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EXECUTIVE SUMMARY

This project developed an innovative measurement and data processing approach of waveform-based
ultrasonic tomography to generate tomographic images of sub-surface defects in structural concrete using
a single measurement linear wave velocity method and an acoustic nonlinearity coefficient. The evaluation
of waveform-based ultrasonic tomography of concrete test specimens led to optimal design parameters of
the methodology and appropriate sensor distribution and transmitting signal frequencies. The ultrasonic
tomography model was initially developed using numerical data obtained from COMSOL Multiphysics
software to simulate concrete damage and to identify an ideal frequency and wave mode to detect subsurface
defects. Numerical simulations revealed that inclusions were identified on a tomographic map produced via
linear wave velocity using a frequency of 300 kHz and a configuration of 16 arrayed transmitter and receiver
sensors. However, linear ultrasonics limits the resolution of the wavelength, especially in heterogeneous
materials, leading to the hypothesis that nonlinear ultrasonics and the incorporation of sub-wavelength
imaging, or second-order harmonics, will generate tomographic maps (imaging) that reveal improved
identification and resolution of subsurface concrete damage. Not only did the study confirm this, but the
number of required transmitter and receiver sensors was significantly less using nonlinear versus linear
tomography, indicated by the improved resolution of the former in concrete specimens with prescribed
inclusions at a depth of 200 mm. Next, linear and nonlinear tomography were compared in a large-scale
post-tested concrete-sectioned bridge girder that had been strengthened using a novel hybrid matrix
composite (HMC) during hurricane wave-force loading. Nonlinear tomography revealed a significant
presence of nonlinearity, indicating deep subsurface damage that conventional linear ultrasonics did not
reveal. Lastly, in cooperation with Chicago DOT and Illinois DOT, a field study of a concrete bridge pier
for interstate [-55 revealed several pragmatic challenges, including senor coupling and a convoluted cabling
architecture, leading to inconsistent measurements. Although nonlinear ultrasonics is fundamentally
promising in the detection of deep subsurface concrete damage — indicated by the sudden increase in the
measured nonlinearity coefficient through certain cross sections along the height of the pier — additional
research is needed to make this approach field-conducive and to allow it to be compared to other NDE

methods. In summary, the significant findings of this research are as follows:

(1) Several transmitter-receiver array configurations were identified for concrete to ascertain a viable
“resolution-range” to identify inclusion characteristics, e.g., low versus high impedance.
(2) Development of a single-measurement algorithm to obtain linear and nonlinear ultrasonic data.

(3) Acoustic nonlinearity coefficients in ultrasonic tomography to improve defect resolution.



IDEA PRODUCT

The IDEA product is a dual-tomographic software to extract linear and nonlinear ultrasonic images of
concrete and to evaluate damage states before and after retrofit using a Hybrid Matrix Composite (HMC)
coating. FIGURE 1 shows the measurement components and algorithmic inputs. The measurement
components include transmitters and receivers positioned within arrays and a data acquisition system for
transmitting and receiving signals. Receivers were tuned to the second harmonic frequency of transmitters
for nonlinear ultrasonics. The received signals were decomposed into harmonics using wavelet transform.
The fundamental harmonic signal was used to determine a Time of Flight (TOF) parameter that fed into a
linear ultrasonic tomographic analysis. The fundamental and second harmonic amplitudes were used to
calculate an acoustic nonlinearity coefficient, which served as the advent of this research for application to
concrete as a heterogeneous material, as a second input parameter into the nonlinear ultrasonic tomographic
analysis. The dual-tomographic software constructed two images, focusing on different ranges of concrete

damage using a single measurement.
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FIGURE 1 Dual Tomography Software: (a) transducer layout for any cross section, T and R
represent transmitters and receivers; (b) data acquisition system; (c) frequency spectrum of received
signal; (d) time domain signal of the fundamental wave; (e) inputs to acoustic nonlinearity coefficient-
based tomography; (f) input to the linear velocity-based tomography.

CONCEPT AND INNOVATION
The innovation of this study is the development of a measurement and data processing approach by using

a single measurement to generate tomographic images of subsurface damage in heterogeneous materials



(concrete) using conventional linear wave velocity and an acoustic nonlinearity coefficient. The outcome

is improved subsurface damage detection — depth and resolution — in concrete structures.

While a majority of ultrasonic methods in concrete damage analysis is based on local measurement,
generation of 3D tomography images can help identify and localize, or discretize, defects, including the
type of defect. Various 3D-imaging methods for concrete include coda interferometry using diffusive
waves, x-ray computed tomography and microwave imaging. Planes et al. (2013) (1) showed that simple
scattering in concrete occurs near a frequency range of 10-100 kHz, whereas multiple scattering was
identified near a range of 100-500 kHz; and higher-order scattering was identified at frequencies exceeding
500 kHz, eliciting strong absorption. Zhang et al. (2017) (2) used a diffuse-wave approach to generate 3D
imaging of concrete using 16 transmitters and 16 receivers and a frequency range of 80 to 220
kHz. Zielinska and Rucka (2020) (3) developed velocity maps to detect the presence of steel rods and
polymer pipe embedded in concrete using 18 transmitters and 18 receivers. However, subsurface resolution
of various media, including defects, using linear ultrasonics requires a significant number of transducers,
which, furthermore, diminishes at larger measuring depths. Although x-ray computed tomography is a
powerful method for assessing concrete damage evolution (4), (5), its field applicability is challenging.
Alternatively, microwave imaging requires instrumenting the circumference of concrete with antennas to
construct images using a delay-and-sum beamforming approach (6); however, the penetration depth is
limited using this method.

