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a b s t r a c t
We describe an approach that utilizes ultrasonic surface wave backscatter measurements to characterize
the volume content of relatively small distributed defects (microcrack networks) in concrete. A simplified
weak scattering model is used to demonstrate that the scattered wave field projected in the direction of
the surface wave propagation is relatively insensitive to scatterers that are smaller than the propagating
wavelength, while the scattered field projected in the opposite direction is more sensitive to subwavelength scatterers. Distributed microcracks in the concrete serve as the small scatterers that interact
with a propagating surface wave. Data from a finite element simulation were used to demonstrate the
viability of the proposed approach, and also to optimize a testing configuration to collect data.
Simulations were validated through experimental measurements of ultrasonic backscattered surface
waves from test samples of concrete constructed with different concentrations of fiber filler (0.0, 0.3
and 0.6%) to mimic increasing microcrack volume density and then samples with actual cracking induced
by controlled thermal cycles. A surface wave was induced in the concrete samples by a 50 kHz ultrasonic
source operating 10 mm above the surface at an angle of incidence of 9°. Silicon-based miniature MEMS
acoustic sensors located a few millimeters above the concrete surface both behind and in front of the sender were used to detect leaky ultrasonic surface waves emanating from concrete. A normalized backscattered energy parameter was calculated from the signals. Statistically significant differences in the
normalized backscattered energy were observed between concrete samples with varying levels of simulated and actual cracking damage volume.
Ó 2016 Elsevier B.V. All rights reserved.

1. Introduction
According to a 2013 report by the American Society of Civil
Engineers [1], the infrastructure of the United States requires a
$3.6 trillion investment to restore good operational condition by
2020. A significant portion of the American infrastructure is composed of concrete. Concrete is a composite material that exhibits
natural inhomogeneity across a broad range of length scales – from
micrometers (natural capillary pores and cracks in the cement
matrix) to centimeters (mineral aggregate dispersed phase). Most
concrete deterioration problems involve internal material chemical
and physical transformations [2]. The most significant of these
degradation mechanisms, freezing and thawing cycles, alkalisilica reactivity (ASR), sulfate ion attack, high temperature (e.g.
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fire) exposure, and mechanical overloading [3], give rise to a distributed network of fine cracks in concrete that normally propagate around, but in some cases through, the mineral aggregates
and throughout the cement matrix. This type of distributed damage in concrete is called ‘‘microcracking.” Fig. 1 shows scanning
electron microscope (SEM) images of concrete using backscattered
electron microscopy technology. Fig. 1 (left) shows a nominally
undamaged sample where the mineral aggregate (dark gray),
cement binder (light gray) and air pore (black) phases are visible.
Although the sample is nominally pristine, some fine cracks are
still visible in the image. The images on the right show the same
material after being exposed to several extreme hot-cold (70–
0 °C) temperature cycles. The thermal cycles cause the creation
of additional thin (on the order of 1 lm in width) microcracks that
exist in the cement matrix, along the aggregate-matrix interface,
and in the mineral aggregate. Although small in width, microcrack
networks adversely affect material mechanical strength, stiffness
and permeability. Moreover, these networks increase ingress of
aggressive substances into the material that enhance subsequent
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Fig. 1. Scanning electron microscopy (SEM) images of concrete: (left) undamaged material, and (middle) material with microcracking damage induced by 10 thermal shock
cycles; increased resolution image of region indicated by red box shown on the right. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

degradation mechanisms. It follows that microcracks adversely
compromise the resilience and sustainability of concrete structural
systems. In order to apply effective monitoring and maintenance
procedures and to better predict service life and monitor structural
condition, a nondestructive testing (NDT) technology is required
that provides accurate and sensitive characterization of distributed
cracking damage in concrete, including fine microcracks.
Most concrete infrastructure comprise large critical systems,
such as bridges, pavements and buildings. Significant progress
has been made in recent years toward health monitoring and
NDT of large critical concrete infrastructure systems in situ [3].
However most conventional concrete NDT methods, such as visual
inspection, sounding (e.g., chain drag), pulsed microwave/radar
techniques (GPR) and infrared thermography, cannot detect and
characterize the extent of distributed microcracking damage in
concrete [3]. Conventional mechanical wave (e.g. ultrasound)
methods, which utilize coherent pulse propagation characteristics
such as wave velocity or attenuation, have demonstrated sensitivity to large discrete cracks and defects. However these methods are
much less able to characterize the extent of microcracking damage
because of the relatively large wavelengths with respect to the
crack size needed to propagate in a highly inhomogeneous and
scattering medium like concrete. To maintain coherent ultrasonic
pulse character through the highly inhomogeneous material structure, relatively low frequencies (less than 100 kHz, which corresponds to approximately 4 cm wavelength for p-waves) are
employed. Despite large wavelengths, the use of coherent pulse
p-wave velocity [4,5], p-wave attenuation [4–10] and surface wave
characteristics [11] to monitor microcracking in concrete have
been described, where some ability to detect and distinguish
between different levels of damage extent has been reported
[4,5,8,10]. However, the sensitivity to low levels of cracking damage remains poor with coherent ultrasonic methods, and the
results have not yet been directly related to a quantifiable measure
of the damage, such as crack density.
Recent efforts to improve the sensitivity of ultrasonic measurements to microcracking damage and other microstructural modifications in concrete have focused on nonlinear [12–15,16] and
diffuse field measurements [17–23]. The nonlinear measurements
use amplitude dependent softening [12–14] through nonlinear resonance spectroscopy or higher harmonic generation [15,16] phenomena to extract nonlinear signal parameters. The extracted
nonlinear parameters demonstrate superior sensitivity to the presence of damage, including the early stages of microcracking, as
compared with conventional coherent ultrasonic wave velocity
and attenuation measurements. However, some of these test configurations, for example that for nonlinear resonant spectroscopy,
require test samples of specific size and geometry, and as such

