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Abstract : Non-destructive Testing (NDT) comprises of methods to test fabricated components, materials
and structures without impairing their future usefulness. Ultrasonic Testing is one of the important NDT
methods to carry out inspection of such specimens. It has always been a challenge to inspect porous and
non-homogeneous materials such as Concrete and RCC using ultrasonic testing technique. The industries
where ultrasonic NDT is majorly practiced for inspection of Concrete/ RCC are Transportation sector,
Infrastructure sector, Petrochemical and Nuclear industries. These industries contain large number of civil
engineering structures which are of vital importance, considering their end applications. Non-destructive
testing of Concrete/RCC structures has become important because internal discontinuities may remain
hidden over a long period of time which can hamper the integrity of these structures. Early detection of
discontinuities is the most effective way to reduce maintenance and rehabilitation costs, thereby enhancing
their safety along with safety of human lives. For the inspection of metals, non-destructive testing is a
well matured technique but however for the inspection of Concrete/RCC structures, the extensive use of
NDT is relatively recent. At present, the Ultrasonic Pulse Velocity (UPV) method is the routinely adopted
method which is reliable and provides estimation of Concrete strength for in-situ conditions. For determining
the location and size of the flaw present in a Concrete structure and for estimating the flaw size and depth,
Ultrasonic Tomography is employed. The periodic inspection of Concrete structures is mandatory because
many of the Concrete structures such as roads, bridges, tunnels and buildings age fast due to fatigue and
the environment attacks and hence Concrete requires increased care for the in-situ conditions. Concrete
structures are one of the most adaptive in terms of design since they allow damage to exist as long as this
damage does not become critical. Many buildings, towers, flyover bridges etc, collapse due to severe
defects which can be prevented if internal defects in those Concrete structures are detected much earlier.
This is carried out through ultrasonic inspection which can save time, money and lives. For RCC structures,
presence of reinforced steel bars inside the Concrete aggregate hinders the propagation of ultrasonic
waves. Prior knowledge of the location of the steel bars minimizes hurdles in the inspection of RCC
structures.To overcome the inspection problems associated with Concrete and RCC structures, several
international R&D Institutes / Laboratories are engaged in carrying out the research in this field. To
ascertain the capability of ultrasonic instruments and transducers and ultrasonic test procedures for
Concrete/ RCC structures, various National and International, standards and codes are available. This
review report provides details about the research work carried out worldwide by various countries in the
field of ultrasonic instrumentation, transducers, ultrasonic test procedures and flaw detection, sizing and

characterization for non-homogeneous and porous Concrete and RCC materials and structures.



ULTRASONIC TESTING OF CONCRETE STRUCTURES: A REVIEW 
Harshit Jain*1,2, V.H. Patankar1,2 and M.S. Kulkarni1,3 

1Homi Bhabha National Institute (HBNI), Anushaktinagar, Mumbai-400094, India 
2Electronics Division,  

3Health Physics Division 
Bhabha Atomic Research Centre, Trombay, Mumbai-400085, India 

harshitj@ barc.gov.in* 

Abstract 

Non-destructive Testing (NDT) comprises of methods to test fabricated components, 

materials and structures without impairing their future usefulness. Ultrasonic Testing 

(UT) is one of the most important NDT methods to carry out inspection of such specimens. 

It has always been a challenge to inspect porous and non-homogeneous materials such as 

Concrete and RCC using UT technique. The industries where ultrasonic NDT is majorly 

practiced for inspection of Concrete/ RCC are Transportation sector, Infrastructure sector, 

Petrochemical and Nuclear. These industries contain large number of civil engineering 

structures which are of vital importance, considering their end applications. Non-

destructive testing of Concrete/ RCC structures has become important because internal 

discontinuities may remain hidden over a long period of time which can hamper the 

integrity of these structures. Early detection of discontinuities is the most effective way to 

reduce maintenance and rehabilitation costs, thereby enhancing their safety along with 

safety of human lives. The NDT methods which are commonly employed for inspection of 

Concrete structures are Rebound Hammer test, Penetration Resistance method, Pull-out 

resistance method, Pull-off resistance method, Resonant frequency test method, Maturity 

test method, Permeation test method, Impact-echo method, Corrosion of reinforcement 

method and Ultrasonic Pulse Velocity (UPV) method. For the inspection of metals, non-

destructive testing is a well matured technique but however for the inspection of 

Concrete/RCC structures, the extensive use of NDT is relatively recent. At present, the 

UPV method is the only one of these methods that is reliable and provides estimate of 

Concrete strength for in-situ conditions. UT Technique measures the Time of Flight (TOF) 

of the ultrasonic pulse travelling through the Concrete. A common design features of all 

the commercially available ultrasonic instrumentation for Concrete, consists of a pulse 

generator, transducers, receiver amplifier and time of flight measurement logic. For 

determining the location of the discontinuity i.e. flaw present in a Concrete structure and 

for estimating the flaw size and depth, Ultrasonic Tomography is employed. 



