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Abstract

Freeze-thaw damage in concrete structures is a serious issue for infrastructure in cold regions. Accurate detection of this type of dam-
age at early stages allows for the selection of optimum strategies for preservation and rehabilitation activities. This paper explores the
feasibility of utilizing ultrasonic shear wave technology, called MIRA, for quantification of damage in concrete slabs for the detection of
freeze-thaw damage. Four slabs with varying levels of freeze-thaw damage were tested and two analysis techniques were developed to
characterize the damage present. These methods involve the formulation of reconstruction images to analyze the subsurface condition,
as well as the creation of a numerical index based upon recorded shear wave signal characteristics. The results of both analyses showed
agreement both with each other and with the visual survey assessments for detection of freeze-thaw damage. However, the methods were
also able to detect damage in portions of the slab where no visual cracks were observed. These techniques showed promise for an
accurate nondestructive quantification of the extent of freeze-thaw damage, or similar damage manifestations, in concrete structures.
Advantages of the methods include their applicability on in-situ concrete infrastructure for determining real-time concrete condition,
without requiring previous measurements for comparative purposes.
� 2018 Chinese Society of Pavement Engineering. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Freeze-thaw damage in concrete structures continues to
be a serious issue for infrastructure in regions which expe-
rience temperature swings below freezing [1], creating the
most persistent problems associated with deterioration to
concrete infrastructure in cold weather climates [2]. As
such, significant research effort has been devoted to this
type of damage [3–7]. Freeze-thaw damage is caused by
https://doi.org/10.1016/j.ijprt.2018.06.003
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expansive pressures resulting from the freezing of excess
water present in the concrete microstructure. As a result,
microcracking ensues and eventually creates spalling and
duress to the concrete system [8].

Resistance of concrete mix to freeze-thaw damage can
be measured via standardized tests [9]. This testing involves
a beam specimen undergoing multiple rounds of freezing
and thawing cycles, combined with periodic measurement
of the fundamental transverse frequency and calculation
of the Relative Dynamic Modulus of Elasticity, which is
used to assess the relative damage condition (i.e. lower
Relative Dynamic Modulus of Elasticity values occur after
a number of freeze-thaw cycles have occurred and indicates
the presence of damage). While this procedure is beneficial
ommons.org/licenses/by-nc-nd/4.0/).
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for comparing freeze-thaw resistance of concrete mixes via
small laboratory specimens [10], this is an inviable option
when considering in-situ conditions and damage detection
applications. Additionally, the testing involved in this
method does not allow for the location or extent of damage
to be determined.

Accurately detecting damage at its initial stages, and
before excessive deterioration occurs, is a goal which has
yet to be achieved by nondestructive testing techniques.
Many nondestructive testing technologies have been
employed for general cracking detection purposes, though
freeze-thaw damage is of particular interest to this paper.
Wave-based nondestructive evaluation techniques have
been employed in the past for the detection of microcrack-
ing in cement paste. For instance, using diffuse ultrasound,
quantitative measures of dissipation and diffusion coeffi-
cients can be found based upon the frequency and
microstructure of cement-based materials [11]. While the
results showed promise for gaining insight as to the propa-
gation of ultrasonic waves in cement-based materials, lim-
itations were present due to sensitivity to diffusivity
parameter selections.

Seismic tomography has also been utilized to detect
cracking. This method differentiates zones based upon vari-
ation in the velocity of compression or P-waves. The seis-
mic tomography analysis was successful in locating a
major visible tensile crack in the structure. While this tech-
nology showed promise for the detection of damage below
the surface, the device employed was only successful in
detecting major cracks and thus not ideal for microcrack
detection [12].

Nonlinear acoustics, however, were seen to detect and
track the formation of microcracks at a promising sensitiv-
ity level [13]. The ultrasonic approach enabled the type of
damage to be determined based upon granular swelling
assessment in order to designate alkali—silica reaction
(ASR) damage. While the results showed promise, there
are limitations to the approaches used including limited
applicability for certain ranges of ASR development and
difficulty in detecting the reaction at its early stages. Addi-
tionally, the nonlinear parameter is extremely sensitive to
microcracking. While this is a valuable asset for damage
Fig. 1. Transducer interaction from transducer 1 (a) and from all
detection, the nonlinear parameter is not only sensitive to
the number of cracks but also the features of the crack
and the level of heterogeneity of the sample. This highlights
the need for a method which has high measurement effi-
ciency, accuracy, and decreased subjectivity for concrete
damage detection applications.