are laboratory-based methods that cannot be applied to large concrete structures in situ. Thus, application of nonlinear ultrasound to
structures in situ remains rare. The diffuse field measurements follow a different analysis procedure, where the data are interpreted
through scattered field analysis or a classical diffuse wave interpretation [20] or coda wave interferometry [17,19]. However, practical
application of diffuse field methods to characterize damage in concrete remains scarce, and as far as the authors are aware the application of ultrasonic diffuse wave measurements to concrete
structures in situ have not been reported. This situation likely
occurs because of limitations associated with sample size, a need
for specialized high-end testing equipment, experimental limitations related to test data variability, or the ability to uniquely
and reliably quantify and distinguish different microcracking damage levels. Concerning this last point, none of the research efforts
with these recently developed methods report the ability to
uniquely and reliably quantify and distinguish the different damage levels in concrete, i.e., by testing for statistical significance
within the data. Such statistical studies are important for new
measurement methods, which may be adversely affected by high
test data variability.
This paper demonstrates a practical contactless ultrasonic testing approach that uses backscatter measurements to characterize
distributed microcracking damage in concrete. Although previous
research has identified that some ultrasonic and other nondestructive test data can be related to distributed damage content in concrete, the methods are either insensitive to early stages (low crack
volumes) of damage, exhibit high data variability, or are not applicable to concrete structures in situ. Furthermore, many concrete
NDT methods require some sort of physical contact with the concrete, which can considerably slow down the testing process and
cause data inconsistency problems because of sensor coupling.
Contactless sensing systems offer a solution to this problem [24],
providing an effective way to characterize distributed cracking
damage in large concrete structures. We intend to overcome the
issues that hamper deployment of ultrasonic testing of concrete
by employing air-coupled contactless ultrasonic surface wave
tests. Here, we demonstrate that ultrasonic surface wave backscatter parameters have potential for increased sensitivity to the presence of small, relative to ultrasonic wavelength, microcracks in
concrete while at the same time providing consistent and reliable
data. We are able to distinguish different levels of microcrackingtype damage with a high degree of statistical confidence. Furthermore, we deploy the surface wave tests using a fully contactless
air-coupled configuration, providing the potential for a practical
and efficient method to evaluate in-service infrastructure elements. Finally, we suggest a physical meaning/basis for observed
backscatter parameters. These contributions represent advances
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to the ultrasonic nondestructive testing and infrastructure health
monitoring communities.
2. Theory
Mechanical wave scattering is generally represented by two
categories: weak scattering and strong scattering. Weak scattering
occurs when either the constitutive properties of the scatterers are
close to the properties of the background material, or when the
scatterers are very small compared to the wavelength of the propagating wave. Under weak scattering conditions, simplifying
approximations can be made that lead to important conclusions
relating the scattered field to the geometry, properties and size
of the underlying scatterers.
To help understand the relationship between scattering direction and dependence on scatterer geometry, a Born approximation
of mechanical wave scattering can be utilized. Assuming harmonic
wave propagation and considering a longitudinal p-wave,
!

!

pðx ; tÞ ¼ pðx Þejxt , then the classical wave equation reduces to the
Helmholtz equation,
!

!

!

r2 pðx Þ þ k2 pðx Þ ¼ Sðx Þ

ð1Þ

more sensitive to small (sub-wavelength) defects and inclusions
than the forward scattered field. At ultrasonic frequencies of
50 kHz, the wavelength of surface waves in concrete is on the order
of 5 cm, whereas microcracks in concrete typically are 10 lm or
smaller in width. Embedded aggregates, pores and other small
defects within the cement matrix, as shown in Fig. 1, will also contribute to the scattered field. In this study we are particularly interested in the contribution to the scattered field from the microcrack
network in the material while understanding that this contribution
superposes on that generated by other natural characteristics of
the cement matrix microstructure. Considering this, our interrogations of concrete using 50 kHz ultrasound demonstrate that the
microcrack scatterers would be very small relative to a wavelength
(ka < 0.001) suggesting that a weak scattering model is appropriate
for scattering from microcracks. Furthermore, using a weak scatter
formulation suggests that the backscatter power would be proportional to the number density of microcracks, i.e., scatterers, in the
field [26], with minimal sensitivity of the backscattered power to
the orientation of the cracks with respect to the incident field
[27] assuming that other microstructural characteristics of the
material are reasonably constant. Hence, the backscattered power
can be directly related to the presence and concentration of cracks
and, therefore, to degradation processes in concrete.

where p is the acoustic pressure, k is the acoustic wavenumber, and
!

