in this study, it was also found that the fre-
quency of AE events varies during different exposure ages due to
the fact that (1) at early ages, cracking begins in the aggregates,
and (2) at later ages, the cracking develops to the matrix.
Aggregate cracking (early age evidence) had a high frequency range,
while matrix cracking (later age evidence) showed a low frequency
range that was consistent with the results obtained in mechanical
wedge splitting tests for aggregate and matrix cracking. AE indices
(i.e., rise time/amplitude value and average frequency) were also
obtained for ASR tests and a fairly good agreement was observed
between the rise time/amplitude and average frequency response
to define the mode of failure (tension vs. shear). At early exposure
ages, tensile cracks were observed due to tensile aggregate crack-
ing, while a combination of tensile and shear cracking was seen at
later exposure ages due to aggregate and matrix cracking.

X-ray computed tomography, at the resolution employed in this
study (3.9 lm � 3.9 lm � 3.9 lm), partially supports the results
obtained from AE measurement and it was able to detect ASR
cracking no sooner than 44 d. At later ages, visible cracks were
detected using X-ray computed tomography due to extension
and growth of ASR micro-cracks. X-ray computed tomography
with a higher resolution (or smaller voxel size) may be needed to
observe the ASR micro-cracking at early ages.
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