Tomography-based methods facilitate mapping internal flaws or material degradation in real-time and in-
situ without destructive testing. Tomography is achieved by reconstructing the properties of the elastic
waves that propagate in a solid medium. Many physical waves may be used for this purpose, for example,
visible light, laser, electrical capacitance, resistivity and impedance, X-ray, fluid flow, magnetic induction,
and ultrasound (7). However, ultrasonic tomography, more commonly applied to steel, rock and concrete
materials, is an attractive alternative in terms of safety, cost-effectiveness, efficiency, and rapid application.
However, concrete heterogeneity typically limits the ultrasonic frequency up to 100 kHz when identifying
defects (inclusions). To improve resolution, Herman (2009) (8) selected specific properties of ultrasonic
waves to reconstruct the tomography image.

The most common linear ultrasonic property that is used to generate subsurface images is the wave
velocity. While linear ultrasonics have been successfully used to detect the presence of defects — as opposed
to discretizing defects which limits accurate structural prognosed analysis — such as cracking, corrosion,
and void in solids, the resolution of these defects is limited by half the wavelength of the excitation
frequency. However, nonlinear ultrasonic testing (NLUT) is known to be sensitive to defects because of its
use of the sub-wavelength, enabled via higher-order harmonics which was the primary focus of this study

for concrete bridges. In NLUT, heterogeneities are mainly measured using three common methods:



acoustoelastic method, nonlinear elastic wave spectroscopy method and higher harmonics method. The
higher harmonics method is based on the phenomenon wherein the exciting signal is distorted by the
nonlinear (or multi-linear) elastic response of the medium to the incident wave, generating a higher-order,
or second, harmonic wave (9). The common nonlinear ultrasonic methods applied to concrete are the second
harmonic generation, known as SHG (10) and wave modulation (11). The SHG method is based on the
generation of a second harmonic signal in solids upon when the first harmonic wave interacts with
heterogeneities. Due to inherent heterogenous characteristic of concrete, typical ultrasonic frequency for

the SHG method is 50 kHz (10).

INVESTIGATION
(1) IMAGE RECONSTRUCTION ALGORITHM

Linear Ultrasonics

The tomography of concrete using linear ultrasonics is based on the construction of the wave velocity map.
The major measurement variable is Time of Flight (TOF) between the transmitter and receiver. TOF is then
converted into wave velocity using the relationship between TOF and propagation length.

Vinode = L )
TOF04e

In Eqn (1), L is the propagation distance between transmitter and receiver; V,,,4. 1 the wave velocity of a
particular wave mode; and TOF,,, 4. is Time of Flight of the wave mode triggered in the structure using an
ultrasonic transmitter. Using a constant and known distance between transmitters and receivers, 7TOF may
be measured for the linear ray-tracing tomography method. Therefore, an accurate measurement of
TOF,,,q. for detecting the same wave mode for different transmitter-receiver distances is critical for
developing an accurate tomography map. In general, the most widely used and simplest arrival time pick-
up method is threshold-based method. The threshold value is pre-defined, and the first-time signal
exceeding the threshold is defined as the TOF. The threshold value needs to be set properly to pick up the
arrival of the same wave mode. While low computation cost is the advantage of the threshold-based method,
it functions less effectively for a signal with low signal to noise ratio and multiple waves. The arrival time
pick-up method named outlier-based method was recently developed by the UIC team (12). The outlier is
a definition in statistics, which is an observation that lies at an abnormal distance from the other values in
a random sample from a population. In this sense, the point off the main signal is considered as the outlier
which indicates an abnormal signal. The absolute value of amplitude difference is calculated, and after the
entire data set has been obtained, the outlier rule is defined as u + 30, representing upper and lower limits,

where p is the mean value and o is the standard deviation. With the outlier-based method, the arrival time



is accurately determined as shown in two examples in FIGURE 2. The image reconstruction algorithm for
linear ultrasonics is similar to the computed tomography. A typical tomography inversion model includes
two methods: ray-based (3) and waveform-based (13). The ray-based method is typically used for
engineering materials due to its advantage of lower computational cost. The outcome of this method is the

construction of a velocity distribution map, and the primary experimental input to the algorithm is TOF.
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FIGURE 2 The arrival times of two waveforms highlighted with a red line by the outlier-based
method: (a) the arrival time of the experimental waveform; and (b) the arrival time of the numerical
waveform.

The geometry is discretized in a certain pixel depending on the ray paths. The interpretation of pixel is such
that the model is divided into a number of uniform grids, where each grid is considered to be a single pixel,

and TOF within each pixel may be calculated as
n
i=1

where i indicates any ray path; S; represents the slowness within pixel, j, and is the inverse of velocity, s/m;
n is the total number of rays as a function of the transmitters and receivers; and [;; is the length of ray-path
i within a single pixel j. The layout of transmitters and receivers is defined by green and blue patterns,
respectively. The path of wave propagation passing through each pixel is illustrated in FIGURE 3. The
model is built such that the ray path is considered to be a straight path between transmitters and receivers,
and the slowness, or velocity, in each pixel remains constant. Multiple wave paths are constructed. A
uniform mesh may be created using N lines by N rows. The pixel index is shown in FIGURE 3b. To obtain

the information of the entire distribution map, Eqn. 2 may be expanded into matrix form as