The periodic inspection of Concrete structures is mandatory because many of the Concrete 

structures such as roads, bridges, tunnels and buildings age fast due to the fatigue and 

environment attacks and hence Concrete requires increased care for the in-situ conditions. 

Concrete structures are one of the most adaptive in terms of design, since they allow 

damage to exist as long as this damage does not become critical. Many buildings, towers, 

flyover bridges etc., collapse due to severe defects which can be prevented if internal 

defects in those Concrete structures are detected much earlier. This is carried out through 

ultrasonic inspection which can save time, money and lives. The major limitation that 

makes the ultrasonic inspection of Concrete structures more complex and challenging is 

that Concrete does not allow transmission of high frequencies, as the heterogeneity of the 

Concrete causes’ ultrasonic signals of smaller wavelengths or wavelengths comparable 

with the nominal aggregate size, to scatter and attenuate. For example, high frequency           

(>10 MHz) pulse echo A-scan waveforms or C-scan images cannot be acquired for 

Concrete structures because of the extensive wave scattering caused by the aggregates. For 

RCC structures, presence of reinforced steel bars inside the Concrete aggregate hinders the 

propagation of ultrasonic waves. Prior knowledge of the location of the steel bars 

minimizes such hurdles in the inspection of RCC structures. 

To overcome the inspection problems associated with Concrete and RCC structures, 

several national and international R&D Institutes / Laboratories such as, at national level-

various Indian Institute of Technologies (IITs), CSIR-Structural Engineering Research 

Centre (SERC), CSIR – Central Road Research Institute (CRRI), National Council for 

Cement and Building Materials (NCB), Ministry of Road Transport and Highways, India, 

and at international level- BAM (Germany), Fraunhofer IZFP (Germany), ORNL (USA), 

Imperial College (UK) and many more are engaged in carrying out the research in this 

field. Since 1980s, Imperial College, London has contributed in the area of ultrasonic 

guided waves and imaging of Concrete structures. To ascertain the capability of ultrasonic 

instruments and transducers and ultrasonic test procedures for Concrete / RCC structures, 

various National and International, standards and codes are available from: ASTM (USA), 

BS EN (Europe), DIN (Germany), GOST (Russia), BS (UK), BIS (India) and ISO 

(Switzerland). 

This review report provides details about the research work carried out worldwide by 

various countries in the field of ultrasonic instrumentation, transducers, ultrasonic test 



procedures and flaw detection, sizing and characterization for non-homogeneous and 

porous Concrete and RCC structures. 
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1.  INTRODUCTION 

Concrete is a highly complex quasi-brittle heterogeneous and anisotropic composite material 
that is made by binding aggregates together using cement paste. The efficiency of the 
consolidation during the setting and hardening period of concrete is crucial for attaining the 
full tensile and compressive strength of a concrete mixture. Concrete is the material which is 
most produced by humanity. It is mainly popular because of its low production cost and high 
structural design flexibility. Although concrete has a high durability and compressive 
strength, it is vulnerable in a series of operational and ambient degradation factors which can 
seriously decrease its operational service life. Mechanical loading, harmful chemical 
reactions and environmental effects can develop harmful tensile stresses in concrete. These 
tensile stresses frequently result in cracking that can adversely affect the health and 
performance of concrete structure [1-3]. In most of the concrete structures, when they begin 
to deteriorate, it happens slowly in the beginning and then progresses rapidly to failure. Its 
operational and ambient loadings including environmental effects have a great impact on the 
performance and overall cost of concrete structures. 