In this study, shear-horizontal waves were utilized for
nondestructive evaluation in order to address the limita-
tions discussed above. Additionally, the utilization of shear
waves allows for an analysis which is independent of mois-
ture conditions. The ultrasonic shear velocity array device
used for this research employs dry point contact (DPC)
transducers capable of deep diagnostics [14]. The specific
device utilized, called MIRA [15], is composed of 40
DPC transducers, grouped in 10 channels, which interact
as shown in Fig. 1. The wave is emitted from channel 1
transducers and received by the remaining channels, as
shown on the left. This same interaction occurs for the
remaining transducers, as shown on the right, resulting in
45 unique impulse time histories per measurement. The dis-
tance between adjacent transducer channels is 40 mm.

The array setup accommodates multiple transducer
pairs which allow for heightened measurement confidence,
as well as incorporating redundancy [16–19]. The measure-
ments acquired by this device were used to develop meth-
ods for detecting freeze-thaw damage in concrete slabs.

2. Experimental investigation

The Electric Power Research Institute (EPRI) commis-
sioned the fabrication of four slabs with various levels of
freeze-thaw damage, with each slab measuring 122 by 91
cm (48 by 36 inches) and 20 cm (8 inches) deep. The mix
was prepared with a 0.5 w/c ratio with no air entrainment.
After fabrication, the four samples were moist cured for 14
days. The control sample was removed from the curing
room and maintained at ambient temperature and relative
humidity in the laboratory. The remaining slabs were
placed in an environmental chamber and subjected to
cycles of freezing and thawing. The cycles consisted of tem-
peratures in the chamber fluctuating between �20 �C and
12 �C at a relative humidity of approximately 98%. The
transducers (b) which yields 45 unique impulse time histories.

https://doi.org/10.1016/j.ijprt.2018.06.003
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duration of each cycle was approximately 45 h. A summary
of the slabs which were tested is provided here:

- Slab A: no freeze-thaw cycles induced
- Slab B: 72 freeze-thaw cycles induced
- Slab C: 80 freeze-thaw cycles induced
- Slab D: 114 freeze-thaw cycles induced

Corresponding visual survey results for all four slabs are
shown in Fig. 2, with crack widths ranging from hairline
cracks to 0.3 mm in width. Fig. 3 shows a photo of the con-
dition of slab D, further showing the damage present, as
highlighted by chalking.

These four slabs were tested using the ultrasound linear
array device, MIRA, shown in Fig. 4 on the left. This
device yields 45 individual time histories per individual
scan. A total of 66 scans were obtained for each slab, using
a one period impulse frequency of 50 kHz. The 36-cm wide
scans were taken in sets of 11 positions with a 5 cm step size
(allowing for 35 cm of overlap from the previous scan),
moving from north to south of each slab. This set of 11
scans was then taken in 6 different locations with a
12.5 cm step size moving east to west, as shown in Fig. 4
on the right. As a result, the surface of the slab was ana-
lyzed and redundancy was incorporated via the overlap-
ping nature of the measurement acquisition process.
Because of this, an expansive data set containing over
Fig. 2. Visual condition surveys of slabs A, B, C and D.

Fig. 3. Photograph of condition of slab D.
thisfromobtainedwashistoriestime10,000 impulse
analysis.