TOF, by bz Lm] (S
TOF | _ |la1 L2 lam|) Sz

: : wo : 3)
TOFn lnl ln2 lnm Sm

where m is total number of the pixels, m = N X N in this mesh; n indicates the total number of wave paths

depending on the number of the transmitters and receivers. Iterative methods are commonly used to solve



the linear equation, which has been based on the back-projection updating procedure, algebraic
reconstruction technique (ART method) and simultaneous iterative reconstruction techniques (SRIT). In
this study, the ART method was used to solve Eqn. 3. The algorithm involved two steps: (1) obtaining the
[L] matrix depending on the number and placement of sensors, where the TOF measurement served as input
to Eqn. 3; and (2) solving the linear equation using the ART algorithm. The open-source tool (AIR)
associated with MATLAB was used, where the output variable S, the slowness, inverse of the velocity,

provided a velocity visualization within each pixel. The tomography of the sample was accordingly

reconstructed.
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FIGURE 3 (a) Schematic of straight ray path on a two-dimensional geometry; and (b) the regulation
of pixel index.

Nonlinear Ultrasonics

The acoustic nonlinearity coefficient is the critical parameter used to describe the ultrasonic nonlinear
phenomenon. The second and the third order acoustic nonlinear coefficients are commonly applied to defect
heterogeneities in solids (14). The second order nonlinearity coefficient, B¢peory, is proportional to the ratio
of the second harmonic amplitude and the square of first harmonic amplitude, defined as

_ 84 (4)
.Btheory - Alzxkz
where A, and A, are the first and second harmonic amplitudes; x is the wave propagation distance; and k
indicates the wave number of the first harmonic wave. Acoustic nonlinearity coefficient ,Btheory 1S
proportional to the voltage amplitudes A,”/(AY)? when distance and wave number are constant. The
experimental nonlinearity coefficient is calculated as

AyY (5)

b=z



Following the method developed by Mostavi et al. (2017) (15), the first and second harmonic waveforms

are decomposed as shown in FIGURE 4.
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FIGURE 4 The schematic to obtain the acoustic nonlinearity coefficient, (a) the received signal in
time domain and its frequency spectrum, (b) spectrogram indicating 1°* harmonic and 2" harmonic
frequencies, and (c) time domain signals of 1*' harmonic and 2" harmonic frequencies extracted from

spectrogram.

FIGURE 4a shows the received time domain signal and its frequency spectrum. The first harmonic
frequency at 75 kHz and second harmonic frequency at 150 kHz are highlighted on the spectrogram shown
in FIGURE 4b. The time domain signal of each harmonic was extracted from the spectrogram and plotted
in FIGURE 4c¢. The amplitudes of the first and second harmonic signals served as inputs to the calculation

of the acoustic nonlinearity coefficient as shown in Eqn. 5.

For the nonlinear tomography image, the variable used to reconstruct tomography images was changed
from a velocity-based parameter to a nonlinearity parameter. FIGURE 5 illustrates that multiple wave paths
pass through a single pixel, where each path is associated with a § value. Within one pixel, instead of using

the wave velocity as in linear ultrasonics, a weighted acoustic nonlinearity coefficient value C was defined
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and measured as the summation of the product of each ray length in a single pixel and § (value) that is

associated to each ray and used to evaluate the nonlinearity distribution map.
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FIGURE 5 Schematic of acoustic nonlinearity parameter in each pixel, (a) ultrasonic paths and (b)
acoustic nonlinearity coefficients within one pixel.

The value of C may be calculated as

G=Y 1 R 847" ©
'] J=1 JiL ﬁl ]=1 JiL (A{;L)leklz

where i and j indicate the total number of paths and pixels, respectively; m is the total number of pixels;
A} and A} are the first and second harmonic amplitudes for each ray path i; k; is the wave number of first

harmonic wave in ray path i, which is calculated as

21 (7

where A; is the wavelength of the first harmonic wave in path i. It can be obtained by

Vpi (8)
A =2
Cf

where V),; is the phase velocity of the first harmonic wave in path i; f is the frequency in the first harmonic.
The first harmonic wave velocity in each path can be calculated using the parameter TOF which is extracted

in the linear ultrasonic tomography as

l; )
Vyi = ——
PL T TOF,

where [; is the length in ray i and TOF; is measured using the outlier method as illustrated in FIGURE 2.

Similar to the linear tomography method, Eqn. 6 may be expressed in matrix form as

11
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Consequently, the nonlinear tomography image is created based on the C-vector.The nonlinear tomography

parameter was obtained using the same sensor array as the linear tomography parameter in order to generate

two images simultaneously. The schematic of the dual measurement approach is illustrated in FIGURE 6.
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FIGURE 6 The schematic for calculating inputs for linear wave velocity-based and acoustic
nonlinearity-based tomography images.

After the time history signal has been decomposed into harmonics using wavelet transform, the arrival time
of the first harmonic signal is determined using the outlier-based method, where TOF is the input in Eqn.
5. The wave number k may be obtained using the wave velocity which utilized the TOF in the first
harmonic wave, see Eqn. 9. The amplitudes of the first and the second harmonic frequencies and k are used
to calculate the acoustic nonlinearity coefficient as the § inputs to Eqn. 10. With this hybrid approach, two
tomographic images of linear wave velocity-based and acoustic nonlinearity-based may be generated for a

single measurement.