Sðx Þ is the object function. Assuming plane wave propagation and
invoking the Born approximation yields the scattered pressure field
observed far from the scattering sources in volume V0 [25],
!

psc ð r Þ 
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V0

where r is distance from the scattering volume to the observation
!

location, P 0 is the magnitude of the incident pressure field and K ,
the scattering vector, is defined as the difference between the incident field direction and the scattered field direction, i.e., the direction of observation of a scattered pressure field from the scattering
sources [25],
!

!

!

K ¼ k sc  k inc :

ð3Þ

Eq. (2) can be thought of as the spatial Fourier transform of the
!

object function, Sðx Þ. By observing the scattered field across many
different angles, different parts of the object function can be
mapped out in terms of the object k-space. For example, forward
scattering occurs when the observed scattered field is in the same
direction as the incident field yielding
!

K  0:

ð4Þ

Hence, information in the forward scattering direction relates to
low wavenumber values in the k space of the object, i.e., object features near DC (zero frequency). This in turn suggests the forward
scattering direction provides information about object features larger than a wavelength because of the inverse relationship between
k and the wavelength. In the backscattered direction, the scattering
vector is
!

^inc ;
K ¼ 2kk

ð5Þ

which suggests that the backscatter provides information about
higher spatial frequency (wavenumber) components of the scattering object that correspond to smaller scale structures on the order
of a wavelength and smaller.
This analysis is not intended to suggest that scatter from a solid
like concrete with microcracking is best formulated by the Born
approximation for p-waves. Rather, the analysis is intended to suggest that the choice of backscatter for analysis would likely be

3. Methods
3.1. Numerical simulations
Numerical simulations were performed using a commercially
available finite element analysis (FEA or FE) software (Abaqus/
Explicit 6.13) to investigate the influence of distributed microcracking on ultrasonic surface wave signals. A computer having 8
CPUs with 1.60 GHz clock-speed and 16 GB RAM was used for
the simulations. The air-coupled ultrasonic testing configuration
was simulated using a two-dimensional (2-D) plane strain model,
as shown in Fig. 2. The 2-D plane strain model was utilized instead
of the full three-dimensional (3-D) model to improve the efficiency
of numerical computation and the simplicity in physical modeling.
This simplification is reasonable for this case because the surface
wave responses considered in the experiments correspond to
direct wave propagation paths (forward and backward) within
one plane. The model comprises air (indicated by blue color in
Fig. 2), concrete (gray color) and a three-layer acoustic barrier
(green color), where the material properties were assumed homogeneous and linear-elastic within each. Although concrete is an
inhomogeneous and nonlinear material, the material behavior
assumptions of the model are reasonable considering that the
wavelength of the surface wave at 50 kHz is notably longer than
the largest expected scatterer dimension (of coarse aggregate),
and that the magnitude of stress field associated with wave propagation is very low. The assumed material properties are summarized in Table 1. The dimensions of the simulated concrete layer
are 2000  500 mm. Two-dimensional plane strain four-node
reduced integration elements (CPE4R) were used throughout the
model. Reduced time integration, which uses fewer Gaussian coordinates, was employed in the software to minimize the computation time. The mesh size for both the air layer and the acoustic
barrier was 1 mm. For the concrete layer, a 1 mm-mesh was used
for the near surface region within a depth of 40 mm from the top
surface. The mesh size was gradually increased from 1 mm to
2.5 mm as a function of depth within a region from 40 to 80 mm
from the top surface. A 2.5 mm mesh was used for the remaining
depth region of the concrete layer. The time integration step for
the analysis (explicit) was 1 ls. Note that the time step is well
below the critical time step (6 ls) needed to accurately represent
50 kHz behavior.
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Fig. 2. The FE model used to simulate the effects of distributed microcracking in concrete. Configurable regions with simulated microcracking are indicated by red boxes.
Individual microcracks simulated by air-filled elements, are indicated by blue color. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Summary of material properties for each element.
Elements

Density (kg/m3)

P-wave velocity (m/s)

Poisson’s ratio

Air @ 20 °C
Concrete
Baffle

1
2400
7800

343
4058
5875

0
0.2
0.3

To simulate the dynamics of wave propagation in our
experiments, air pressure variation was applied within the air layer
near the top surface of the concrete layer assuming a 0.06 MPa
maximum magnitude 16-cycle tone burst signal with a center frequency of 50 kHz. The dynamic air pressure load was uniformly
distributed along the simulated transducer face with a diameter
of 30 mm, which simulates the projections of an acoustic wave
toward the concrete surface that sets up a forward propagating
surface wave that travels to the left. The incident angle of the
acoustic wave in air with respect to the surface normal was
approximately 9.5°, matching the expected critical angle for surface waves in concrete and air. The resulting dynamic response
in the concrete owing to the propagation of surface waves was
monitored at four positions at the top surface of the concrete layer
indicated as ACCEL 1, 2, 3 and 4 (vertical surface acceleration) and
MEMS 1,2,3 and 4 (acoustic pressure in air 5 mm above the surface) in Fig. 2. Acoustic pressure responses only from the MEMS
positions are reported here. These responses simulated leaky surface wave signals detected with air-coupled MEMS sensors in the
experimental testing setup. MEMS 1, 2 and 3 are located behind
(to the right) the surface point of insonification, thus monitoring
backward propagating waves, and MEMS 4 located ahead of it (to
the left), monitoring forward propagating waves. The three-layer
acoustic barrier indicated by green color in Fig. 2 simulated the
baffle barrier used in the experimental setup to delay and attenuate acoustic waves that propagated backward directly through the
air from sender to the air-coupled receiving sensors.
Distributed microcracks in the concrete were simulated by
inserting a distinct defect area (40  40 mm) bounding the free
surface of the concrete layer that contained a specified amount
of volumetric voiding, as shown in Fig. 2. To simulate a void, an