The ultrasound signals collected via the experimental
investigation were analyzed to determine the condition of
the concrete slabs. When the surface of the slab is excited
by one of the transducers, the wave propagates through
the specimen and a portion of the wave will reflect back
when it encounters changes in properties, such as inclusions
or layer boundaries. An example of a typical signal for
sound concrete is shown below in Fig. 5 (left) as well as a
cross section which would create this type of response
(right). The direct arrival impulse is the result of the wave
traveling the shortest distance from one transducer to
another, in this case along the surface of the slab. The
reflected impulse is the result of the wave reflecting off of
the bottom surface of the slab. Each individual scan which
is obtained results in the acquisition of 45 unique raw sig-
nals. The ultrasound signals collected via the experimental
investigation were analyzed using two methods: one which
utilized reconstruction images formulated from the array
data and another which quantified individual signal char-
acteristics. These methods are described in the following
sections, and their respective results are compared both
with each other and with the visual survey results.
3. Reconstruction evaluation

The experimental investigation yielded 6 rows of 11
overlapping MIRA scans per slab. The measurements from

https://doi.org/10.1016/j.ijprt.2018.06.003


Fig. 4. Experimental investigation setup (a) and schematic of measurement locations (b).

Fig. 5. Sample impulse time history (a) and schematic that would cause this type of response (b) (Hoegh 2013).
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each row of scans were used to create panoramic recon-
structions. This was achieved via the creation of Synthetic
Aperture Focusing Technique (SAFT) reconstructions
from reflection portions of the 45 signals from each individ-
ual scan. SAFT is a popular emerging technology for the
analysis of multiple array data [20–23]. While software
included with the device can yield SAFT reconstructions,
this study utilized a version of SAFT which was developed
at the University of Minnesota [24]. Reconstructions pro-
vide focused images which show the presence of damage
or inclusions, or in undamaged cases, the presence of only
the backwall. Combining these individual SAFT recon-
structions into one comprehensive panoramic reconstruc-
tion allows for analysis of the entire cross section and
reduced signal to noise effects caused by the heterogeneous
nature of concrete [25].

The following equation allows for the creation of the
SAFT reconstructions [25–31,24]:
ôðx;zÞ¼
Z x0emax

x0emin

dx0e

Z x0rmax

x0rmin

Aðx0r;x0e;x;zÞ

� s x0r;x
0
e;
1

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2þðx� x0eÞ2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2þðx� x0rÞ2

q ��� �
dx0r

ð1Þ
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where ôðx; zÞ is the reconstruction image matrix,
Aðx0r; x0e; x; zÞ is the apodization factor, e and r differentiate
between the emitting and receiving transducer, x0min and
x0max are the interval in which the signals are measured, c
is the sound velocity, x and z are the horizontal and vertical
positions in the region of interest (ROI), x’ is the trans-
ducer location, and s is the received impulse. The apodiza-
tion factor accounts for the multiple incident angles
incorporated by the array. The instantaneous amplitude
of the reconstruction can be calculated using Hilbert trans-
form at each vertical coordinate, and results from the fol-
lowing equation:

ôIAðx; zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðôðx; zÞÞ2 þ 1

p

Z 1

�1

ôðx; sÞ
z� s

ds
�� 2

s
ð2Þ

where ôIAðx; zÞ is the relative reflectivity and provides the
SAFT reconstructions based upon the instantaneous
amplitude. More detail on the method used to create SAFT
reconstructions can be found in Hoegh and Khazanovich
(2015).

However, these SAFT reconstructions have their limita-
tions. The edges of each individual reconstruction span
only 400 mm, making comprehensive cross section analysis
difficult. To incorporate greater confidence and redun-
dancy via capitalizing on the overlapping nature of the ele-
ven measurements, panoramic reconstructions can improve
the results via the compiling of individual SAFT recon-
structions. The following equation is used to combine the
individual reconstructions to create the panoramic recon-
structions which have a larger region of interest:

Ôm
PAN ðx; zÞ ¼

Ôm�1
PAN ðx; zÞ; if x < D

maxðÔm�1
PAN ðx; zÞ; Ôm

I ðx; zÞÞ; if D < x < xm�1
PAN

Ôm
I ðx; zÞ; if x > xmI

8><
>:

ð3Þ
where each SAFT scan, Ôm

I , where m is the index of the
current SAFT scan and I denotes that it is an individual
scan, is combined to form the new region of interest,
ROImPAN . This region has a vertical dimension of z and a
horizontal dimension of xmPAN , in this case 900 mm, and
D is the distance from the global origin [32,24,33]. For
each panoramic reconstruction in this study, eleven indi-
vidual SAFT scans were merged in this manner, as shown
in Fig. 6, yielding 6 panoramic reconstructions for each
slab.