(2) NUMERICAL RESULTS

Numerical models using COMSOL Multiphysics software were designed to evaluate the tomography
algorithm and to understand the resolution of linear ultrasonic tomography. To reduce the computational
time, a 2D plane strain model was selected, representing the cross-section of the cuboid concrete geometry.
The excitation signal was a five-cycle sine wave function with a Hanning window. Two frequencies (100
kHz and 300 kHz) were tested to understand the frequency-dependent resolution. The concrete geometry
was a square shape with the length of 75 mm, and modeled with varying size and inclusion forms, see

FIGURE 7. The length of the inclusion was increased from 15 mm to 25 mm. The parameter TOF was

12



influenced by two factors: the distance between the transmitter and receiver, and the presence of inclusions
in the ray path. The transducers were modelled as points and displayed evenly along the side of model.
Finite element analysis was made using a free triangular mesh with a mesh size of 0.965 mm. The mesh

size was selected as one-twelfth of a wavelength. The material properties are summarized in TABLE 1.

TABLE 1 Material Properties used in Numerical Simulations

Properties Base material Inclusion (EPS foam) Inclusion (rebar)
Density (kg/m?) 2300 34 7,850
Young’s Modulus (Pa) 25x 10° 3.7x 107 200 x 10°
Pressure Wave Velocity (m/s) 3,400 2,300 5,000
Acoustic Impedance Ratio to 1 0.01 5
Concrete

Base material

15mm — 25mm

‘Inclusion

(a) (b)
FIGURE 7 The geometry of the model (a) the profile of cuboid sample; and (b) 2D cross section
profile.

To evaluate the optimum resolution of detected inclusions, which depends on the pixel resolution, three
models with different transducers were built. The number of pixels in one direction was selected as the
same value as the number of transducers because the number of pixels was highly dependent on the selected
transducer layout. For example, an 8 X 8 pixels image was created when eight transducers were attached
along one direction. An image post-processing approach through interpolating the points between each
pixel was implemented. The cubic interpolation of values at neighboring points in each respective
dimension was applied to eliminate the distinct boundary between neighbor pixels. The approach was
applied to the image constructed using an excitation frequency of 300 kHz and a 16x16 transducer array.

FIGURE 8 shows that the image enhancement improves inclusions visualization.

13
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FIGURE 8 An example of linear wave velocity-based tomography of concrete with foam inclusion

highlighted with red dashed line: (a) original image; and (b) enhanced image.
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FIGURE 9 The simulation results of the 300 kHz excitation frequency: (a) the dimensions of
inclusions; (b) the tomography image of 8x8 transducer array; (c) 12x12 transducer array; and (d)
16x16 transducer array.

It is important to note that this method does not affect the resolution and accuracy of the tomography
algorithm. The tomography results of the transducer layouts for 8x8, 12x12 and 16x16 are shown in
FIGURE 9(b), (c) and (d), respectively. The dark blue square highlights the presence and location of an
inclusion. Inclusion sizes 20 mm and 25 mm were clearly detected for both 12x12 transducer and 16x16
transducer array configurations. However, a comparison of the resolutions of defects in a sample with a 15

mm inclusion netted a fuzzy image. The wavelength of 300 kHz frequency in concrete is approximately 15

14



mm, and therefore, detectability using a frequency of 300 kHz is approximately one-half, or 7.5 mm.
Consequently, a higher transmitter frequency is needed to more clearly detect inclusion sizes of 15 mm,
where concrete heterogeneity limits the frequency to prevent scattering and absorption. A larger number of

transducers can enhance the resolution and image quality.
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FIGURE 10 The influence of excitation signal to the tomography result using 16x16 transducer array
and three inclusion sizes: (a) the profiles of models; (b) the tomography images using 300 kHz
excitation signal; and (c) the tomography images using 100 kHz excitation and black circles indicate
the artificial heterogeneities due to the algorithm.

In summary, the performance of linear wave velocity-based tomography significantly depends on the
transducer layout, excitation frequency and acoustic impedance of the detected inclusion with respect to
the base material. The number of sensors affects the resolution and the quality of images although it may
be limited by the physically available space to fit the sensors along concrete edges as well as by the depth
of the defect, like in many commercially available NDE methods. While higher excitation frequency

improves the resolution, the heterogeneous characteristic of concrete may cause scattering and absorption
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of ultrasonic waves and produce inaccurate image reconstructions. The detectability of inclusions increases
when the ratio of acoustic impedance of base material to the inclusion is further away from unity, and,

obviously, when the size of the inclusion with respect to base material increases.
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FIGURE 11 Linear wave velocity-based tomography for different inclusion impedances: (a)
numerical model; (b) constructed image of model with reinforcement; and (c) constructed image of
model with foam inclusion.

(3) LABORATORY MEASUREMENTS - SAMPLES WITH INCLUSIONS

Three concrete samples were constructed at the UIC laboratory. The samples included pure concrete,

concrete with rebar (for studying corrosion) and concrete with EPS inserts as shown in FIGURE 12.

a)

225mm § -

225mm ' o o 225mm

FIGURE 12 Plane views of three samples: (a) pure concrete sample without inclusions; (b) concrete
with #7 reinforcements; and (¢) EPS foamed concrete sample.

The ultrasonic measurements were performed using three concrete samples with the dimensions as 225
mmx225 mmx200 mm. The first sample was a pure concrete without any inclusion and used as a
benchmark sample. EPS (expanded polystyrene insulation) foam with 25 mm side length was inserted
through the concrete sample in the second sample. The third concrete sample contained two #7

reinforcements (diameter as 22.2 mm). The mixture proportions are given in TABLE 2.
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TABLE 2 Concrete Mixture Proportions

Material Coarse Aggregate  Natural Sand  Holcim Cement ~ GBBF Slag Water

1.5 cubic ft 107.00 68.28 22.50 7.50 12.50
concrete mix, 1bs.
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FIGURE 13 The wave velocities obtained from the direct path of transmitter-receiver pairs: (a) pure
concrete; (b) concrete with two EPS foams; and (c) concrete with two reinforcements.