element mesh in concrete was assigned the properties of air. In this
2-D configuration, each void simulated a single 1-mm wide microcrack oriented perpendicular to the direction of surface wave propagation and running in the out-of-plane direction. The size of the
voids were much smaller than a wavelength, i.e., approximately
80 times smaller than a wavelength for the P-wave, which suggests
that the scattered ultrasound should be insensitive to the shape of
the scatterer and could appropriately model the cross sections
of microcracks in concrete [28]. Void fractions corresponding to 0
(undamaged), 1, 2, 4 and 8% of the 40  40 mm defect area were
considered. For each void fraction case, the positions of these
1  1 mm voids (air voids) were randomly assigned within the
defect area, and were determined using the random number generating command provided by MATLAB 2014. For each void fraction case, ten independent random spatial distribution patterns
of air voids were considered to simulate different surface wave
paths along a material having a constant volume of randomly positioned microcracks. The assigned void element sets were automatically applied to the independent FE models using Python software.
The effects of relative position of the defect area on the ultrasonic
surface wave propagation were evaluated by moving a defect
region with constant 2% void content along nine different locations, indicated by L1 to L9 in Fig. 2. The effects of varying severity
of microcracking were evaluated by considering a defect region at
one location (L6) containing all the considered void fractions.
Although the location and severity of the damaged regions were
varied in the model, the positions of the air-coupled sender and
all receivers and the assumed material properties of the remaining
portion of the concrete and the air remained constant throughout
the computations.
3.2. Experimental configuration
Ultrasonic surface guided waves in concrete were generated
and detected using an air-coupled system. The equipment, configuration and concept are shown in Fig. 3. This technique is completely contactless as ultrasonic surface waves are coupled into
the concrete from an air-coupled ultrasonic source, and the resulting propagating and scattered surface waves are coupled back into
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Fig. 3. Design of fully contactless ultrasonic system to measure backscatter data.

the air and received by ultrasonic detectors. The equipment consisted of a computer, multi-channel data acquisition system, a
modified air-coupled capacitive transmitting transducer [29] and
modified air-coupled MEMS receiving transducers [30]. Nine
MEMS receivers were configured in multi-sensor arrays, with
receivers 1 through 7 placed behind the sender, and receivers 8
and 9 ahead of the sender. Although all receivers collected data,
only data from receiving sensors 2, 8 and 9 are reported here.
The contactless ultrasonic sender was a capacitive membrane,
or electrostatic, transducer (SensComp, Livonia, MI). Capacitance
transduction provided a far better match to air (compared with
PZT sensors), as the air-pocket/membrane system exhibits much
lower acoustic impedance [31]. This transducer module was modified with an external excitation module to control the input signal
and improve signal to noise ratio. Silicon-based miniature MEMS
acoustic sensors (Knowles, Itasca, IL) were used to detect leaky
ultrasonic surface waves emanating from concrete. These sensors
were obtained, configured, and evaluated through direct comparison to traditional microphones and capacitive sensors, using a
consistent air-coupled ultrasonic source in tests on a concrete sample. The MEMS sensors required a separate power supply (1.5–3 DC
volts) and a ceramic capacitor connection (0.1 lF), which acts as a
high pass filter. The MEMS sensors had nominal sensitivity of
7.9 mV/Pa at 1 kHz [30] with 5 mm liftoff distance and a working
frequency range of 1–90 kHz.
A photograph of the bottom side of the ultrasonic testing hardware is provided in Fig. 4. A tone burst of 16 cycles with center frequency of 50 kHz was transmitted toward the concrete surface at an
angle of approximately 9° with respect to the concrete surface normal, which matches the expected critical angle for surface waves in
concrete and air [29]. As shown in Fig. 4, the distance between the
sender and receiving sensor 8 in the forward direction was
80 mm, while the distance between the sender and receiving sensor
2 in the backward direction was 100 mm. Receiving sensors 8 and 9
were separated by 10 mm. Most of the surface energy propagated in
the forward direction. However, some coherent surface wave energy
propagated backward because of natural acoustic beam spread from
the sending transducers that sends wave energy and also backscatter from the forward propagating wave. For each test case, the whole
ultrasonic apparatus was moved along the surface of the sample to
acquire ten signals propagating along parallel paths separated by
20 mm. This ensured that each signal came from a different scattering realization from the same crack volume distribution.
3.3. Experimental samples
Experimental tests were performed in order to characterize different levels (severity) of distributed microcracking in concrete.