3.1. Panoramic reconstruction characterization

Visual analysis of the panoramics showed differences in
the slab condition, most prominently through the presence
of the backwall reflection (or the reflection caused by the
bottom surface of the slab). This backwall presence is
expected due to the sound condition of the concrete and
lack of relative reflection prior to this depth. From Eqs.
(1)–(3), the magnitude of the backwall reflection depends
on the number of sensors in the array system and the
magnitude of the recorded signal (reported in dBa by the
device utilized for this research) from individual sending
and receiving pairs due to reflection from the bottom of
the slab. The latter depends on the contact condition
between the sensors and the surface of the concrete, as well
as the pressure applied to the device. Thus, only relative
values and not absolute magnitudes are of importance. A
typical scan on sound concrete (Slab A) is shown in
Fig. 7. The yellow regions of the reconstruction indicate
areas of increased reflectivity, caused by changes in acous-
tic impedance, such as the backwall presence at a depth of
�200 mm. The backwall presence is consistently strong,
indicating strong relative reflection at the thickness inter-
face as compared to its shallower features when evaluating
the SAFT panoramic reconstructions. In other words,
there is no damage present.

With conditions such as those shown in Fig. 7 serving as
the sound or reference case, categories could be created
based upon deviations from this case. The following three
categories were observed: (1) sound: reconstructions show-
ing a strong and continuous relative reflectivity at the back-
wall; (2) partial damage: reconstructions exhibiting a
strong backwall reflection at selected locations along with
features indicating the presence of damage such as a dis-
continuity in the backwall reflection; (3) damaged: recon-
structions showing no presence of a backwall reflection.
Since this initial categorization is very general, it allows
for reconstructions that are visually different to fit in the
same category. To show the variation of reconstructions
within a category and give a background in the indications
used to categorize the sections, two examples of the par-
tially damaged and fully damaged conditions are given
below along with a description.

Figs. 8 and 9 show example reconstructions indicating a
slightly damaged concrete condition. Fig. 8 was taken on
the West side of slab B (5th SAFT-Pan). It shows a mostly
sound concrete condition with a continuous and uniform
backwall reflection in the middle and right side of the
reconstruction. However, the lack of a backwall reflection
on the leftmost (North) portion and a shift deeper in the
backwall reflection on the left indicates the presence of
damage. In this case, attenuation from damage could have
shadowed the backwall in the former observation and
increased the travel path in the latter. Fig. 9 was taken in
the middle of slab B (3rd and 4th SAFT-Pans). While both
scans showed a shift in the backwall reflection deeper in the
center, the scan taken at the 3rd SAFT-Pan (top) also
shows direct reflections at a shallower depth, both indicat-
ing damaged concrete. However, these scans were still cat-
egorized as only slightly damaged, since portions on the left
and right showed a strong backwall reflection.

Figs. 10 and 11 show example reconstructions indicating
a damaged concrete condition. Fig. 10 shows a scan taken
in the middle of slab D (3rd SAFT-Pan). It shows a high
reflectivity throughout the reconstruction and absence of
a backwall reflection indicating the presence of damage.

https://doi.org/10.1016/j.ijprt.2018.06.003


Fig. 6. Panoramic reconstruction compilation schematic.

Fig. 7. Reconstruction in the middle of slab A indicating sound concrete condition.
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Fig. 11 shows a scan taken on the west side of slab D (5th
SAFT-Pan). Both scans showed a lack of a backwall reflec-
tion, either due to prohibitive noise at shallow depths or
attenuation of the signal prior to arrival at the concrete
depth interface, indicating damaged concrete. It is also
worth noting that if regions of the upper layer of the con-
crete are severely damaged, then zones exhibiting signifi-
cantly lower stiffness are present. This may cause multiple
secondary reflections which can appear on the SAFT
reconstruction as irregular damage zones, not necessarily
corresponding to the boundaries of the damaged area. This
illustrates that SAFT techniques which are intuitive for
planar defects and inclusions parallel to the surface (Hoegh
and Khazanovich 2015) may lead to misinterpretation if
applied to specimens with irregular damage present near
the surface.

https://doi.org/10.1016/j.ijprt.2018.06.003


Fig. 8. Reconstruction on the west side of slab B, indicating partially damaged concrete.