The measurements were taken after the specimens were cured in a moisture room for 28 days. To understand
the sensitivity of wave velocity to inclusions, the direct-path measurements were evaluated. The direction
between the transmitter to the receiver at the proper opposite surface were defined as the direct path. The
results of the wave velocity of each testing point are shown in FIGURE 13. The wave velocity remains
almost constant for all the points in pure concrete except at the third testing point in the x direction as shown

in FIGURE 13a. As depicted in FIGURE 13b and c, a drop occurred at the third testing points in the y
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direction of concrete with foam. However, most paths passing through inclusions have no significant
change in the wave velocity. Ultrasonic tomography images were generated as shown in FIGURE 14 for

linear wave velocity-based tomography. The first column shows the concrete samples.

Samples Before Image Enhancement  After Image Enhancement  Velocity m/s
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FIGURE 14 The experimental linear wave velocity-based tomography images of three ci:;:crete
samples: a) pure concrete; (b) concrete with two EPS foams; and (c¢) concrete with two
reinforcements.

The second column and third column indicate the results before and after image enhancement. The fourth
column shows the scale. The images were constructed using the 162 wave paths. Due to the limited number
of sensors and the low excitation frequency, linear wave velocity-based tomography could not detect the
positions of EPS foams and reinforcements. However, the pure concrete has no dark blue region whereas
concrete with EPS foams reveals several dark blue pixels along the diagonal line, indicating the decrease
in wave velocity. The percentage of heterogeneity in the image increases with the presence of EPS foam.
Similar to numerical models, the percentage of light blue region drops, and some light blue pixels eliminate
as compared with tomography of pure concrete because the velocity of ultrasonic in reinforcement is faster

than in concrete. As compared to the linear ultrasonic results, the direct path results of the nonlinearity
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parameter elicit distinct changes at the coordinates of the inclusions. As shown in FIGURE 15a, the

nonlinearity parameter appears with a minor variance in the pure concrete.
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FIGURE 15 The acoustic nonlinearity parameters obtained from the direct path of transmitter-
receiver pairs on concrete specimens: (a) pure concrete; (b) concrete with two EPS foam sections;
and (c) concrete with two rebars (reinforcement).

The value of the nonlinearity parameter rises when wave propagates through foam in both orientations and
through reinforcement in the x-direction as observed in FIGURE 15b and c, indicating that the nonlinearity
parameter 8 increases by due to the presence of inclusions. The nonlinear ultrasonics could not pinpoint
the vertical positions of rebars especially at the top-left corner. This could be due to the coupling between

rebar and concrete during construction leading to a scatterer source to prevent the detection of higher
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harmonics; however, this also indicates a limitation as such coupling issues may occur in practice. FIGURE
16 shows the tomography images reconstructed by the weighted acoustic nonlinearity coefficient C. The
range of the weighted acoustic nonlinearity coefficient is defined as 4 X 107 to 12 X 10~* for the pure
concrete and the concrete with two EPS foams and as 6 X 10™* to 12 X 10™* for the concrete with

reinforcements.

Weighted Acoustic Nonlinearity
Coefficient €

%10
12

Samples Before Image Enhancement  After Image Enhancement

6

FIGURE 16 The experimental weighted acoustic nonlinearity coefficient-based tomography images
of three concrete samples: a) pure concrete; (b) concrete with two EPS foams; and (c) concrete with
two reinforcements.

The lower bound of the scale is set as 4 X 107% to create a clearer image to differentiate the concrete and
heterogeneities as the majority of weighted acoustic nonlinearity coefficient for concrete ranges from 0 to
4 x 10™*. The mean values and standard deviations of weighted acoustic nonlinearity coefficient C are
listed in TABLE 3. The lowest mean value and standard deviation are obtained for the pure concrete,
whereas the concrete with reinforcements reaches the highest values. The tomography of pure concrete has
a uniform acoustic nonlinearity coefficient close to the lowest scale number as shown in FIGURE 16a. For
the case of the concrete with EPS foams, clearer image to differentiate the regions of heterogeneities is

obtained as compared to linear ultrasonic tomography. The blue region represents the homogenous concrete



whereas the light blue region indicates heterogeneities. The position of the foam at the left corner was
accurately detected using nonlinear ultrasonic tomography. However, a shift in the location of the foam to
the right corner was observed which may be due to the interference of the two foams’ proximity. As
depicted in FIGURE 16c¢, the detection of reinforcements was successful compared to the use of linear
ultrasonics. The region with brighter color indicated higher nonlinearity, which coincided with the location
of the various rebars. The results indicated that nonlinear ultrasonic tomography can detect high-density

inclusions and also accurately localize them as compared to linear ultrasonic tomography.

TABLE 3 Weighted Acoustic Nonlinearity Coefficients of Concrete Samples

Weighted Acoustic Concrete with foam Concrete with
. . . Pure concrete . . .
nonlinearity coefficient C inclusions reinforcements
Mean Value 1.67 x 107* 2.95x 107 3.81x107*
Standard Deviation 9.07 x 107> 1.77 x 10~* 2.72x 107

(4) LABORATORY MEASUREMENTS - GIRDER WITH DAMAGE

Two-dimensional tomography imaging was taken from the concrete girders strengthened with the HMC
polymeric coating and loaded for twelve cycles; the girder was forcibly failed (“lifted”) after testing in
order to detach its connection-details from the cap beam, as shown in FIGURE 17 (red section near the
support).