Sets of experiments were conducted using two different types of
samples. The first set of samples were concrete samples with an
artificial filler composed of compliant polymer fibers. These fibers
are 1 mm in diameter and 50 mm long and are composed of
polypropylene. These fibers were used to simulate uniformly distributed cracking damage (air-filled microcracks and voids) in concrete in a controlled manner. Internally distributed short polymer
fibers have been used by researchers to mimic cracking damage
in concrete; the fibers simulate discrete internal reflectors with
strong scattering characteristics for ultrasonic multiple-scattering
studies and can be apportioned in a controlled manner [29,32].
The level of synthetic damage is defined by the amount of fibers,
in terms of percent volume of fiber with respect to total volume,
within each sample. The second set of concrete samples contained
actual distributed microcracking damage.
In the first set, four different physical specimens were constructed: a 1500  1000  100 mm PMMA plate and three
300  300  600 mm concrete blocks with different polymer fiber
contents or filler (0.0, 0.3, and 0.6% by volume). Both PMMA and
undamaged or no filler (0.0%) concrete samples are expected to
exhibit low amounts of scattering. The PMMA specimen represents
a homogeneous material that should provide essentially zero
backscattered energy resulting from a forward propagated wave
pulse. The 0.0% fiber concrete naturally contains voids and mineral
aggregate inhomogeneity across a range of length scales that serve
as randomly distributed scatterers even in non-damaged samples.
All concrete samples had identical age and curing conditions (older
than 24 months) and comparable surface conditions. The concrete
had a water-to-cement ratio of 0.42 and a maximum aggregate size
of 2 cm. The samples had identical constituents, except for the randomly distributed polymer fiber content (soft scatterers): 0.0, 0.3
and 0.6% by volume.
In the second sample set, a 360  480  140 mm concrete slab
was cast and then exposed to thermal cycle shock tests to generate
real distributed cracking damage in the concrete. The concrete had
water to cement ratio of 0.39 and a maximum aggregate size of
2 cm. After casting, the slab specimen was immersed in water for
more than 60 days of curing to continue hydration and minimize
drying shrinkage stresses. For the tests, the cured specimen was
immersed in very warm water for 12 h then immediately submerged into ice water (1 °C) for a duration of one hour. This entire
procedure represents one cycle of thermal cycle process. The thermal cycle process was repeated six times with a warm water temperature of 68 °C, and then four more times with a warm water
temperature of 80 °C. Thus a total of ten thermal cycles were
applied. Contactless ultrasonic measurements were applied to
the sample after each thermal cycle. Fig. 1 shows SEM images of
samples extracted from the specimen before and after the thermal
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Fig. 4. Ultrasonic testing hardware showing configuration corresponding to the design in Fig. 3.

cycling was applied. These images verify that our thermal shock
treatment generated distributed microcracks within the material.
To confirm that significant microcracking damage was created in
a progressive fashion with successive thermal cycles, standard
vibration resonance tests were applied to a separate set of companion concrete samples exposed to the same treatment. Those results
are not shown here, but can be found elsewhere [33]. A decrease in
vibrational mode frequency of the companion specimens with successive thermal cycle applications indicated a monotonic and consistent increase in the level of damage degradation in the concrete.
3.4. Data analysis
The collected signal data were analyzed to extract three test
parameters that describe physical phenomena of interest: surface
wave forward pulse velocity, surface wave forward signal energy
and surface wave backscattered energy. The forward propagating
surface wave pulse velocity V s was computed using the arrival of
the first positive peak identified in the forward propagated time
signals from sensors 8 and 9. The pulse velocity, expressed in units
of m/s, is defined by

Vs ¼

d2  d1
t2  t1

ð6Þ

where d1 is the position of the first sensor, d2 is the position of the
second sensor, t1 is the first peak arrival time from the first sensor,
and t2 is the first peak arrival time from the second sensor.
The surface wave forward propagated energy was computed by
integrating the received time signals in the forward direction from
sensor 8 over a specified time duration. The average surface wave
forward propagated energy, expressed in units of V2, was estimated by averaging the signal energy over signal time (t4 – t3),

VIj ¼

1
t4  t3

Z

t4
t3

jF v j ðtÞj2 dt

ð7Þ

where F v j ðtÞ is the j-th time signal (in units of Volts) corresponding
to received surface waves in the forward direction. Fig. 5 (top left)
shows an example of a single raw F v j ðtÞ signal. With both the FE
and experimental data, the t4  t3 duration was defined as the time
from signal initiation to the third peak arrival time, which is approximately 0.25 ms. This end time was chosen in order to avoid the forward direct acoustic wave in air that arrived at approximately
0.25 ms. To estimate the scattered energy, we developed an energy
subtraction analysis (ESA) method. In ESA, ten backscattered time

signals were collected along separate parallel paths on a sample to
form one data set from a sensor. The ten signals along the individual
wave paths were averaged into one signal that approximates the
coherent pulse propagating along the test region. The parallel path
lines are separated by 20 mm. We selected this separation distance
because it is wider than the 6-dB ultrasonic beam width,
(12 mm). In addition, considering the maximum aggregate size
of the concrete is 20 mm, a total scanned width of 200 mm
(20 mm  ten scan lines) is sufficient to approximate a representative homogeneous response for that region of the material. The scattered energy was computed for waves propagating in the forward
(sensor 8) and backward (sensor 2) directions. Significant coherent
wave content is expected in the forward propagating signal. But a
small amount of coherent pulse energy was also measured in the
backward direction because the beam spread from the sending
transducer in air does project some energy in the backward direction. To extract the diffuse scattered field signal Bi from the total
wave field that contains coherent pulse content, the averaged signal
was subtracted from each of the 10 individual signals within the set