Fig. 9. Reconstructions in the middle of slab C indicating partially damaged concrete condition.

Fig. 10. Reconstruction in the middle of slab D indicating damaged concrete condition.
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4. Quantitative evaluation

While the panoramic reconstructions provide valuable
qualitative information regarding the condition of the con-
crete, a quantitative analysis is desirable due to the objec-
tiveness and efficiency of the results. The qualitative
analysis requires subjective decisions, such as threshold
selection and visual inspection, but the quantitative

https://doi.org/10.1016/j.ijprt.2018.06.003


Fig. 11. Reconstruction from the west side of slab D indicating damaged concrete condition.
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method suggested here is completely objective and utilized
identical analytic variables for all scans.

The same impulse time histories which were imple-
mented in the reconstruction analysis were utilized for
the subsequent numerical analysis. As previously
described, the linear array system which was used for
testing creates an output of 45 unique impulse time his-
tories. These raw data were used in order to perform a
signal analysis. Visual investigation of the signals showed
drastic differences in signal shapes for different slab con-
ditions, as shown in Fig. 12. The control, shown on the
left, is an example of a normalized raw signal for sound
concrete, while the freeze-thaw condition shown on the
right is representative of damaged concrete. The two
key differences between these signals are the shape of
the direct arrival impulse (highlighted in blue), and the
increased oscillation which occurs after the direct arrival
(highlighted in orange). It is these two characteristics
which must be captured via the quantitative
investigation.

4.1. Hilbert transform indicator development

The numerical indicator presented in this paper is based
upon the instantaneous amplitude envelope that is created
using Hilbert transform. Hilbert transform is a common
signal analysis method, valuable for determining instanta-
neous attributes. The Hilbert transform, HT(t) of a func-
tion, f(t) is commonly defined as:
Fig. 12. Example of clean (a) and d
HT ðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðf ðtÞÞ2 þ 1

p

Z 1

�1

f ðsÞ
t � s

ds
�� 2

s
ð4Þ

This instantaneous amplitude envelope served as the
basis for the creation of a numerical indicator capable of
detecting the signal differences outlined previously. The
indicator, named the Hilbert Transform Indicator (HTI),
is shown below in Eq. (5).

HTI ¼
Z 500

0

HT ðtÞ
HTmax

dt ð5Þ

where HTmax is the maximum value of the function HT(t)
in the interval from 0 to 500 microseconds. A time window
of 500 microseconds was selected to ensure that the direct
arrival impulse as well as all subsequent oscillations were
captured. Normalizing of the data to remove magnitude
dependence was the result of a thorough visual investiga-
tion of the signals, which revealed that the magnitude of
the signal was not correlated to the condition of the
concrete. This equation is applied to all transducer pairs
of each impulse time history.

To illustrate the effect of damage on the Hilbert trans-
form envelope, as well as on the subsequent HTI results,
consider two sample normalized envelopes graphed in
Fig. 13. In blue, the normalized Hilbert transform envelope
for a signal taken on sound concrete is shown, while a sig-
nal from a damaged concrete slab is shown in orange. The
HTI results were 55 and 137, for the sound and damaged
amaged (b and c) raw signals.

https://doi.org/10.1016/j.ijprt.2018.06.003


Fig. 13. Normalized Hilbert transform envelopes for sound and damaged
concrete.
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slabs, respectively. This increase in HTI for the damaged
slab is the result of the increase in instantaneous amplitude
envelope, made obvious by comparing it to the sound con-
crete condition. As such, higher HTI values are indicative
of declining conditions of the specimen.
Fig. 14. HTI color maps for: slab A, clean slab; slab B, partially damaged;
slab C, partially damaged; and slab D, damaged.
4.2. HTI characterization

