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ABSTRACT:

The assessment of internal conditions in reinforced concrete structures is a critical component of maintaining structural integrity, ensuring public safety, and
optimizing lifecycle management of civil infrastructure. Traditional non-destructive testing (NDT) methods, while useful, often provide limited, indirect data and
require extensive surface preparation. This comprehensive review examines the recent advancements in ultrasonic shear-wave tomography, specifically focusing
on the MIRA device framework. By utilizing a multi-channel array of dry-point-contact (DPC) transducers and advanced Synthetic Aperture Focusing Technique
(SAFT) image reconstruction algorithms, this technology enables high-resolution, three-dimensional visualization of concrete interiors. Drawing upon recent case
studies and literature, including detailed assessments of concrete bridge deck overlays (Sanderson et al., 2022), this paper reviews the fundamental operational
principles, data visualization capabilities, defect detection accuracy, and structural applications of MIRA ultrasonic tomography in contrast to conventional

techniques. The findings underscore a paradigm shift from point-by-point anomaly detection to comprehensive volumetric imaging in structural diagnostics.
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1. Introduction

Concrete is the most widely utilised construction material globally, forming the backbone of modern civil infrastructure, including bridges, tunnels, high-
rise buildings, and containment structures. Despite its durability and compressive strength, reinforced concrete is susceptible to various forms of
degradation over its service life. Environmental exposure, chemical attack, dynamic loading, and construction defects can cause internal anomalies such
as voids, honeycombing, delamination, and deep cracking. Left undetected, these internal flaws can severely compromise the structural capacity and
safety of the concrete element.

To evaluate the structural health of these elements without causing further damage, Non-Destructive Testing (NDT) methods are employed. Historically,
civil engineers have relied on techniques such as the Rebound Hammer (Schmidt Hammer) for estimating surface hardness and Ultrasonic Pulse Velocity
(UPV) for assessing general concrete uniformity. While these conventional methods are cost-effective and relatively simple to deploy, they possess
significant limitations. They are traditionally restricted to point-by-point testing, providing surface-level or indirect volumetric data, and often demand
extensive surface preparation, such as grinding or the application of coupling gels, which is highly impractical for large-scale infrastructure assessments.

In recent years, the introduction of ultrasonic shear-wave tomography has fundamentally shifted the landscape of structural assessment. Moving away
from isolated data points, modern tomographic systems, most notably the MIRA ultrasonic tomograph, provide comprehensive internal 3D visualisation.
This review paper aims to thoroughly explore the MIRA technology, detailing its underlying ultrasonic principles, hardware configurations, data
processing methodologies, and its expanding applications in civil engineering. By analysing its capabilities in detecting specific concrete defects and
comparing it with legacy NDT tools, this paper highlights the indispensable role of advanced tomography in modern structural engineering.

2. Principles of Ultrasonic Tomography in Concrete

Ultrasonic testing in concrete relies on the propagation of high-frequency stress waves through the heterogeneous material matrix. When these acoustic
waves encounter a boundary between two materials with differing acoustic impedances—such as concrete and air (a void or crack) or concrete and steel
(reinforcement bars)—a portion of the wave energy is reflected back toward the surface, while the remainder is transmitted or scattered.

Traditional ultrasonic methods primarily utilize longitudinal waves (P-waves). However, P-waves are highly sensitive to moisture variations within the
concrete, which can lead to signal attenuation and misinterpretation of data. Advanced tomographic systems like MIRA utilize shear waves (S-waves).
S-waves oscillate perpendicular to the direction of wave propagation and are advantageous because they do not propagate through fluids. Consequently,
their propagation and reflection characteristics are less influenced by the moisture content of the concrete, resulting in clearer, more reliable signals when
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identifying internal voids or delaminations.

The core functionality of ultrasonic tomography involves emitting an ultrasonic pulse into the structural element and recording the time-of-flight (TOF)
and amplitude of the reflected echoes. By precisely calculating the wave velocity within the specific concrete mix and measuring the time it takes for
reflections to return to the receiving transducers, the depth and spatial location of internal reflectors can be accurately determined.

3. The MIRA Device: Hardware and Configuration

The MIRA ultrasonic tomograph represents a pinnacle in NDT hardware design, specifically engineered to overcome the logistical and technical hurdles
of testing large concrete structures. The device is a portable, ruggedised unit designed for real-time field operation. At its core is a sophisticated multi-
channel acoustic array.

Hardware Configuration: The MIRA system typically employs a 4 x 12 array of individual transducers, totalling 48 distinct sensor nodes. During a single
data acquisition cycle, the system sequences these nodes to operate as 66 independent transducer pairs (transmitters and receivers). This multiplexing
capability allows the device to capture an immense amount of acoustic data from a single spatial position in a fraction of a second. By capturing crossing
wave paths from multiple angles, the system gathers the necessary dense data sets required for high-resolution tomographic reconstruction.