Bi ¼ BvðtÞi 

N path

X

1
N path

i¼1

BvðtÞi

ð8Þ

where Bv ðtÞi is ith time signal (see Fig. 5 top right for an example
PN path
1
i¼1 BvðtÞi is spatial average over all Bv ðtÞi defined
N

signal),

path

as hBv ðtÞi, and Npath = 10. Fig. 5 (bottom) shows an example of a
Bi signal. The average scattered energy, EBi , expressed in units of
V2 for experimental data and Pa2 for FE simulation data, was
obtained by integrating the individual scattered signals over a given
period of time

EBi ¼

1
t2  t1

Z

t2

jBi ðtÞj2 dt:

ð9Þ

t1

The time period, t2  t1, was defined as the duration of 10
cycles (0.35 ms), after which the direct acoustic wave in air
arrived.
The estimate of EBi also depends on the wave energy transduction into the material and the excitation pressure of the transmitter, which is independent of the level of damage in the sample. In
order to make the estimate of EBi system independent, the
backscattered energy was normalized by the energy in the forward
propagating wave,

EBNor i ¼

EBi
VI i

ð10Þ

52

S. Ham et al. / Ultrasonics 75 (2017) 46–57
-4

-4

x 10

8

6

6

4

4

2

2

Bv (Volts)

Fv(Volts)

8

0
-2

0
-2

-4

-4

-6

-6

-8

1

1.2

1.4

1.6

1.8

-8

2

x 10

1

2

-4

Time(sec)

Time(sec)

x 10

3
-4

x 10

-4

0.2

x 10

0.15

B (Volts)

0.1
0.05
0
-0.05
-0.1
-0.15
-0.2

1

2

Time(sec)

3
-4

x 10

Fig. 5. Example experimental time-domain data from the specimen containing 0.6% synthetic damage volume: a single raw forward signal, Fv from sensor number 8 (top
left), a single raw backscattered signal, Bv from sensor 2 (top right), and a single processed time signal, Bi, calculated by subtracting from a single Bvi signal the average across
the Bv signal set (bottom).

where VIi is the integration of the ith forward propagated signal.
The energy signal of the forward wave also depends on transduction
and input pressure amplitude, so these effects are effectively canceled out of the backscattered energy signal.
3.5. Statistical analysis
Statistical analyses were conducted to quantify the ability of
EBNor i to distinguish between different levels of damage in concrete. Single factor analysis of the variance (ANOVA) was used to
test for statistically significant differences (p-values < 0.05)
between the mean values of EBNor i associated with each damage
level (10 estimates of EBNor i per damage level). The ANOVA process was calculated with single factor analysis tools in Excel and
Minitab (Minitab Inc., State College, PA).
4. Results
4.1. Simulations
Fig. 6 (left) shows results for wave pulse velocity Vs (right) and
the forward signal energy, VIi obtained from the simulation data.
The data set for each damage level is expressed in boxplot format,
where the height of the blue2 box indicates the range of values
2
For interpretation of color in Figs. 6 and 8, the reader is referred to the web
version of this article.

within which 75% of the data are contained, the red bar median
value, the point mean value and end bars extreme values. Each
box plot represents results from ten signals at each different randomly positioned damage level. Wave pulse velocity was observed
to decrease with increasing damage level, but not consistently, as
shown in Fig. 6 (left). The overall reduction in average VS was modest, amounting to less than 2% drop between minimum and maximum damage levels. The wave pulse velocity at 0% and 1% damage
levels were not statistically significantly different, although differences among two damage level groups, between 1% and 2%, and
between 4% and 8%, were statistically significantly different
(p < 0.05). The integrated energy in the forward propagating time
signals VIi , which were obtained from location MEMS 4 indicated
in Fig. 2, tended to decrease with increasing damage level. VIi
decreased with damage up to 4% but then increased with further
damage as shown in Fig. 6 (right). The within test data had greater
variability compared with VS data, as indicated by the height of the
data boxes in the plots. Despite the increased within-test variability,
statistically significant differences in VIi were observed between
damage level groups 0% and 1%, 1% and 2%, and 2% and 4%. Statistically significant differences were not observed between the 8% damage level and damage levels 1%, 2% and 4%.
The computed backscatter energy values EBi are shown in Fig. 7.
The EBi data in Fig. 7 are collected from the 90 mm receiving
position (L6 position in Fig. 2), which simulated detection with
receiving sensor 2 in our experimental set-up. Although the data
do show variability within a given damage level owing to the
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Fig. 6. Properties of forward-propagating surface waves with different levels of simulated damage: (left) surface wave pulse velocity, and (right) integrated forwardpropagating surface wave signal energy, VIi ; each box plot illustrates data variation for ten signal sets (FE simulated data).