The quality control, structural assessment, maintenance and reliable prolongation of the 
operational service life of the existing concrete structure have become a major issue. 
Therefore, to resolve this matter, various testing is carried out routinely on concrete. These 
testing can be either destructive or non-destructive. Even though destructive testing provides 
direct, accurate and reliable information about the structural integrity and quality of the 
concrete, these methods cannot be used for a new construction because it will degrade the 
existing construction. For a long period, the common way to inspect and diagnose the 
concrete facilities with a high precision has been to perform destructive strength testing and 
material analysis in a few small samples coming out of the existing structure. But carrying 
out concrete infrastructure assessment using destructive testing techniques is not always 
possible (e.g. non-accessible concrete structure of interest). Additionally, in large-scale 
concrete facilities such as dams and tunnels, there is a great spatial variability of 
measurement points and by definition a reliable condition evaluation is extremely costly and 
time consuming. Conversely, the harmless non-destructive tests can be applied quickly at a 
relatively low cost but they provide indirect information that needs further post-processing. 
Since the 1940s, there has been a large interest in Non-Destructive Testing (NDT) methods 
for both early-age and hardened concrete not only in the laboratory but also in-situ and 
significant advancements have been achieved till-date [4]. The in-situ non-destructive 
evaluation of concrete structures is vital to monitor their soundness and irreversible damages. 
The main tasks of NDT methods consist of integrity assessment, defect characterization, 
quality control and assessment of mechanical and physical properties not only in new 
concrete structures, but also in the degraded ones before and after the necessary rehabilitative 
actions. Some of these most challenging tasks are attained with the use of several NDT 
methods which are currently in use and are mainly based on Rebound Hammer (RH), 
penetration resistance, pull out, ultrasonic, radar, thermography, radiography, acoustic 
emission, magnetic or eddy current, half-cell potential and visual (photography) methods. 
The most significant characteristic of these techniques is that they indirectly connect the 
observed phenomena with the mechanical properties of concrete such as stiffness, elastic 

1



modulus or compressive strength, using well established relationships. Those developed 
relationships may correlate the compressive strength of the tested concrete and the NDT 
measurement by testing core samples that have been drilled from areas adjacent to the in-situ 
test locations. The resulting equation with the confidence limits, for the estimated concrete 
compressive strength is developed through regression analysis. Therefore, in-situ NDT 
measurements can reduce the number of core samples but cannot completely eliminate them 
[5]. During construction and without damaging the structure, whole-scale and cost-efficient 
reliable NDT tests are achievable, the results of which can be utilized for the estimation of 
the concrete strength, enabling the safe continuity of construction [6-8]. 

1.1.  Ultrasonic Inspection of Concrete 

Among all the NDT methods, Ultrasonic Testing (UT) plays an important role because of its 
ease of use at a reasonable cost [276]. Ultrasonic wave-based propagation systems are among 
the most widely used NDT methods for inspection of concrete and they could be divided in 
two main groups: through-transmission Ultrasonic Pulse Velocity (UPV) and Pulse–Echo 
(PE) systems [277]. There is a difficulty in using PE technique in concrete because of the 
large heterogeneity of the concrete, but the through transmission UPV method is still 
successfully used and continuously being evolved. To monitor the service life of a concrete 
structure, various ultrasonic wave propagation characteristics such as velocity, amplitude, 
attenuation, frequency and energy can be used. These characteristics are used to detect the 
extent of damages in a concrete structure and assess their severity due to which the UPV 
method is a highly dependable method in the scientific community in the field of Structural 
Health Monitoring (SHM). To assess the condition of in-situ material, the measurements are 
compared with the reference material. The level of degradation is judged by ratio of those 
measurements. While today, majority of the current techniques of ultrasonic inspection are 
based on the use of piezoelectric transducers placed on the surface of concrete and a special 
attention is paid to the very promising technique using piezoelectric transducers embedded in 
concrete structures. The results so far show a good conformance with the classical ultrasonic 
tests using external transducers [9 & 10]. As the development of infrastructure is increasing 
day by day, the need for in-situ testing of concrete is also increasing because it is more 
economical and less time consuming to rehabilitate the concrete structures which are showing 
signs of structural degradation than to build new concrete structures. From earlier research, it 
has become clear that for error free concrete strength and integrity performance evaluation of 
the existing structures, reliable tools are required so that the most cost-effective strategy of 
rehabilitation can be adopted. The reduction of the inspection cost and reduction in the risk of 
unexpected failure using real-time online monitoring systems has become utmost important 
[6]. 

The ultrasonic method can be used to estimate strength, elastic modulus, slab thickness, crack 
depth and to detect voids, lamination and steel bar location. It is recognized as the only NDT 
method available in present time, which is capable of determining the crack depth to a certain 
degree of accuracy. The technique was also used to monitor the mixing materials during 
construction, to determine the concrete uniformity, to measure thickness and to estimate the 
depth of damage caused due to any fire. The UPV method can only estimate strength with an 
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accuracy of 20% at the best. Better and reliable strength estimation is by combination with 
RH and Thermography. Although there are many other combinations, combination between 
RH and acoustic velocity is the most popular [11]. 