Dry-Point-Contact (DPC) Technology: Perhaps the most significant mechanical advantage of the MIRA system is its utilization of Dry-Point-Contact
transducers. Traditional ultrasonic transducers require a liquid couplant (such as gel, oil, or water) to bridge the air gap between the sensor and the rough
concrete surface, preventing signal loss. Applying couplant over large areas like bridge decks is labor-intensive, messy, and time-consuming. DPC
transducers feature specialized wear-resistant ceramic tips mounted on spring-loaded suspension systems. This allows the sensors to conform to the
macroscopic roughness of typical concrete surfaces and transmit shear waves directly into the material without any coupling agents. The elimination of
surface preparation and couplant allows for rapid, continuous, "step-and-measure" scanning across extensive structural surfaces.

4. Data Acquisition and Image Reconstruction Algorithms

The raw ultrasonic waveforms collected by the 66 transducer pairs consist of complex time-domain signals (A-scans) containing numerous reflections,
scattering noise from aggregate, and mode conversions. To transform these raw signals into an interpretable visual format, advanced computational
algorithms are employed directly within the device's onboard processor or a connected laptop.

The primary mathematical engine driving MIRA's image reconstruction is the Synthetic Aperture Focusing Technique (SAFT). Originally developed for
radar and medical imaging, SAFT has been adapted for acoustic wave propagation in highly scattering media like concrete.

SAFT operates by superimposing the time-domain signals from all transducer pairs onto a spatial grid representing the cross-section of the concrete. For
each pixel or voxel in the reconstruction grid, the algorithm calculates the expected time-of-flight from every transmitter to that point, and back to every
receiver. The amplitudes of the recorded signals at those specific times are summed. If a true structural reflector (like a rebar or a void) exists at that
point, the signals will be in phase, and their amplitudes will constructively interfere, producing a high-intensity pixel in the final image. Conversely,
random scattering noise from aggregates will be out of phase and destructively interfere, effectively filtering out the background noise.

This intensive computational process, which previously required hours of post-processing on desktop computers, is now performed in near real-time,

allowing engineers to visualize the internal structure on-site immediately after a measurement is taken.

5. Tomography Scan Types and Visualization

A major strength of the MIRA ultrasonic tomography system lies in its versatile data visualization capabilities. The reconstructed volumetric data can be
sliced, projected, and rendered in multiple dimensions to isolate specific structural features.

B-Scan (Vertical Slice): The B-scan provides a two-dimensional cross-sectional view of the concrete element beneath the transducer array. The horizontal
axis represents the physical length along the scan line, while the vertical axis represents the depth into the concrete. A color scale is utilized to represent
acoustic reflectivity, typically ranging from low (blue/cool colors indicating solid, homogeneous concrete) to high (red/warm colors indicating strong
reflectors). B-scans are ideal for identifying the depth of reinforcing steel layers, locating distinct voids, or determining the back-wall thickness of the

element.

C-Scan (Plan View): The C-scan offers a top-down, planar slice of the volumetric data at a user-specified depth. This view is parallel to the testing
surface. C-scans are highly effective for mapping the areal extent of planar defects. For example, by generating a C-scan at the depth of the top mat of
reinforcement, an engineer can visualize localized areas of corrosion-induced delamination spreading between the rebars.

D-Scan (Depth Slice): A D-scan is a panoramic projection that displays a longitudinal cross-section, often perpendicular to the B-scan. This visualization
aids in understanding the longitudinal distribution of anomalies and the continuity of linear features like tendon ducts across a broader section of the
structural element.

3D Visualization: By amalgamating multiple contiguous B-scans, the software generates a comprehensive 3D volumetric block. This 3D rendering allows
engineers to rotate, pan, and slice the internal concrete matrix interactively. It provides an intuitive understanding of the spatial relationship between
different internal features, enabling the differentiation between intersecting layers of reinforcement, complex honeycombing networks, and structural
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boundaries.

6. Defect Detection and Material Assessment Capabilities

The sensitivity of ultrasonic shear waves to acoustic impedance mismatches makes the MIRA system an exceptionally powerful tool for comprehensive

material assessment and the detection of various structural defects.

Voids and Honeycombing: Poor consolidation during concrete placement, inadequate vibration, or highly congested reinforcement can lead to the
formation of air voids and honeycombing. These macro-defects severely reduce the localized compressive strength and expose reinforcement to
environmental ingress. Ultrasonic tomography identifies these areas as highly reflective, irregular anomalies. The 3D visualization allows for volumetric
estimation of the poorly consolidated zones, aiding in structural capacity recalculations.

Cracks and Delamination: Delamination is a critical failure mode, particularly in bridge decks and layered slabs. It often originates from the expansion
of corroding reinforcing steel, causing horizontal cracking that eventually separates the upper concrete layer from the substrate. Tomography is highly
adept at detecting these air-filled separations. Sanderson, Freeseman, and Liu (2022) prominently demonstrated the technology's efficacy in assessing
concrete bridge deck overlays, proving that high-resolution tomography can accurately map the integrity of the bond interface, ensuring structural
longevity.