random positions of the damage, distinctions between the damage
levels are observed and EBi increases notably and consistently with
increasing damage levels. As expected, the undamaged model (0%
damage level) exhibited essentially zero backscatter energy, which
illustrates the robustness of the data analysis approach to extract a
meaningful backscatter energy parameter. Statistically significant
differences in average EBi were observed among all damage levels.
Fig. 8 shows the plots of the average computed ultrasonic
backscatter energy estimates without (left) and with (right) normalization for two different simulated transmitter output pressures, where the green points and lines indicate double input
excitation pressure compared with the blue points and lines. The
raw backscattered energy EBi is obtained from Eq. (9), and the normalized backscattered energy EBNor i from Eq. (10). As input excitation pressure doubles, the resulting EBi also increases
proportionally, as shown in Fig. 8 (left). However, the effects of signal normalization are shown in Fig. 8 (right), where EBNor i values
from two different transmitted pressures demonstrate excellent
agreement. Thus the normalizing process enabled independent
levels of backscatter to be estimated regardless of varying pressure
level of the transmitting transducer.
We also used the FE simulation results to examine the role of
incident angle of the transmitting transducer on the estimates of
EBi . In physical experiments, the configuration of the device may
not be consistent across measurements or from one sample to
the next. In other words, the angle of incidence of the sending
transducer may have small differences from one measurement to
the next. Therefore, we examined by simulation the effect of
changing the incident angle on the measurements of signal energy
in the leaky wave. The optimal incident angle for surface wave
excitation can be computed from theory (Snell’s law); in the case
studied here the expected critical angle for the air-concrete model
is 9.5°. Backscatter values were computed using incidence angles
between 8 and 12° in 1° increments using FE simulation data for
all damage levels. The specific findings are not reported here, but
can be found elsewhere [33]. In this case the incidence angle is
reported with respect to the normal direction of the concrete surface. At each angle, ten FE models with different random damage
distributions were used to obtain backscatter energy parameters.
The results showed that the changes in both parameters, average
EBi and EBNor i with respect to incident angle, over the 8–12° incident angle span are modest, with at most a 4% difference.
In the next set of simulations, the effects of the location of damage with respect to the sensors’ position were examined. The simulation results from the three different sensor positions (MEMS 1,
MEMS 2, and MEMS 3) showed similar trends. Therefore, the
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Fig. 7. Properties of average backscatter energy parameter EBi with different levels
of simulated damage; box plot illustrates data variation for ten signal sets (FE
simulated data).

10 mm spacing between sensor positions did not appreciably affect
backscatter results and here results from only MEMS 1 are presented. Referring to Fig. 2, L1 was the closest to the ultrasonic sender, and L9 was the furthest. Fig. 9 shows EBi estimates as a
function of damage region position, where ten signals from each
configuration were generated by creating 10 different damage profiles for each region. The extracted signal backscatter values, EBi
from locations L1 to L4 are nearly zero. When the damage zone
is positioned underneath or immediately in front of the position
of the sending transducer, EBi values rise significantly. These
results indicate that the position of the damaged zone affects the
results: damage zones that are located behind the sender (i.e.
zones L1 to L4) do not affect the backscatter data while damage
positions directly in front of the sender, e.g. positions L5, L6 and
L7, give rise to the largest values of EBi ; the influence of damage
then decreases as its position is located farther forward of the sender. Hence, our ESA procedure should allow some degree of damage localization in the material with regard to sensor position.
4.2. Experiments
We conducted conventional coherent wave ultrasonic tests by
estimating surface wave pulse velocity VS and forward surface
wave energy, VI. Data from ten individual parallel scan lines were
collected from each sample. Each scan line had 22 different sender-
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Fig. 8. Effect of incident wave energy on backscatter parameters for different levels of simulated damage: (left) averages of backscattered energy hEBi i, (right) average of
normalized backscatter energy hEBnor i i (FE simulated data).
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Fig. 9. Effect of damage position on normalized backscatter parameter with respect
to sensor location; positions of damage zone L1 to L9 illustrated in Fig. 2 (FE
simulated data).

receiver positions by moving the positions of the sending and
receiving transducers with 10 mm steps, from 100 mm to
320 mm. Fig. 10 (top row) shows results of wave pulse velocity
estimates, and the bottom row shows the results of integrated forward signal energy, VI, from three samples with the different volume percentages of artificial damage. Surface wave pulse velocity
provided no clear distinction among these three damage levels,
as shown in (top right). The wave velocity estimates between the
0.3% and 0.6% samples were not statistically different, although
the velocity estimates between the 0.0% and 0.3% populations were
statistically significantly different (p < 0.05). Fig. 10 (bottom left)
shows the logarithm of the averaged VI from the three samples.
No statistically significant differences were observed among VI
estimated for different damage levels. The VI values exhibited large
variations and poor damage sensitivity.
The developed ESA process was applied to the same data from
the fiber concrete samples and also from the PMMA sample.
Fig. 11 shows normalized backscatter energy values, EBnor i . The
trend line for average EBnor i (see the purple solid line in the figure)
monotonically increased with a higher concentration of fiber filler.
Statistically significant differences were observed between all
groups. Therefore, EBnor i was able to differentiate between the different levels of damage in the concrete samples, and also between
PMMA and undamaged concrete.

