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a b s t r a c t

As concrete freezes and thaws cracks may develop. These cracks can provide a path for water and ionic
species to penetrate the concrete. This may reduce the service-life of the concrete element. In this study,
X-ray computed tomography (CT) was used as a non-destructive technique to characterize the micro-
structure of mortar samples that were exposed to different levels of freeze-thaw damage by varying
degree of saturation in the samples (75, 90, 95, and 100% degrees of saturation). Acoustic emission (AE)
experiments were performed during freezing and thawing to investigate sample cracking behavior. The
volume of cracks present within the mortar samples after freezing and thawing were determined using
X-ray CT and compared to passive acoustic emission data. The location/source of cracks was also
determined using X-ray CT. The crack sources (i.e., void, aggregate, interfacial transition zone, or paste)
were determined using X-ray CT and were related to AE activities during cracking. Crack volumes were
found to increase with increased levels of saturation, and visual observations of cracking were found to
correlate with AE signatures of various crack sources.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The cracking behavior of a composite system like concrete is
dependent on the properties of its constituent components. Cracks
can formwithin a concrete specimen in a variety of ways, such as an
applied external force, temperature changes leading to volumetric
mismatch, and internal chemical reactions usually caused by the
ingress of aggressive chemicals [1,2]. Small cracks can form and
eventually propagate, thus serving as a source for the development
of larger cracks [2,3]. A number of nondestructive techniques have
been used to better analyze cracking within concrete, such as visual
inspection, microscopic analysis, 3-D X-ray computed tomography
(CT), ultrasonic pulse velocity, resonant frequency, and acoustic
emission [4,5]. Acoustic emission (AE) is a real-time, non-destruc-
tive evaluation method that can be used to investigate cracking in
concrete [6,7]. Passive AE corresponds to soundwaves that are
produced when cracks develop in a material. When a crack is
formed in the concrete, energy is released and a portion of this
opyright
energy is dissipated as an acoustic wave with specific waveform
signatures [8e10]. Acoustic waves and corresponding energy could
be released by the formation of cracks or microcracks due to freeze-
thaw cycles [11e13]. The characteristics of the acoustic waves (e.g.,
the number of counts, number of hits, amplitude, rise time, dura-
tion, velocity, frequency, signal strength, and corresponding AE
energy) may provide a method to evaluate cracking in samples
exposed to freezing and thawing [3,14]. Generally, the strength of
the signals and the waveform properties depend on the amount of
released energy, distance, source, and the orientation of the source
with respect to the AE sensor [15]. Passive AE tests involve AE
transducers that continuously sense 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. In cementitious materials, the source of AE ac-
tivities may be located within different constituents consisting of
the aggregate or the matrix (cement paste and interfacial transition
zones (ITZs)), and cracking in each constituent may create different
types of AE activity that can be used to classify cracking type and
phase location [15].

3D X-ray CT can also be leveraged as an efficient non-
destructive characterization of the microstructure of mortar
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samples [16]. This method allows the user to visualize the com-
ponents present within an opaque subject being analyzed as well
as to obtain accurate quantitative information on the area and
volume of specific components [16,17]. Additionally, X-ray micro-
CT scans can be assembled into 3D models and used for finite
element computations of fracture in mortar and concrete [18e21]
The images taken consist of various grey intensities that corre-
spond to different densities within the sample, where darker
shades usually correspond to low density components (i.e., voids,
cracks) and lighter shades usually correspond to higher density
materials (i.e., cement paste, aggregate) [16,22]. To identify air
voids, a threshold intensity value can be chosen. Using a threshold
value that corresponds to a gray intensity, the original image can
be transformed to a binary image, which can then be used to
measure the size of the components that is represented by the
remaining pixels in the binary image [16,23].