Damaged region Weighted acoustic nonlinearity

Coefficient C
200

Damaged Part

FIGURE 17 Nonlinear ultrasonic tomography measured from the damaed section .(')f concrete
girder. The support section was strengthened using the HMC polymer coating prior to loading.

The nonlinear ultrasonic tomography was obtained similar to three calibration samples presented for the
concrete samples. Nine R6 sensors (transmitters) were attached using hot glue and used to generate an

excitation signal of 75 kHz; and nine R15 sensors (receivers) were attached to the opposite surface using
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hot glue, detecting an ultrasonic wave of 150 kHz. FIGURE 17 shows images of the damaged section where
the ultrasonic array was attached along x-direction, and the ultrasonic wave propagated along the y-
direction. The image used the weighted acoustic nonlinearity coefficient as the variable indicated that
damage had initiated from corners propagating in the diagonal direction to indicate large shear stress during
the post-test detachment stage. The measurement was repeated at the undamaged section of concrete girder
as shown in FIGURE 18. A low acoustic nonlinearity coefficient value was calculated, indicating no
damage at the undamaged section. To further validate the nonlinear ultrasonic tomography, the concrete
girder was numerically modeled and the experimental loading scheme was applied to determine the
maximum stress direction as an indication of damage orientation.

Weighted acoustic nonlinearity
Coefficient C

30
Undamaged Part

125

120

15
10

5

FIGURE 18 Nonlinear ultrasonic tomography measured from the undamaged sec)tcion of conocrete
girder.

Structural dynamic response of the tested girder was studied numerically to validate the experimental
results. A numerical model was developed using COMSOL Multiphysics to predict the structural behavior
of the concrete girder under dynamic loading. The concrete girder was modeled as a rigid connection to the
cap beam; the details are shown in FIGURE 19. The girder length was 4.57 m. A cyclic wave-load load
function (hurricane loading) similar to the experiment was defined. The loading time-history is depicted in
FIGURE 19(¢c). The peak force was calculated as 160.1 kN. The force-controlled load function was
composed of a 5-second load cycle, where the force increased from 0 to 2.5-seconds, where it remained for
1 second before decreasing to zero within 1.5-seconds. Five-point loading (3 force points and 2 reaction
points) were simulated and located along the span, where one loading point was located at center-span, and
each of two other load points was located 1.5m to n either side. FIGURE 19(b) shows the profile view of
loading angle at 76 degrees with respect to the horizontal plane in order to simulate Hurricane Katrina
slamming wave and rising surge forces. Damping of the HMC coating was considered at the ends of girder
as 20% based on previous Dynamic Mechanical Analysis while the remaining part of girder was assigned

a conventional 5% structural damping of concrete (16), (17).

22



Section for stress analysis

(@)
Bolted
connectiion
- » T < w W
z Lodding 1 1524mm Loading 2 1524mm Loading3 |

A J

| E: 4572mm
X

(c) 15 160.1 160.1

Force (kN)

1] 1 25 E 5 El

Time (s}

FIGURE 19 Numerical model of the damaged girder: (a) girder span and loading points; (b) side
view of the loading angle; and (c) the loading function.

FIGURE 20 depicts a von Mises stress distribution at the girder-end after 3.5 s of loading. Large von Mises
stresses were observed along the diagonal plane highlighted in in FIGURE 20. It is near the edge of the cap
beam and girder. von mises stresses range from 0 up to 8e7 N/m?. The highest stress is close the top edge
of the bottom surface, gradually reducing to approximately 3e7 N/m? along the plane. The potential failure

plane agrees with the tomography results depicted in FIGURE 17.
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FIGURE 20 von Mises stress distribution at the left end of girder at 3.5 seconds.
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FIELD DEMONSTRATION

The field measurement was taken from a concrete pier of multi girder steel bridge that supported the I-55
highway at the intersection of Ashland Avenue and 31* Street as shown in FIGURE 21. This bridge was
selected in collaboration with Chicago DOT and Illinois DOT due to its easy access points in addition to
the fact that a visual inspection of surface cracking was observed that intimated potential subsurface damage
/ cracking (and potential rebar corrosion). Similar to the laboratory test set-up, R6 and R15 sensors were
used as transmitters and receivers, respectively. The cross section of the concrete pier was 70 cm x 70 cm.
In order to cover entire section, 9 x 9 sensor array was positioned at two lines across the section. A total of
256 ray paths were collected from each cross section. The measurements were taken at three different
locations along the height of the pier. The sensors were coupled to the concrete surface using vacuum

grease.
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of the bridge pier measurements taken (right).

FIGURE 22 shows the position of the level 1 sensors, which is away from the intimated corrosion
indicators. This first assessment was made using a direct way path between transmitter (left side of section)
and receiver (right side of section). The relationship evinces an acoustic nonlinearity coefficient at each
path. In general, the acoustic nonlinearity coefficient is below 0.02, which is lower than the damaged post-
tested concrete girder. High nonlinearity was measured at three paths as indicated by the red circles.
However, the signal to noise ratio was very low at these paths, resulting in substantial divergence. As an
example, the waveform that was recorded along path 13 is shown in the figure. No ultrasonic wave
propagated along this path. A potential explanation for this was the inconsistent sensor coupling due to the
field conditions, the condition of the concrete surfaces, and the reinforcement. These are plausible
explanations for the wave scattering that was observed.

FIGURE 23 shows the position of level 3, which is close to the concrete section where concrete had

previously spalled (visually) and there was apparent rebar corrosion. A comparison to section 1 reveals a
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larger nonlinearity coefficient below 0.2 near paths 1 through 10, which is ten times larger than the
nonlinearity observed at level 1. A significant increase in the nonlinearity coefficient is observed at path 7

while the signal-to-noise ratio is acceptable.