The same ultrasonic parameters were then estimated from concrete samples that contained real distributed microcracking content subject to the application of ten thermal exposure cycles.
Fig. 12 shows ultrasonic response data from three different measurement parameters: conventional forward pulse velocity (Vs),
conventional forward pulse energy (VI), and extracted normalized
backscatter energy (EBnor i ). The conventional ultrasonic parameters Vs and VI were not sensitive to changes in distributed microcracking damage as shown in Fig. 12 (top right and top left). The
forward wave pulse velocity and energy estimates provided only
a slight decrease with higher levels of damage. The averages of surface wave velocities (V s ) were 2326.8 and 2322.9 for 0 and 10
cycles, respectively. No statistically significant differences were
observed between the V s estimated for different damage levels.
Pulse energy (VI) also provided no clear distinction and no statistically significant differences between the two damage levels. On the
other hand, EBnor i exhibited significantly higher values for the
damaged state than the nominally undamaged state, with a statistically significant difference (p < 0.05) in data sets between the two
damage levels. Despite the apparently large variance in EBnor i data
observed in both the synthetic fiber and thermal cycle cracking
samples, the results provide statistically relevant (at the 95% confidence level) evidence that the tests results among different levels
of cracking volume are distinct. This statistical analysis supports
the viability of the method for in situ application.

5. Discussion
Both simulation and experimental data demonstrated that contactless ultrasonic interrogation could quantify the damage from
distributed microcracking in concrete samples. The technique
relied on generating a surface wave in the concrete using a source
coupled through air and calculating the diffuse backscattered
energy in the propagating surface wave. Sensors close to the surface were able to detect a superposition of a coherent forward
propagating wave and a backscattered wave coupled from the concrete back into the air. The forward wave could be effectively subtracted out leaving the backscattered wave field.
The 2-D simulations were not meant to serve as direct simulation of the experiments carried out, but rather were conducted to
provide a prediction of the trends that would accompany scattering in the forward and backward directions from small cracks compared to wavelength. While not perfect, the 2-D simulations
provided important insights into the physics of the underlying
problem. Therefore, direct comparison of the backscattered energy
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values from simulation results (e.g. Fig. 6) with experimental
results (e.g. Fig. 10) versus level of damage is not warranted. The
value in conducting the 2-D simulation results was twofold: (1)
to quantify the importance of backscatter versus forward scatter
with regard to sensitivity to microcrack damage, and (2) to assess
the importance of changes in experimental configuration to consistent estimation of the backscattered energy. Both experimental

and simulation results demonstrated the same trends versus level
of damage. The backscatter results from both simulations and
experiments had much higher sensitivity to crack damage compared to conventional methods examining forward propagating
waves. Furthermore, the simulations provided additional evidence
that deployment of the device in the field would be robust because
small changes in the experimental configuration, which can occur
through multiple deployments, would not detract from the ability
to consistently estimate microcrack damage.
Simulations predicted that the backscattered energy was
dependent on the pressure output of the source. In order to mitigate this dependence, the backscattered energy was divided by
the energy quantified in the forward direction. By inserting this
normalization step, the technique was system independent in the
sense that different transmitter outputs, and also receiver sensitivities, would not provide statistically significant differences in the
results. Furthermore, the importance of the incidence angles was
explored and found that within the range of 8–12° the backscattered energy estimates were relatively flat. Therefore, small differences in the incidence angle are not expected to produce widely
varying estimates of EBi and thus the incident angle of the transmitter does not need to be precisely controlled in order to get
acceptable and consistent backscatter results. Finally, changes in
the position of the receivers behind the transmitter did not result
in large changes in the estimated backscattered energy. Additional
simulation studies examined the importance of the backscatter
versus the forward scatter in characterizing microcracking damage. The results indicate that the field scattered in the backward
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direction was highly sensitive to the amount of microcracking
damage in the sample; on the other hand, the signal in the forward
direction was not very sensitive to the microcracking damage. The
results of FE simulation provided better understanding of the
backscatter analysis. Backscatter energy, EBnor i , more than doubled
with an increase from 4 to 8% of the void fraction (damage level).
Forward coherent approaches (e.g., wave velocity) were more limited in their abilities to detect and quantify microcracking damage.
In the case of the forward wave pulse velocity a monotonically
changing velocity was not observed versus damage. Therefore,
the forward wave pulse velocity was not able to uniquely characterize the damage level.
The experimental data from air-coupled sensors demonstrated
sufficient signal-to-noise ratio to provide consistent and high quality data. Physical testing results in concrete samples with artificial
filler (Fig. 11) demonstrated a monotonic increase in the backscatter energy, EBnor i , although the energy was smaller than predicted
by the FE results possibly because of the amplitude of the
excitation difference. However, similar trends were observed in
the numerical simulations. The concordance between the results
predicted from simulations and results from physical experiments
provide additional confidence that contactless ultrasonic
backscatter estimation can provide quantification of distributed
microcracking damage.

ultrasonic system. Parameterization of the normalized
backscattered data allowed characterization of the extent of distributed microcracking damage within the material with much
higher sensitivity than forward propagating coherent pulse analysis (i.e., forward wave pulse velocity and forward energy estimates). Second, the normalized backscatter energy, EBnor i ,
parameter could be estimated essentially independent of the testing setup. Third, the simulations suggested that most of the
backscattered response arose from distributed cracks located in
front of the ultrasonic sender, while cracks behind the sender
had little contribution to the backscattered energy. Finally, the normalized backscatter energies increased monotonically with
increases in the internal microcracking damage content. Therefore,
our results indicate that characterization of sub-wavelength sized
defects is possible with non-contact ultrasonic surface wave
backscatter field analysis. The proposed method offers a sensitive,
contactless and practical NDT approach to monitor actual distributed microcracking in concrete.

6. Conclusions
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