The purpose of this work is to characterize the fracture behavior
of the concrete by investigating the AE waveforms and comparing
AE activities to visual observations obtained from 3-D X-ray
computed tomography (CT). Accordingly, the fracture behavior of
the individual components of the concrete (e.g., within the cement
paste, aggregate and ITZ) can be identified and characterized due to
freeze-thaw damage.
1 Certain commercial equipment and/or materials are identified in this report in
order to adequately specify the experimental procedure. In no case does such
identification imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the equipment and/or materials
used are necessarily the best available for the purpose.
2. Experimental program

2.1. Materials and mixture proportioning

All tests were performed on a mortar mixture with a water-to-
cement ratio (w/c) of 0.42 by mass and a sand volume fraction of
55%. The mortar contained ordinary Type I Portland cement (OPC)
with a fineness of 375m2/kg (C3S¼ 60%, C3S¼ 10%, C3A¼ 9%,
C4AF¼ 10%, and Na2OEQ¼ 0.86%). The aggregate was natural sand
with a maximum size of 4.75mm, specific gravity of 2.61, fineness
modulus of 2.89, and an absorption value of 2.2% by mass. ASTM
C305-12 [24] was followed during the preparation of the samples in
a standard mortar mixer. The mortar samples with dimensions of
25.4mm� 25.4mm x 300mm (1 in x 1 in x 11.81 in) were cast,
vibrated, and sealed for 28 d. Following curing, mortar samples
were cored and cut into cylinders with a 10-mm diameter and a 20-
mm length for freeze-thaw test.

The samples were placed in a vacuum oven at 50 �C± 1 �Cwith a
pressure of 2.66 kPa± 0.66 kPa (20mmHg± 5mmHg) for one day.
The samples were placed in a desiccator using two small spacers
underneath each sample to provide a small gap between the lower
surface of the sample and the bottom of the container. The samples
were evacuated to a pressure of 10± 5mmHg for 3 h. Following
evacuation but still under vacuum, de-aeratedwater (de-aerated by
vacuuming the water for 15min) was added to the container until
the sample was completely submerged. The sample remained
submerged for 1 h. Next, the submerged sample in the water was
transferred to a 23 �C± 0.5 �C chamber and remained in the
chamber before testing for a period of 3 d. This condition was
defined as having a 100% degree of saturation (DOS). The samples to
be used for testing at lower degrees of saturation were submerged
for 3 d andwere then removed from the solution. The samples were
set aside to dry while monitoring their mass every 1mine5min
until the desired mass (i.e., degree of saturation) was obtained to
reach the target DOS. Samples were placed in a double sealed bag
for a week prior to freezeethaw testing to assure uniform distri-
bution of moisture within the sample. Samples with 75%, 90%, 95%,
and 100% DOS were prepared in this study. The DOS was calculated
by using the ratio of the volume of absorbed water to the total
volume of water that the sample was capable of absorbing.
2.2. Freeze-thaw testing procedure

Freezeethaw testing was performed on samples using a ther-
mally insulated setup shown in Fig. 1. The temperature of the
sample was controlled using a cold plate. One AE sensor was used
to investigate the acoustic activity of a sample during freezing and
thawing. Vacuum grease was used to attach the sensor to the
sample. High vacuum silicone grease (polydimethylsiloxane,
amorphous silica, dimethyl siloxane, and hydroxyl) was used that
good resistance to water, chemicals, and high and low tempera-
tures, and it was found to be stable over the temperature range of
the test. A single cooling and heating cycle was applied using a
cold plate whose temperature was controlled as described in
Fig. 1c, with a cooling rate of 2 �C/h and a heating rate of 4 �C/h
(Fig. 1c). With this setup, one-dimensional heat flow was pro-
duced using a heat sink (i.e., cold plate) and an insulated enclo-
sure. Thermocouples were used to monitor temperature in three
locations (shown in Fig. 1): on the surface of the cold plate, at the
bottom of the mortar sample, and around the middle of the
sample. Temperature sampling was performed at a rate of
0.05 kHz during the thermal cycle.