Recent studies have highlighted the chance to define novel ultrasonic NDT by taking 
advantage of some peculiar features related to the non-linear properties of damaged materials 
[12 & 13]. In particular, researchers have shown that the elastic excitation of cracks at the 
micro or meso-scale can induce the generation of non-linear properties in the wave 
propagating through the damaged element [12, 14 & 15]. Being such terms specific to 
damage, i.e. not generated by heterogeneities or geometrical flaws of the sample, non-linear 

ultrasound can be more sensitive to the degradation of the material‘s mechanical properties, 

yet in the early stages of damage [16]. Thus, improving experimental methods to properly 
insonify a sample and extract the full non-linear signature in the resulting ultrasonic output 
signal can lead to more effective diagnostic methods to test the integrity of the material. 

The UPV results can be used:  
i. To check the uniformity of concrete before pouring. 
ii. To detect cracking and voids inside concrete. 
iii. To control the quality of concrete and concrete products by comparing results with 

the earlier made similar concrete. 
iv. To detect the condition and deterioration of concrete. 
v. To detect the depth of a surface crack. 
vi. To determine the strength if previous NDT data are available. 

1.2.  Historical Background 

Traditionally, the non-destructive quality evaluation and structural integrity of concrete has 
been performed largely by visual inspection and surface sounding, which refers to striking the 
surface of the concrete and interpreting the characteristics of the resulting sound. The 
limitations of visual inspection, i.e., those only visible macroscopic damages at accessible 
locations of the structure can be inspected and there is no quantitative information obtained, 
which makes it as inadequate NDT method [7]. The use of sound technique in order to assess 
the integrity of structures is probably as old as human’s interest in structural integrity and 
failure. The initial approach of concrete quality assessment (dynamic modulus of elasticity 
calculation) was achieved by Long et al. [47], involving two receivers attached to the 
concrete. A hammer hit was applied in line with the receivers and a synchronized timer was 
used to measure the time needed for the generated stress waves to travel from one receiver to 
the other receiver. Since the late 1940s, Jones [21] in England (at the Road Research 
Laboratory (RRL)) and Leslie and Cheesman [22] in Canada (at the Hydro-Electric Power 
Commission of Ontario (Ontario Hydro)) independently suggested quite similar ultrasonic 
tests for the quality evaluation of concrete. Jones developed the ultrasonic concrete tester and 
Leslie and Cheesman developed the soniscope. The soniscope was oriented for crack 
detection and monitoring in dams as well as to determine the dynamic modulus of elasticity 
of concrete used. It consists of a piezoelectric transducer capable of transmitting ultrasonic 
stress waves penetrating up to 15 m. The fundamental measurement by that device was the 
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transit time of the stress wave with an accuracy of 3%, while the amplitude of the received 
signal was not of much importance because the energy transferred between the transducer 
and the concrete could not be controlled. Parker [23] reported that the initial use of the 
soniscope was mainly oriented on measuring the acoustic velocity on mass concrete for 
detecting the damaged areas rather than on the strength assessment. Based only on acoustic 
velocity measurements, the presence of damaged concrete was detected. He also reported an 
early attempt in order to correlate the acoustic velocity and the compressive strength of the 
concrete. Forty-six different concrete mixtures involving the same aggregates, different types 
of cement and different admixtures were tested. The results revealed that there is an inherent 
uncertainty in using acoustic velocity to directly estimate the concrete strength. In 1967, 
Whitehurst reported field applications using a soniscope developed in the United States.        
A rough classification for using acoustic velocity as a quality indicator of normal concrete 
(Table.1-1) was also reported [24 & 25]. 

The ultrasonic concrete tester developed by Jones had mainly focused on testing the quality 
of concrete pavements [26]. Because of the short path lengths in concrete pavements, the 
ultrasonic tester was operated at a higher frequency than the one used in the soniscope.          
High-resonance frequency transducers (from 60 kHz to 200 kHz) were developed and were 
used according to the desired penetration and the transit time of the stress wave which was 

measured within ±2 μs accuracy [27]. 

Table.1-1.  Quality Classification of Normal Concrete According to Acoustic 
Velocity [27] 

Longitudinal acoustic velocity (m/s) Concrete quality 

> 4570 Excellent 
3660-4570 Generally good 
3050-3660 Questionable 
2130-3050 Generally poor 