In order to incorporate redundancy and provide
increased measurement confidence, the HTI values which
are provided here are the result of averaging all 45 values
to provide one more accurate designation per scan. These
HTI values are shown in Fig. 14. The color maps shown
utilize a gradient in which white is indicative of the lowest
HTI value seen (in this case, 62) and darker shades are
indicative of the highest HTI value seen (in this case,
182). In other words, white or very light sections are repre-
sentative of concrete in sound condition, while darker
shades would indicate damaged concrete. In general, an
HTI value less than 90 is indicative of concrete which is
in good condition. This threshold was determined based
upon an extensive analysis of undamaged data from prior
projects and is independent of mix design or other vari-
ables. As can be seen, the HTI values seem to capture the
presence of damage accurately. Slab A, the undamaged
slab, is the lightest in color and contains HTI values of
94 or less. Slab D, the most damaged slab, is the darkest
in color with a minimum HTI value of 106 and a maximum
value of 182. Slabs B and C have conditions ranging from
sound to damaged, as would be expected, with slab C in a
more damaged state than slab B.

While the progression of damage level in the slab data
set is apparent, there are other trends that can be seen. In
general, the greatest HTI values are those which are in
the corners or edges of the slab. This can be explained
via two rationales. The first of which involves the effects
of edges on the ultrasound measurements. Because of the
presence of vertical surfaces on the edges of the specimen,
there is a potential for waves to reflect from these surfaces
and create added distortion in the response of the recorded
signal. This can create slightly increased HTI values,
though not significant. The greater justification for these
increased values is the behavior of freeze-thaw damage.
Water is most quickly absorbed via joints and edges due
to their increased surface area and water penetration capa-
bilities. As a result, freeze-thaw damage generally initiates
at the edges or at pavement joints and moves inward, thus
confirming the trend of greater HTI values present along
the perimeter. These results can also be confirmed via com-
paring the HTI results to the visual survey results previ-
ously shown in Fig. 2. The areas which exhibit higher
HTI values correspond well with the areas of the slabs
which exhibited visual signs of damage.

It should be noted that the magnitudes of the HTI val-
ues discussed in this research are only applicable when the
same device settings (i.e. shear-horizontal wave impulse fre-
quency and duration) are utilized. However, the results
seen were independent of contact and surface conditions,
as well as concrete mix properties, and the device settings
are widely applicable to concrete structures [34].
5. Results

Both methods described previously produced catego-
rized damage results for the slabs in a nondestructive man-
ner. To compare the results of both analyses, the
panoramic reconstructions are presented in conjunction
with the HTI values which resulted from the numerical
analysis. The results for this comparison are shown for slab
B in Fig. 15 and slab C in Fig. 16. These figures show the

https://doi.org/10.1016/j.ijprt.2018.06.003


Fig. 15. Comparison of panoramic reconstructions (left) and HTI index (right) analyses for slab B.
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Fig. 16. Comparison of panoramic reconstructions (left) and HTI index (right) analyses of slab C.
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six panoramic reconstructions on the left, with the HTI val-
ues for the same slab location shown both numerically and
graphically on the right. The horizontal axis of the panora-
mic reconstructions, ‘‘Height Position”, corresponds to the
actual location along the surface of the slab from north to
south. The horizontal axis of the HTI graphs corresponds
to the scan number from 1 to 11. These axes are essentially
the same, as the scans were taken in numerical order from
north to south, aligning with the height position. Again,
HTI values with dark shades indicate damaged concrete,
while lighter shades indicate sound concrete.

As can be seen from these figures, the HTI values show
the same damage trends that can be deduced via the back-
wall presence in the reconstructions. For example, the bot-
tom (sixth) panoramic reconstruction in Fig. 15 shows that
the backwall was not as apparent on the north and south
regions, but was present in the center of the slab. The
HTI results for the same scans show higher HTI values
(over 100) for these same outer regions, while HTI values
indicated sound concrete in the center (values in the 60 s
and 70 s). As such, both methods showed that concrete
was in sound condition in the center of the slab, but dam-
age was present in the north and south regions. Conversely,
the second and third panoramic and HTI results shown in
Fig. 15 indicate sound concrete throughout the entirety of
that portion of the slab, as indicated by a strong backwall
presence and consistently low HTI values. To summarize
the condition of slab B, the 2nd and 3rd panoramics and
HTI values showed sound concrete, while the remaining
four sections showed signs of partially damaged concrete.