The acoustic emission (AE) activity produced by generation of
cracks or microcracks was monitored during freeze-thaw testing.
The acoustic events refer to sound waves that are produced when a
material undergoes cracking, resulting in stress waves because of
the energy release in a material. The detected AE can cover a wide
range of inaudible and audible frequencies [25]. Therefore, a
threshold value of 45 dBAE was selected to filter any noise created
during test. A VS375-M1 cylindrical piezoelectric sensor (with a
frequency range between 100 kHz and 700 kHz) was used to
convert the captured acoustic waves into electrical signals [26] The
VS375-M was found to be a promising sensor in capturing internal
cracking in cementitious materials from previous works [12,15].
The AE filtered signals through AE sensor were amplified and
recorded in a data-acquisition system. A Vallen AMSY-5 acoustic
emission system with the capability of wave transient recording
(TR) was used [27]. Therefore, a complete waveform diagram of any
captured wave could be recorded and then analyzed. The area
under the absolute value of the volt-time response of the AE sensor
during an AE event was calculated and considered as the “AE signal
energy” that is released. This AE signal energy is proportional to the
fracture energy [12,28,29]. Verification of the AE signal processor,
parametric input channels and system performance are reported in
Ref. [30] according to EN 13477e2:2010 [31].
2.3. 3D X-Ray micro-computed tomography (CT) procedure

Crack and void distributions within mortar samples due to
freeze-thaw cycling were monitored using an X-ray micro-CT in-
strument. X-ray micro-CT is useful in visualizing features in the
interior of solid objects so that their 3D geometry and properties
can be obtained and measured accurately. The components of this
measurement consist of a source and a detector, with the test
specimen placed on a rotating stage between the two [16]. Before
scanning, samples were first dried in a vacuum oven at
50 �C ± 1 �C and a pressure of 20mmHg ± 5mmHg for a day after
freeze-thaw testing in order to remove the moisture for easier X-
ray imaging and preventing further hydration until X-ray



Fig. 1. (a) Experimental set-up of freeze-thaw test, (b) A-A cross section view of the experimental set-up and locations of thermocouples, (c) temperature profile at cold plate
surface, bottom surface of sample, and middle of sample during freeze-thaw test.
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scanning was performed. For X-ray imaging, samples were ship-
ped to National Institute of Standards and Technology (NIST). For
shipment, efforts were taken to make sure that the samples would
not be disturbed.

Afterwards, X-ray images were taken of samples using a Versa
XRM500 system. For 10mm diameter mortar samples images were
taken at a resolution with voxel sizes representing approximately
2.57 mm� 2.57 mm x 2.57 mm. The field of viewwas taken inside the
samples, approximately along the central spine and well away from
either cylinder end. The X-ray source was typically operated at
80 kV and 87 mA or 7W of power, without a filter.

X-ray imaging was performed to produce a set of CT images that
could be used to generate a 3D CT image of the specimen. The
resulting X-ray CT images are a map of the spatial distribution of
the linear attenuation coefficients of each material phase in the
sample. In this map, brighter regions correspond to higher values of
the coefficient. Differentiation of features within the specimen is
possible because the linear attenuation coefficient at each point
depends directly on the density and composition of the specimen at
that point. Thus, X-ray CT images display differences in density and
composition at every point in the set of two-dimensional slices
produced of the volume scanned [17,23].

To assess the likelihood of the existence of (1) initial cracks
before freeze-thaw test or (2) creation of cracks due to vacuum
drying, samplewith 75% DOSwas also tested. It has been previously
shown that freeze-thaw cycles should not result in damage in
samples with DOS less than critical DOS (i.e., ~85%e86%)
[12,32e36].
2.4. Construction of 3D model of mortar sample using X-Ray micro-
CT

To calculate void and crack volume fractions, each component
(consisting of crack, voids, matrix, and aggregate) needs to be iso-
lated for accurate data results. Image-Pro Plus software was used
for image analysis in this study. This software has an array of filters
and contrast adjustment features to aid in enhancing the image for
analysis. Otsu's method was used for thresholding and segmenta-
tion processes [37,38]. Otsu's method involves iterating through all
possible threshold values and calculates ameasure of spread for the
pixel gray levels on each side of the threshold (i.e., the pixels either
fall in foreground or background), where the purpose is to find the
threshold value where the sum of the widths of the foreground and
background gray-scale distributions is at a minimum. The formula
involves calculating the 'Within-Class Variance’ (the sum of the
foreground and background variances multiplied by their associ-
ated weights) [37].