Rebar Location and Internal Detailing: While Ground Penetrating Radar (GPR) is commonly used for rebar locating, MIRA provides an acoustic
alternative that is unaffected by the moisture or chloride content of the concrete, which can sometimes attenuate GPR signals. MIRA accurately maps the
spatial location and depth of rebar mats. Furthermore, it is heavily utilized in post-tensioned structures to locate tendon ducts and assess the condition of
the grout within them. Un-grouted or partially grouted ducts present a massive corrosion risk to the post-tensioning strands; tomography can identify
these grout voids by detecting the acoustic reflection from the air trapped within the duct.

Thickness Measurement: For elements with access to only one side (such as tunnel linings, retaining walls, or slabs on grade), MIRA accurately measures
the overall element thickness by identifying the back-wall reflection, providing millimeter-level accuracy crucial for as-built verification.

7. Applications in Structural Engineering

The robust design and high-fidelity output of the MIRA system have led to its widespread adoption across various sectors of civil and structural
engineering.

Bridge Decks and Infrastructure: Bridges are subjected to harsh environmental conditions, de-icing salts, and cyclic dynamic loading. MIRA is extensively
deployed for evaluating bridge deck overlays, mapping corrosion-induced delaminations before they manifest as surface spalling, and verifying the
structural thickness of bridge piers and abutments.

Buildings and Parking Structures: In commercial and residential construction, tomography is used to ensure safety before invasive procedures. By locating
post-tensioning cables, electrical conduits, and heavy reinforcement, contractors can safely core or drill into slabs without catastrophic structural damage.
It is also used to assess load-bearing walls and columns for internal integrity after seismic events or fires.

Tunnels and Underground Structures: Assessing the integrity of tunnel linings is challenging due to limited access and challenging geometries. MIRA's
portable nature allows for the detection of voids behind concrete liners (which can lead to water ingress and ground settlement) and the evaluation of the
mass concrete placements used in subterranean retaining walls.

Precast Concrete Elements: In the manufacturing phase, precast facilities utilize ultrasonic tomography for rigorous quality assurance. Before massive
precast girders or panels are shipped to a construction site, they can be scanned to verify consolidation around heavily congested connection nodes and
ensure no internal casting defects exist.

8. Comparison with Conventional NDT Methods

To fully appreciate the value of MIRA ultrasonic tomography, it must be contrasted with the conventional NDT tools that have dominated the industry
for decades.

Depth of Information: The most glaring difference lies in the type of data acquired. Rebound hammers provide only a surface hardness index, which is
loosely correlated to compressive strength but offers zero insight into internal flaws. Ultrasonic Pulse Velocity (UPV) measures the transit time of a wave
between two points. While a slow velocity might indicate poor-quality concrete or a crack, UPV provides only a singular, volumetric average. It cannot
pinpoint the location, size, or depth of the defect. MIRA, conversely, provides a detailed, spatially accurate internal 3D visualization.

Detection Capability: Conventional methods possess highly limited defect detection capabilities. A rebound hammer will not detect a delamination located
50mm below the surface. UPV requires access to two opposite faces of the element (direct transmission) for optimal results, which is often impossible in
field conditions. MIRA operates entirely from a single accessible surface (pulse-echo mode) and explicitly targets and sizes voids, cracks, delaminations,
and internal detailing simultaneously.

Accuracy and Resolution: The SAFT reconstruction utilized by MIRA provides millimeter-level accuracy for both depth sizing and lateral localization
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of reflectors. Conventional tools offer, at best, moderate to low spatial accuracy.

Operational Speed and Surface Preparation: UPV requires a smooth surface and the liberal application of coupling gel for every single test point, making
large-area surveys agonizingly slow. The MIRA system’s Dry-Point-Contact transducers eliminate surface preparation. The automated 66-pair scanning
sequence occurs in milliseconds, allowing for fast, continuous scanning and real-time imaging on the device screen.

Conclusion

MIRA ultrasonic tomography represents a transformative advancement in the non-destructive evaluation and health monitoring of reinforced concrete
structures. By ingeniously combining dry-point-contact multi-channel acoustic arrays with advanced synthetic aperture focusing reconstruction
algorithms, it transcends the limitations of legacy NDT techniques. It provides structural engineers with unprecedented, high-resolution, real-time
visibility into the internal conditions of critical infrastructure.

As heavily supported by recent academic literature and practical field applications—such as the rigorous assessment of bridge deck overlays—the
transition from conventional point-by-point testing to comprehensive 3D tomographic imaging is not merely an incremental upgrade, but a necessary
evolution. This technology ensures more accurate diagnostics, facilitates targeted and cost-effective structural repairs, and ultimately plays a pivotal role
in ensuring the long-term safety, reliability, and lifecycle optimization of the built environment.
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