< 2130 Very poor 

Additionally, the influence of the water-to-cement ratio, the aggregate type and results of 
acoustic velocity as well as the relationship between the acoustic velocity and compressive 
strength were also investigated [21]. In 1967, UPV became an official test method in the 
United States [28] and the American Society for Testing and Materials (ASTM) adopted the 
proposed test method published by Leslie in 1955 [29]. In Europe, the International Union of 
Testing and Research Laboratories for Materials and Structures (RILEM) published draft 
recommendations for testing concrete using that method in 1969 [30]. In the same period, 
researchers from the Netherlands Organization for Applied Scientific Research (TNO) 
developed a portable and easy-to-use UPV device. That portable system had a low accuracy, 
especially in short path length measurements and it also had limited penetrating ability [31]. 
A similar portable device known as PUNDIT (Portable Ultrasonic Non-destructive Digital 
Indicating Tester) system was also developed by Elvery [32]. It was obvious that there has 
been a growing trend for in-situ testing of the concrete structure not only during the 
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construction but also during its whole service life. Failure in the assessment of reliable 
concrete strength can lead in tragic construction failure such as the Skyline Plaza collapse in 
Virginia [33], the cooling tower disaster in Willow Island, West Virginiain [34] and many 
others. The latter disaster highlighted the great importance of fresh concrete strength 
monitoring. 

Since the 1980s, digital electronics and computer innovations have positively affected NDT 
methods for concrete. The reduction of the inspection costs and reduction in the unexpected 
failures were the main requirements during the development of real-time monitoring systems. 
In that direction, many efforts have been made in recent years in order to develop fully 
automated SHM systems based on ultrasonic wave propagation for in-situ applications. Many 
research teams developed the UPV method using mainly surface attached transducers [35–
37]. This method was used in concrete structures not only for flaw detection, but also for 
hydration monitoring. The UPV method is a real NDT technique as the high-frequency wave 
propagation through the concrete does not have any side effects on the integrity of the 
concrete structure under test. 

1.3.  Ultrasonic Inspection of Reinforced Cement Concrete (RCC) 

Concrete is a composite building material made from a mixture of sand, gravel, crushed rock 
or other aggregates (coarse and fine) held together in a stone like mass with a binder such as 
cement and water. The stone like mass is formed due to the hydration of cement and 
eventually due to its hardening. Sometimes one or more admixtures (plasticizers, super 
plasticizers, accelerators, retarders, pazolonic materials, air entertaining agents, fibers, 
polymers and silica furies) are added to change certain characteristics of the concrete such as 
its workability, durability and time of hardening.  

Hardened concrete has a high compressive strength and a very low tensile strength. So to 
compensate for the low tensile strength, reinforcement materials, such as iron or steel rods, 
began to be used in the late nineteenth century [38]. Today concrete is generally strengthened 
using steel bars known as reinforcement bars (rebars in short) in the tension zone. Such 
elements are known as ‘Reinforced Concrete (RCC)’. Since concrete bonds firmly to steel 
reinforcement, the combination acts as one material which offers high compressive strength, 
high tensile strength and high shear strength. Reinforcement of concrete also helps to control 
cracking such as shrinkage and surface cracking. RCC can be moulded to any complex shape 
using suitable form work. It has high durability, better appearance, fire resistance and it is 
economical. For a strong, ductile and durable construction, the reinforcement is to have high 
compressive strength, high tensile strength and good bond to concrete and thermal 
compatibility. Steel reinforcement is also capable of resisting compression forces and is used 
in columns as well as in other locations. There are two main types of reinforcement (Fig.1-1): 
deformed bars (i.e. with grooves) and mesh sheets, such as rectangular mesh, square mesh 
and trench mesh. The position of reinforcement is always shown in drawings. Steel 
reinforcement must be securely fixed in the right position.  
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(a) (b) 

Fig.1-1.  (a) Mesh Sheets, (b) Deformed Bars [46] 

To ensure that the correct concrete cover over the reinforcement is being achieved, plastic bar 
chairs or concrete blocks should be used at a specified distance from the forms. Timber, 
bricks or stones should not be used. Reinforcement may be bent, hooked or lapped to suit 
design requirements and improve the bond between the steel and the concrete. The 
reinforcement must be clean and free from grease, dirt or flaky rust. It is necessary to have 
enough room to place and compact the concrete around the steel. Congested reinforcement 
will make compaction using internal vibrators difficult and may result in voids. Reinforced 
concrete is used for concrete slabs, decks, concrete pavements, columns, walls, concrete 
bridges, retaining walls etc. Reinforced concrete can be cast in-situ or can be a precast 
concrete (Fig.1-2). 