1000 X-ray CT 2D images were stacked to construct a 3D image.
Using ImagePro, the contrast and brightness levels of the images
were adjusted to approximately 45e55 and 990e1000, respec-
tively, to enhance the boundaries between the voids and cracks
against various components within the mortar samples in order to
accurately isolate the voids and cracks. A segmentation tool was
then used to separate the voids from the background image, which
would then transform the grayscale image into a binary image.
Threshold values ranged between approximately 50-100. Once the
stacked sequence of 1000 binary images were developed, theywere
modeled in 3D. The resulting 3D image was then analyzed using



Fig. 2. 3D views of mortar samples and 2D views of critical areas of (a) DOS 75: the
arrow indicates a crack observed within ITZ, (b) DOS 90: the arrow indicates a crack
observed within cement paste and ITZ, (c) DOS 95: arrows indicate cracks observed
within ITZ and aggregate, and (d) DOS 100: arrows indicate cracks observed within
cement paste, ITZ and aggregate.
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counting tools to perform void volume calculations by counting the
number of voxels present within the 3D reconstruction, where each
voxel represented approximately 2.57 mm� 2.57 mm x 2.57 mm.

Isolating cracks involved a dual software and manual segmenta-
tion process, where background noise and voids were erased while
leaving cracks present in the image. As in the procedure to isolate
voids and cracks within the images, the segmentation tool was used
to isolate all the components in image that were black. This left both
cracks and voids present within the image. Surface to volume ratio
was used to separate cracks from voids. Since cracks possess rela-
tively planar surfaces, they have a surface to volume ratio much
higher than voids with relatively circular shape.

3. Results and discussion

3.1. Evaluation of crack origins using 3D x-ray

Cross sectional videos were made from the 3D image analysis,
moving from the bottom to the top of each X-ray CT scane links are
provided as supplementary data in Appendix A, along with quali-
tative visual observations of each 3D image set. Additionally, 3D
views of mortar samples and 2D views of critical areas are shown in
Fig. 2. Cracking activity seems to increase with increasing degree of
saturation (DOS) of the mortar sample. For the mortar sample with
75% DOS, (Fig. 2a), minor cracks were observed only within the ITZ
regions; this may be due to the weak ITZ microstructure [39]
making this zone more susceptible to damage resulted from either
freeze-thaw damage or Coefficient of Thermal Expansion (CTE)
mismatches between aggregate and paste than other phases. For
the 90% DOS mortar sample (Fig. 2b), cracks were observed within
the ITZ as well as the cement paste regions. For the 95% DOSmortar
sample (Fig. 2c), cracks were observed within aggregates as well as
ITZ regions. It appears that at 95% DOS, all mortar constituents (i.e.,
aggregate, ITZ, and cement paste) are susceptible to cracking due to
freeze-thaw cycles. For the 100% DOS mortar sample (Fig. 2d) as
expected, several cracks were observed in the sample that were
distributed throughout all constituents of mortar sample including
ITZ, paste, and aggregate.

According to the 3D image analysis, samples with DOS higher
than the critical DOS (85%e86% [34,36]) had noticeable freeze-
thaw damage and cracking while sample with 75% DOS (i.e.,
below the critical DOS) showed minor damage only in some ITZ
regions. It should be mentioned that the temperature of samples in
this study was decreased up to �40 �C (Fig. 1c) that can result in
water freezing in gel pores and create minor damage even in
sample with 75% DOS [40]. Further discussion of the critical DOS
will be made in Section 3.2.

Additional representative 2D images along with 3D images are
provided in Fig. 2 for each of the mortar samples to emphasize the
cracking in different components of the mortar; cracks were
highlighted using arrows.