FIGURE 22 The position of level 1 (left) and the direct path result (right).

Path 14

Level 3 cross-section

Path 14

FIGURE 23 The position of level 3 (left) and the direct path result (right).

Path 14 has another artificial increase in the nonlinearity coefficient due to low signal to noise ratio as
observed from the waveform. The relative comparison of levels 1 and 3 indicates that higher nonlinearity
is detected at level 3, which agrees with the visual observation of corrosion at this level. Sudden increases

of the nonlinearity coefficients were measured at certain positions, which should be validated using other
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NDE methods, specifically at near-surface depths in order to be confident in the baseline predictions of the
other NDE methods.

Three main challenges were faced in this field-measurement phase of the research as shown in FIGURE
24. First, ultrasonic tomography requires an array of transmitters and receivers. Resolution of defects is
proportional to the number of sensors employed. In this study, a 9 x 9 sensor array was attached to the
sensor carrier. The receivers were re connected to external pre-amplifiers, which were connected to data
acquisition system using several individual cables. Cabling was not only excessively time-consuming, but
it also proved to be overly convoluted for field application due to the many overlapping cables. In fact, a
single error made in the array configuration may result in incorrect measurements. The second challenge
was the coupling. vacuum grease was used to couple the sensors; the removal of hot glue from the concrete
surfaces was excessively difficult and time-consuming. additionally, the set time of hot glue was longer
than the vacuum grease-based attachment. conversely, trying to ensure consistently good coupling from the
array of receivers was difficult using the vacuum grease due to the self-weight of the long array of sensors,
resulting in some sensors disconnecting from the surface. a mechanism to ensure a constant pressure on the
array is needed. the third challenge was trying to ensure a consistent direct path between the transmitters
and receivers, positioned at two opposing concrete faces. to circumvent this, a tape measure was used along
the two sides of the pier to ensure parallel paths. however, this approach would be challenging at taller

heights along the pier.

(a) (b)
FIGURE 24 The challenges faced at the field measurement: (a) cabling; (b) coupling; and (c) ensuring
direct path between transmitters and receivers.

PLANS FOR IMPLEMENTATION

The plans for implementation first require addressing the three main challenges during field testing. The

following suggestions are provided:
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e Multiplexer Design: To reduce the convoluted cabling, a sensor array may be connected to a
multiplexer such that only one cable will be connected to the data acquisition system. This approach
would also reduce the cost of instrumentation because only one receiving channel would be
sufficient. In this case, the signal of each ray may be separated using a time-delay approach.

e Sensor Array on a Flexible Cable: By using a greater number of sensors, the defect resolution
improves. A sensor array attached on a flexible printed circuit board (PCB), as shown in FIGURE
25, may be manufactured to serve as an alternative to placing sensors directly on the concrete
surface. Plus, a single PCB would reduce the number of cables to one that will be connected to the

data acquisition system.

o Software Development: A software with Graphical User Interface may be designed to reduce the

computational time of the tomography.

(a)

Multiplexer 16 piezo array with 2 mm edge-to-edge spacing — total length 200 mm
connector to DAQ

FIGURE 25 Flexible printed circuit board (PCB): (a) single-cable design ready for convenient plug-
in to a multiplexer (https://www.pcbgogo.com/knowledge-center/Flexible PCBs.html); and (b) PCB
with 16 piezoelectric wafers.

CONCLUSIONS

An integrated (combined) measurement approach of linear and nonlinear ultrasonic tomography was
developed to localize subsurface defects in (heterogeneous) concrete test samples, a large-scale concrete
post-tested sectioned girder that had been previously strengthened using a Hybrid Matrix Composite (HMC)
polymeric coating, and a field application on a concrete pier. The same sensor array was used for the two
former tests and measurements, where the received signals were decomposed into their respective
harmonics in order to generate inputs for linear wave velocity-based tomography and acoustic nonlinearity
coefficient-based tomography. The tomography models were developed under an assumption that the ray
path was straight between transmitters and receivers. The linear wave velocity image was developed such
that total slowness in each path was calculated as the summation of the slowness within each pixel region
that the path previously passed. It was numerically shown that the image resolution of linear wave velocity-
based tomography was limited by the number of transmitters and receivers, which was limited by the
physical available space around each concrete specimen and the size of the sensors, which ultimately

limited the resolution and depth of subsurface defect that could be discretely identified. To circumvent this
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imitation, an acoustic nonlinearity coefficient image was also reconstructed using a variable defined as the
weighted acoustic nonlinearity coefficient, which was calculated by the multiplication of each ray length
within each pixel and its associated 8 value along the respective ray. The two tomographic methods were
shown to be sensitive to the impedance ratio of the base material to the identified inclusion. The
combination of linear and nonlinear ultrasonic images, where the former finds and the latter refines the

images, appears promising for the identification of subsurface defects at larger depths.
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APPENDIX

RESEARCH RESULTS

Project Title: Bio-Inspired "MRI" of Concrete Bridges using Waveform-based Ultrasonic Tomography
Project Number: NCHRP-205-A

Project Start Date: October 1, 2020

Project Completion Date: March 31, 2022

Product Category: Bridge Preservation

Principal Investigator: Thomas Attard, Ph.D.
Title: President and CEO, PowerPolymer, LLC
E-Mail: thomas.attard@powerpolymer.net
Phone Number: 480 - 878 - 0002

TITLE: Mapping subsurface damage in concrete bridges

SUBHEAD: Subsurface concrete damage was mapped using novel nonlinear acoustics on an ultrasonic
tomography platform to design spray-on retrofit coatings

WHAT WAS THE NEED? This research was developed to enhance post-construction maintenance of
concrete bridges using accurate subsurface defect identification. The method, a bio-inspired ultrasonics
methodology applied to heterogeneous materials, developed an integrated linear-nonlinear tomography
technology to reduce cost and time expended to perform Bridge Ratings in aging concrete bridges. The
research addressed high-priority agency, industry and contractor needs, helping decision-makers to
accurately assess the health of the 9.1% of bridges that are structurally deficient or to re-assess potentially
misevaluated bridges to either leave them alone, retire them, or to develop a preservation solution.