In normal conditions, the concrete covers and protects the steel reinforcement from corrosion. 
The acoustic velocity in steel is 1.4 to 1.7 times the acoustic velocity in plain concrete. 
Therefore, acoustic velocity readings in the vicinity of reinforcing steel are usually higher 
than that in plain concrete. Whenever possible, test readings should be taken such that the 
reinforcement is avoided in the wave path. If reinforcements cross the wave path, correction 
factors should be used. The correction factors that are used are those recommended by 
RILEM [39] and British Standards [40]. Chung [41 & 42] has demonstrated the importance 
of including bar diameters as a basic parameter in the correction factors. However, the 
RILEM recommendations involve only two basic parameters: the acoustic velocity in the 
surrounding concrete and the path lengths within the steel and concrete. Bungey [43] also 
provided correction factors that include bar diameters. It should be emphasized, however, that 
in heavily reinforced sections it might not be possible to obtain accurate measurements of the 
concrete acoustic velocity. 

(a)                                                                        (b) 

Fig.1-2.  a) Pre-Cast Concrete, b) Cast-In-Situ Concrete [17] 
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As the failure mode of these bridges is “brittle” it is crucial to identify the un-grouted 
sections. 

2. ULTRASONIC SYSTEMS FOR INSPECTION OF CONCRETE / RCC

When pressure or impact is applied suddenly on the surface of a solid, ultrasonic stress waves 
are generated. The generated disturbance propagates through any solid medium in a manner 
analogous to the sound traveling through the air. Further to this, several parameters, such as 
the type and density of reinforcement, the material composition, the severity and location of 
internal defects, the mechanical properties and the surface conditions influence the wave 
propagation in concrete. Based on the way the particles oscillate, various modes of ultrasonic 
waves propagate in solids. The longitudinal wave (or compressional or P wave), shear wave 
(or transverse or S wave) and surface wave (or Rayleigh or R wave) are the most widely used 
modes of propagation in ultrasonic testing. The longitudinal waves travel fast and the surface 
waves are slowest ones. In concrete, the velocities of the shear and surface waves are 
typically 60% and 55%, of the compressional wave velocity respectively [37]. The particular 
velocity of a wave depends on the elastic properties and density of the medium. 

2.1.  Ultrasonic Instrumentation 

In T-R mode, the UPV technique uses two ultrasonic transducers placed along the line-of-
sight to measure the Time of Flight (TOF) of pulses of ultrasonic longitudinal waves, over a 
known distance [37]. 

The ultrasonic inspection system typically consists of an electrical pulse generator, a pair of 
T-R transducers, high gain amplifier and an electronic timing circuit for measuring the time
interval between the initiation of a pulse generated at the transmitting transducer and its
arrival at the receiving transducer [278 & 279] (Fig.2-1). Such instrument is capable of
measuring TOF over path lengths ranging from about 100 mm to the maximum concrete
thickness of 5 meters with an accuracy of ±1% [47]. Generally, the transducers used have the
frequency range of 20 kHz to 500 kHz although frequencies as low as 10 kHz are also used
for very long concrete path lengths and as high as 1 MHz for mortars and grouts or for short
path lengths. High frequency pulses have a well-defined onset but, as they pass through the
concrete, they get attenuated more rapidly than pulses of lower frequency. It is therefore
preferable to use high frequency transducers for short path lengths and low frequency
transducers for long path lengths. Transducers with a frequency of 50 kHz to 60 kHz are
suitable for most common applications [47].

To measure the ultrasonic wave velocity, the transmitting transducer, driven by a generator, 
transmits a wave into the concrete. The receiving transducer, separated from the transmitter 
and placed along the line-of-sight of the transmitting transducer receives the ultrasonic waves 
through the concrete. The wave transmitted to the concrete undergoes scattering at various 
boundaries of binding aggregate to cement. By the time the wave reaches the receiving 
transducer it gets transformed into a complex wave-front, which contains multiple reflected 
longitudinal waves and mode converted transverse waves. However, longitudinal waves 
travel fast and thereby arrive first at the receiver. The wave velocity instrument then 
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measures this time of flight ‘T’ for the first arriving longitudinal wave pulse to travel through 
the concrete. The longitudinal pulse velocity V is given by [37]: 

V  

where V is in m/sec, L is depth in meters and T is in sec. 

Fig.2-1.  Schematic Diagram of Ultrasonic Pulse Velocity Test Equipment for 
Concrete 

The high frequencies in the 50-250 KHz range are preferred for ultrasonic inspection of 
concrete. In practice an upper limit is imposed on the frequency by very high attenuation of 
vibrations whose wavelengths are comparable with the grain size or aggregate size of the 
material to be inspected. For fine grained materials such as steel or aluminum, frequencies of 
tens of MHz will propagate without undue attenuation and thus it is possible to produce a 
pulse in which most of the energy is contained within a beam of about 5° for 5 MHz 
transducer. In structural concrete however, the coarsest aggregate is of the order of 20 mm, 
which imposes a practical upper limit of several hundred KHz. Frequencies of the order of 
50 KHz to 100 KHz are popular for long range inspection of concrete [51]. 54 KHz for 10 m 
thick concrete to 82 KHz for 3 m thick concrete are utilized. However, these frequencies 
imply wavelengths around 50 mm, which for a standard 50mm diameter transducer offers no 
directional properties and low resolution. Nevertheless, the relation of wave velocities to 
mechanical properties, low relative cost and speed of operation makes ultrasonics, a popular 
choice. Large research is being conducted worldwide to improve the inspection techniques 
for concrete.  