It should be mentioned that the X-ray CT images analyzed and
provided in this study did not havemore than the expected amount
of noise typical to X-ray CT images [17,41e43]. It is common that X-
ray CT reconstructed images contain noise. This comes from several
sources. First, mortar is itself a randommaterial. Second, there are a
limited number of projections made in any CT scan, fromwhich the
cross-sectional images are mathematically produced. More pro-
jections produce less noise. Third, there are certainly random fea-
tures in the mortar that are of a length scale lower than the voxel
size. These will produce a source of random variation in the gray
scale of the voxels, reflecting this sub-voxel scale. Finally, the
filtered back-projection reconstruction algorithm used by the CT
scanner we used can produce random artifacts (e.g., streaking),
which oftenmanifests itself as random noise, especially after image
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segmentation.
In this study, both low-resolution and high-resolution scanning

X-ray CT methods were conducted to assess the trade-off between
lowering voxel size to see more detail, and increasing voxel size, to
see a greater volume of the sample. The voxel size of 2.57 mm was
found to be a satisfactory compromise to scan the necessary detail
of freeze-thaw cracks over a satisfactory sample volume to be
representative of the whole sample.
3.2. 3-D image analysis of crack pattern and void distribution in
mortar sample with various degrees of saturation

To further investigate the effect of the degree of saturation on
cracking behavior of samples during freezing and thawing, voids
and cracks were isolated from the 3D image sets as shown in Fig. 3.
In this figure, air voids are illustrated using red color (lighter color)
while cracks due to freeze-thaw damage are illustrated using green
color (darker color). As the degree of saturation increases, the
number and volumes of cracks in the sample increases. The sample
with 100% DOS shows several cracks throughout the sample while
there is only a minor small crack observed for the 75% DOS mortar
sample.
Fig. 3. 3D images of isolated cracks and voids within mortar samples with varying degrees o
indicates entrapped air voids, and green (darker) color indicates cracks due to freeze-thaw d
referred to the Web version of this article.)
It should be mentioned that the limitations of analyzing the 3D
x-ray CT image sets include the subjective image segmentation
methods as well as a small mortar volume investigated. Image
segmentation thresholding is highly dependent on the user and
may be a potential source of error for void and crack volume cal-
culations as it involves manually adjusting the segmentation pref-
erences. An uncertainty analysis was performed based on the
adjustment of the image segmentation thresholding preferences,
yielding an uncertainty in the crack volume fraction calculation to
be±0.002mm3/mm3. In addition, only four samples were analyzed,
each with a volume of about 13mm3 (higher resolution images
used). It should be also mentioned that due to the limited quantity
of data, a linear relationship between DOS and damage was
assumed as suggested in Refs. [34,36,44]. Further investigation of
more samples would provide a greater representation of the data
and less uncertainty.
3.3. Acoustic emission activity during freezing and thawing

The freeze-thaw cycle in which acoustic emission activity was
measured took place over an approximately 55-h period. During
freezing and thawing, the AE waveform was recorded for every AE
f saturation made using X-ray micro-CT and Image-Pro Plus software: red (lighter) color
amage. (For interpretation of the references to color in this figure legend, the reader is



Fig. 5. The effect of DOS on the final cumulative AE energy within mortar samples
subjected to freeze-thaw damage.
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activity, and used to obtain AE waveform signatures. The amplitude
of every AE activity and cumulative AE energy are plotted in Fig. 4
as the DOS for mortar samples varies. In Fig. 5 the final AE cumu-
lative energy is plotted versus DOS; it appears with increasing
degrees of saturation, the cumulative AE energy tends to increase
within the mortar sample, which may be used as an indication of
cracking damage magnitude in the sample. AE energy has been
shown to be proportional to the fracture energy [5,12,14,45].

In Fig. 4, a cluster of AE activity is highlighted using an arrow for
all samples that is associated with a rapid increase in AE energy at a
time between 15 and 20 h. This AE activity is associated with the
initiation of freezing and the formation of ice (time of freezing, tf) in
the mortar pores. The variation in the cumulative AE energy as a
function of temperature was plotted Fig. 6 for samples with
different DOS. Time of freezing in Fig. 6 was highlighted using a
dashed line and the associated freezing temperature was reported
as Tf in this plot. The AE activity that was observed before tf in
Figs. 4 and 6 is mainly attributed to the mismatch between the
coefficient of thermal expansion (CTE) between aggregate and
paste, as previously reported in Refs. [12,34]. It appears the AE
activity due to CTE mismatch decreases as the DOS decreases,
probably due to the reduction in the thermal conductivity within
the sample matrix resulted from the replacement of the water with
thermal conductivity of 0.5886W/(mK) with the air with thermal
conductivity of 0.023W/(mK).