Ostensibly, the linear and nonlinear integrated-measurement ultrasonic tomography represents significant
improvement to alternative, yet conventional, non-destructive evaluation (NDE) techniques due to large
penetration depth and high resolution of defects. The tool aids end-users by accurately diagnosing
component damage and prognosing short- and long- term health in the advent of a preservation program,
including a hybrid matrix-composite (HMC) a spray-on coating.

WHAT WAS OUR GOAL? The research goal was to accurately identify and map deep subsurface damage
in concrete bridge girders at high resolution using, initially, coupon-scale concrete samples, secondly, large-
scale post-tested bridge girder, and thirdly an actual Chicago-city bridge. The third test brought to light a
need to make the MRI technology field-conducive.

WHAT DID WE DO? The primary research objective is an integrated linear-nonlinear ultrasonic
tomography methodology to map subsurface defects using the same sensor array for linear and nonlinear
measurements, where received signals were decomposed into harmonics to generate subsequent inputs for
linear-wave velocity-based tomography and acoustic nonlinearity coefficient-based tomography. Two sub-
objectives were consequently directed: (1) Develop numerical models of the linear and nonlinear integrated-
measurement ultrasonic tomography, including design of optimal waveform-based ultrasonic technology,
at large penetration depths that conventional NDE methods cannot capably identify; and (2) Test the optimal
linear-nonlinear tomography technology by mapping subsurface damage in a large-scale post-tested HMC-
retrofitted concrete bridge girder. The task of bringing the technology to practical light was supported by
Chicago DOT and Illinois DOT via use of an [-55 concrete bridge pier.
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WHAT WAS THE OUTCOME? The linear-nonlinear tomography model assumed a straight ray path
between transmitters and receivers but which also required an excessive number of transmitters and
receivers to compute acoustic nonlinearity coefficients in order to feed them into the multiple linear
analyses. The limited amount of physical space around a given concrete component made this a practical
infeasibility, confirmed by the field study. In addition to necessitating large-sized sensors that revealed
surface coupling challenges — mainly on account of their weight — the linear-nonlinear tomography method
is not practical in its current logistical form. Notwithstanding, its laboratory-scale accuracy, in terms of
ascertaining deep subsurface damage in coupon-scale and large-scale concrete specimens in real-time
confirmed its strong potential as a viable NDE tool for end-users, including state agencies performing
bridge inspections. To address the tool’s practical limitations, additional research is needed. One idea that
will be proposed involves devising a sensor array printed on a flexible printed circuit board to house a large
number of sensors. In this light, a single multiplexer design could eradicate the convoluted-cable
architecture dilemma by using a single cable connected to a data acquisition system. This would not only
reduce the cost of this already inexpensive NDE technology, but it would convert the linear-nonlinear
tomography technology into a practical option. To test this hypothesis, a research plan that proposes the
use of a single-cable sensor-array architecture for field-feasibility is suggested.

WHAT IS THE BENEFIT? The immediate benefit to the public is the cost savings for state agencies who
procure this emerging linear-nonlinear tomography as an NDE technology. Long-term cost-savings include
longer life-cycles for aging bridges via accurate damage detection and custom retrofit solutions. Although
the HMC coating is a rapid-retrofit technology that limits traffic and lane closures and alleviates safety risk
to construction personnel, the linear-nonlinear tomography has logistical feasibility challenges that need to
be addressed before moving forward with public implementation.

LEARN MORE
More details are provided in the final report posted on the NCHRP IDEA website. The Final Report is also
available via the link to PowerPolymer Solutions' website: https://www.powerpolymer.net/recent-
research-equipment-procurement using the password IDEA N205-A
B To learn more about the damage detection & imaging technology, please contact Dr. Didem Ozevin,
Professor, = University =~ of  Illinois at  Chicago: dozevin@uic.edu, or  visit
https://cme.uic.edu/profiles/didem/
B To learn about equipment procuring options for bridge preservation / retrofit, please contact John
Winfrey, CTO, PowerPolymer Solutions at jwinfrey@powerpolymer.net, or follow the link above.
B To learn about retrofit options for bridges (or general structures), please contact Dr. Thomas Attard,
CEO, PowerPolymer Solutions at thomas.attard@powerpolymer.net, or follow the link above.
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Schematic for obtaining
acoustic nonlinearity
coefficient:  (a) received . . .
signal in time domain and its Nonlinear ultrasonic tomography
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FIGURE 1 Dual Tomography Software: (a)
transducer layout for given cross section: T
(transmitters) and R (receivers); (b) data acquisition
system; (c) frequency spectrum of receiver signal; ®
(d) time domain signal of the fundamental wave; (¢)

inputs to acoustic nonlinearity coefficient-based -i:’ . s

tomography; (f) input feed to linear velocity-based
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