The quality of the received signal depends on the accuracy of the measurement of the 
distance L and the coupling of the transducers to the concrete surface. Special care should be 
taken to obtain good coupling between the transducers and the concrete surface at each 
testing point. In order to maximize the coupling and eliminate the presence of air pockets 

Eq.(2.1) 
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between the transducer face and the concrete surface, sufficient pressure must be applied to 
the transducers and an appropriate coupling agent such as gel, vaseline, water, glycerin, 
grease or oils of different viscosity, etc. must also be applied on their interface with the 
concrete surface. Today, new air coupling transducers with specific amplifiers avoiding any 
contact with the tested material are also available. These new transducers get rid of the 
problem of coupling between the transducer face and the tested concrete [7,52 & 53]. 

Fig.2-2.  UPV Testing Through Different Material Conditions 

By conducting tests at various points on a structure, the quality (strength) and uniformity of 
concrete are assessed. The locally increased transit time T of the transmitting pulse is an 
indicator of loss of soundness possibly due to low-stiffness material, cracking, 
honeycombing, voids, frozen concrete, delamination and other non-homogeneous areas as the 
ones resulting from various degrading mechanical, chemical, thermal and environmental 
loadings. The ultrasonic wave may be diffracted due to the discontinuities thus increasing 
both the transit time T and the path length L. It is possible to assess the uniformity of the 
concrete structure when a grid of UPV measurements is made over the region of interest on a 
concrete block (Fig.2-2). Thus, the different zones (damaged or un-damaged) are localized in 
the monitored structure, which allows to further focus on the most suspected regions where 
further complementary tests could be carried out, which increases the total time and cost of 
the project. While the UPV method is successfully used to mainly detect defects in concrete, 
it cannot characterize the material. Additionally, not only it is the damage detection feasible, 
but also its growth and possible rehabilitation may also be monitored [7, 54–57]. 

2.1.1.  Transducers 

Any suitable type of transducer operating within the frequency range of 20 kHz to 150 kHz 
(Table.2-1) may be used for inspection of concrete. Piezoelectric and magneto-strictive types 
of transducers may be used. Due to physical size limitations of the magneto-strictive 
transducer (frequency is dependent on the length of the transducer with higher frequency 
requiring a shorter and shorter length) it is inherently limited to operate at frequencies below 
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approximately 30 kHz. The minimum transverse dimensions of concrete members mentioned 
in (Table.2-1) define the minimum aggregate size in the concrete. 

The density for concrete is approximately equal to the 2000 to 2300 kg/m3 and its acoustic 
impedance is given by 0.920×107 kg/m2s [58]. The acoustical parameters of some common 
transducer materials are shown in (Table.2-2). Utilizing these materials, piezoelectric 
transducers are fabricated for the suitability of concrete/ RCC structures. 

Table.2-1.  Natural Frequency of Ultrasonic Transducers for Different Path 
Lengths [49] 

Path Length 
(mm) 

Natural Frequency of 
Transducer (kHz) 

Minimum Transverse Dimensions 
of Concrete Members (mm) 

Up to 500 150 25 

500-700 >60 70

700-1500 >40 150

Above 1500 >20 300 

Table.2-2.  Acoustical Parameters of Some Common Transducer Materials [58]

Material Density 
(kg/m3) × 103 

Sound 
velocity (m/s) 

Acoustic Impedance 
(kg/m2s) × 107 

Barium Titanate 5.40 5100 2.754 

Lead Zirconate Titanate (PZT-5) 7.50 4000 3.00 

Lithium Sulphate (LiSO4) 2.06 4720 0.972

2.1.2.  Couplant 

Fig.2-3.  Couplant[49]

To ensure that the ultrasonic waves generated by the transmitting transducer travel inside the 
concrete and are then detected by the receiving transducer, it is essential that there must be an 
adequate acoustical coupling between the concrete and the front face of each transducer 
(Fig.2-3). Generally, some thicker oils and grease are preferred for use on vertical or rough 
surfaces and for inspection at higher temperatures but the use of oils and grease is not only 
too messy for the inspection of concrete, refractory bricks, stones, timber and other civil 
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structures, it leaves stains/ marks which may be difficult to remove after inspection. If there is 
very rough concrete surface, it is required to smoothen and level an area of the surface where 
the transducer is to be placed. If it is necessary to work on concrete surfaces formed by other 
means, for example trowelling, it is desirable to measure acoustic velocity over a longer path 
length than would normally be used. A minimum path length of 150 mm is recommended for 
the direct transmission method involving one unmoulded surface and a minimum of 400 mm 
for the surface probing method along an unmoulded surface [49].  