The associated Tf obtained from Fig. 6 for sample with 75% DOS
is �9.3 �C which is lower than freezing temperatures obtained for
other samples due to mainly the capillary pore pressure effect in
this sample [40]. As the DOS increases, the size of pores that are
occupied by water increases. Since larger pores create lower
capillary pressure, the freezing temperature (Tf) decreases as the
DOS increases in the sample.

In Figs. 4 and 6, few AE activities are seen for samples with DOS
below DOScr (i.e., 75% DOS) at tf since this sample has sufficient
available empty space that can be occupied by ice formation
resulting in no internal pressure and damage.

In Fig. 4, another prominent gradual AE activity (highlighted
using an ellipse) associated with gradual increase in AE cumulative
energy in Fig. 6 is seen for all samples occurring after tf when the
Fig. 4. Acoustic emission activity during freezing and thawing test for each DOS sample. Ar
mortar pores whose freezing temperature is not influenced by pore capillary pressure, and e
mortar pores whose freezing temperature is influenced by pore capillary pressure.
temperature of sample is between ~ Tf and �40 �C. This gradual AE
activity may be due to freezing of the remaining water in mortar
pores whose freezing temperature was depressed due to the effect
of pore capillary pressure [40]. It should be mentioned that in a real
practical situation, the likelihood of a structure experiencing a low
temperature profile (near �40 �C) is uncommon depending on the
location of the structure in the US. In this study, the lowest tem-
perature was set to be �40 �C to monitor the freezing behavior of
mortar samples in a temperature at or above �40 �C. It should be
noted that other temperature profiles or conditions can be applied
for freezing and thawing.
3.4. Evaluation of the source of cracking using acoustic emission

It has been previously [15] shown that the AE waveforms fre-
quency at which the spectrum has maximum amplitude (so called
maximum frequency) can be used to classify the source of cracking
rows highlight the AE activity associated with the freezing of a portion of water in the
llipses highlight the AE activity associated with the freezing of a portion of water in the



Fig. 6. AE cumulative energy as a function of temperature. Dashed line highlights the freezing temperature (Tf) or initiation of freezing event in the sample.
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in mortar samples. Farnam et al. [15] showed that cracks occurring
through aggregates generate AE activities with maximum fre-
quency range between 300 kHz and 400 kHz, while cracks occur-
ring through thematrix (paste and ITZ) have a maximum frequency
range between 100 kHz and 300 kHz. This concept was used in this
study to analyze the AE activity and compare the AE results with 3D
x-ray CT model observations. The distribution of the cumulative AE
energy as a function of AEmaximum frequency was calculatedwith
frequency bins of 20 kHz in for mortar samples with varying DOS
and are shown in Fig. 7. Additionally, a vertical line was drawn in
the plots to separate cracking behavior between aggregate and
matrix. For samples with 75% and 90% DOS, AE activities primarily
possess maximum frequencies below 300 kHz indicating cracks
generated mainly from paste. As DOS increases (i.e., samples with
95% and 100% DOS), cracks appear to be generating AE waveforms
with frequencies both above and below 300 kHz, indicating cracks
originating from both aggregates and matrix. The AE maximum
frequency analysis closely aligns with the 3D X-ray CT image ob-
servations (Table 1 in Appendix A). For samples with 75% and 90%
DOS, cracks were observed mainly within matrix phases (Fig. 2a
and b) while for samples with 95 %and 100% DOS, cracks were
observed within both matrix and aggregates (Fig. 2c and d).
3.5. The effect of degree of saturation on damage development

The volume of generated cracking due to freeze-thaw damage
was calculated for each image set. The crack volumes in each
sample were divided by the total analyzed volume of each 3D im-
age set to determine a normalized percent volume of cracks present
within the sample. The normalized crack volume is plotted in
Fig. 8a as a function of degree of saturation. This result was also
compared with the damage index (i.e., measured percent reduction
in dynamic elastic modulus) associated with each degree of satu-
ration using the AE pulse velocity technique in Fig. 8b.