The same similarities can be seen in the results for slab
C. The most damaged panoramics shown in Fig. 16 are
the first and sixth reconstructions. These scans also resulted
in high HTI values, as indicated by the dark shading of the
HTI color maps shown. Additionally, the fifth panoramic
showed considerable damage on the left (north) side of
the slab, with concrete in good condition on the right
(south). These same trends are seen in the HTI color map
and graph. The results for both slab D and slab A also
showed very good agreement. These cases are not shown
here for simplicity, as the scans were either all damaged
or all sound. Instead, the intricacies of the intermediate
partially damaged slabs were shown to highlight the
robustness of the analyses presented.

5.1. Summarized slab characterizations

As a result of the visual interpretation of all 24 panora-
mic reconstructions (6 panoramics per slab, each consisting
of 11 individual scans), the condition of the slabs could be
qualitatively determined via the diagnosis procedure dis-
cussed previously in Section 3.1. All six panoramics for
slab A had strong backwall presence and were deemed
sound. Slab B had two reconstructions showing sound con-
crete and 4 reconstructions showing partially damaged
conditions. Slab C had 2 reconstructions indicating par-
tially damaged concrete and four reconstructions indicat-
ing damaged concrete. Finally, all six panoramic
reconstructions of slab D were considered damaged, with
no backwall presence. Additionally, more detailed condi-
tions within each slab can be observed via trends in dam-
aged locations. For example, the north side of the slabs
generally showed greater damage levels than the south side.
These same trends and damage categorizations were seen in
the quantitative analysis results as well. The HTI values
captured the same damage presence, without requiring
visual interpretation.

The results of the qualitative and quantitative analyses
can then be compared to the actual crack patterns demon-
strated by the sample test slabs to confirm the results. The
survey results shown in Fig. 2 confirm the results of both
analyses. When comparing Figs. 15 and 2, the same dam-
age trends can be seen in the slabs, which were further con-
firmed via the qualitative analysis. Additionally, the trends
of increased damage on the northern portion of the slabs
were confirmed via the visual surveys. Moreover, the sur-
vey of slab D (d) shows that no visible damage was present
in the center portion of the slab, while the quantitative
analysis indicates that the concrete in this area is not sound
with HTI values of over 100 for the entire slab. This shows
promise for detecting damage prior to its appearance at the
surface.

6. Conclusions

The methods presented in this paper were implemented
in order to categorize the damage level within concrete
slabs with varying levels of freeze-thaw damage. While
the two methods employed vary in their analysis type, they
both utilize the same signal data obtained by an ultrasonic
shear wave linear array device. Both methods were success-
ful in determining the presence of damage in a noninvasive
and efficient manner. The qualitative analysis of the
panoramic reconstructions highlighted specific slab areas
in which damage was causing shadowing of the backwall,
while the quantitative analysis utilized the effect of damage
on signal shape in order to numerically indicate the condi-
tion of the concrete.

In addition to providing localized damage characteriza-
tions, both methods are advantageous from a confidence
standpoint as well. The panoramic reconstructions utilize
overlapping scans, adding redundant measurements to
increase measurement assurance. The quantitative indica-
tor, HTI, is based upon the numerical analysis of all 45
impulse time histories from each scan. As a result, the sam-
ple set is large and produces confidence in the indicator.

Moreover, the HTI method can be implemented on in-
situ concrete pavements for determining real-time concrete
condition, without requiring previous measurements for
comparative purposes. As a result, the applications of this
technique are vast. The results of this study show promise
for the implementation of methods which can characterize
the condition of concrete in an efficient and nondestructive
manner.

https://doi.org/10.1016/j.ijprt.2018.06.003
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