A critical degree of saturation (DOScr) of 85%e86% has been
suggested for freeze-thaw damage of concrete [34,36,44]. When a
mortar sample possesses a DOS above DOScr, ice formation due to
water freezing can create a noticeable internal pressure inside the
sample due to water freezing expansion (i.e., 9% expansion from
liquid to solid phase) creating freeze-thaw damage. In samples with
lower DOS than DOScr, the volume of empty spaces in concrete
pores is sufficient to accommodate the 9% expansion resulting
pressure as such no freeze-thaw damage is expected due to
freezing. As shown in Fig. 8 and as expected [12,32e36], the sample
with 75% DOS showed little crack volume and damage index in
comparison to other samples. The volume of cracks and the damage
index were near zero indicating that there were no considerable
cracks in sample with 75% DOS that were not detected by pulse
velocity or the X-ray CT scan with the voxel size used in this study.

To estimate the DOScr for the samples tested in this study, a
linear curve fitting (expected from Refs. [34,36,44]) was used to fit a
line for samples with DOS higher than 85% and the intersection
with the horizontal axis was reported as DOScr, where the volume
of crack or damage index is expected to be zero. Accordingly, the
DOScr for mortar samples was found to be 86.7% when the crack
volume was used to calculate DOScr and 83.8% when the damage
index from AE was used to calculate DOScr. The calculated DOScr
values are very close to the values estimated previously in
Refs. [34,36,44], i.e., 85%e86%.
4. Summary and conclusions

This paper examines the use of 3D X-ray computed tomography
(CT) and acoustic emission (AE) techniques as non-destructive
methods to determine the source of cracking in samples with vary-
ing degree of saturation (DOS) exposed to freeze-thaw cycles. The
crack sources, including aggregate, interfacial transition zone (ITZ) or
paste, were determined in each sample after exposure to freezing
and thawing using the 3DX-ray CT images. Additionally, the 3DX-ray
CT observations were related to AE activities and signatures due to
cracking that were monitored during freezing and thawing.

Crack volumes obtained from the 3D X-ray CT images were
found to decrease with decreased DOS up to a critical DOS of 85.3%,
below which crack volume was relatively negligible. Visual obser-
vations of cracking from 3D X-ray CT images were found to closely
align with AE signatures of various crack sources. Using AE



Fig. 7. The cumulative AE energy distribution associated with AE maximum frequency for mortar samples with 75%, 90%, 95%, and 100% DOS.

Fig. 8. The effect of DOS on (a) the volume of crack generated obtained using 3D x-ray CT images due to freeze-thaw damage on mortar samples, and (b) damage index (reduction in
relative dynamic elastic modulus) obtained from AE pulse velocity test. The dotted lines are linear fits to the data with DOS above 85%.
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maximum frequency analysis and visual observations from the 3D
X-ray CT images, it was found that aggregate cracking as well as
matrix (i.e., ITZ and paste) cracking were more prominent in mor-
tars with higher degrees of saturation (DOS¼ 95% and 100%). For
samples with lower degrees of saturations (DOS¼ 75% and 90%),
only matrix cracking was found. X-ray CT analysis, at the resolution
employed in this study (2.57 mm� 2.57 mmx 2.57 mm), supports the
results obtained from AEmeasurement. Both techniques can detect
the change in cracking behavior and its source as the degree of
saturation varies in mortar samples.
Limitations to this research include the limited quantity of data,
the linear curve fitting between DOS and damage and limitations in
proper estimation of uncertaintity. Further investigation of more
samples would provide a greater representation of the data and less
uncertainty.
Appendix B. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.cemconcomp.2018.03.004.
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APPENDIX A
Table 1
Sources of cracks in mortar samples due to freezing and thawing observed in the 3D X-ray CT image analysis.

Degree of Saturation in Mortar Sample (%) Cracking Observations from 3D X-ray within Mortar
Constituents

Video link

ITZ Hydrated Paste Aggregate

75 Minor e e Video 1: vimeo.com/219058154
90 Yes Yes e Video 2: vimeo.com/219057629
95 Yes e Yes Video 3: vimeo.com/219058146
100 Yes Yes Yes Video 4: vimeo.com/219058164
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