Table.2-3 provides the physical parameters of various liquid coupling materials. To avoid 
losses in the couplant, it is a thumb rule that the acoustic impedance of the couplant should be 
a geometric mean of the transducer material and the material under test. 

Table.2-3.  Physical Parameters of Various Liquid Coupling Materials [58] 

Couplant Density 
(kg/m3) × 103 

Sound velocity 
(m/s) 

Acoustic Impedance 
(kg/m2s) × 107 

Dynamic 
Viscocity (cP) 

Water 1.00 1490 1.49 0.798

Oil 0.90 1420 1.28 450

Glycerin 1.28 1920 2.49 620

2.2.  Calibration Blocks 

Concrete is used mostly for the construction of structures such as foundations, columns, 
beams and floors and therefore must be capable of withstanding the loads that are 
applied. One of the methods of checking its fitness for purpose is to carry out a concrete 
cube test which measures the compressible strength and relates directly to the required 
design strength specified by the designer. Also, it is usually a minimum requirement from 
the end user to provide evidence of cube test results to ensure compliance with the 
designer’s requirements. The acceptance criterion of the quality of concrete is laid down 
as per Indian IS: 456-2000 standard [59]. The criterion is mandatory and various 
provisions of the code have to be complied before the quality of concrete is accepted. In 
all the cases, for the 28-days old cured concrete, compressive strength shall alone be the 
criterion for acceptance or rejection of the concrete. In order to get a relatively quicker idea 
of the quality of concrete, optional test for 7 days compressive strength of concrete can be 
carried out [60]. The list of British and Indian  Standards relevant to concrete cube testing are 
mentioned in Appendix A1 and A2 respectively.

Two simple tests are carried out to control the quality of concrete: Slump Test is used 
when the concrete is in the plastic state. Compression Test is used when concrete is in the 
hardened state. Both tests are used for the quality control of concrete during 
manufacture. The compression test can also be carried out to test a structure, which has 
been in service for some years by drilling a core out from the structure and testing it under 
compression. 

1. Slump Tests

Slump test assesses the consistency of fresh concrete before it sets. It is used, indirectly, as a 
means of checking that the correct amount of water has been added to the mix. The 
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The cube moulds of required size (150 mm for nominal size of aggregate not exceeding          
38 mm) shall be made in such a manner as to facilitate their separation into two parts. Cube 
moulds shall be provided with a base plate and they shall be as per IS:10086-1982 [62].        
The dimensions, tolerance and materials of cube moulds shall be as given in (Table.2-5). 

Table.2-5.  Dimension, Tolerance and Materials of 150 mm Cube Mould [60] 
S.No. Description Requirements 

1 Distance between opposite faces, mm 150 ± 0.2 

2 Height of mould, mm 150 ± 0.2 

3 Thickness of wall plate, mm 8 

4 Angle between adjacent interior faces and between interior faces 
and top and bottom plates of mould. 

90 ± 0.50° 

5 Length of base plate, mm 280 

6 Width of base plate, mm 215 

7 Thickness of base plate, mm 8 

8 Permissible variation in the planeness of interior faces: 
for new moulds, mm 
for moulds in use, mm 

 
0.03 
0.05 

9 Permissible variation in the planeness of base plate, mm 0.03 

10 Materials 
a) Side plate 
b) Base plate 

 
Cast iron 
Cast iron 

 
2.2.2.  Tamping Rod 

 

Fig.2-5.  Tamping rod [307] 

As per IS:10086-1982 [62], the tamping rod shall be 16±0.5 mm diameter and 600 ±2 mm 

long with a rounded working end and shall be made of mild steel as shown in (Fig.2-5).          
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It is used to tamp each layer of fresh concrete which is filled in mould. The tamping should 
be done uniformly. 

2.2.3.  Compression Testing Machine 

The compression testing machine shall be as per IS: 14858-2000 [63]. The machine shall be 
capable of applying the load at the specified rate, uniformly without shock using manual or 

automatic control. The percentage of error shall not exceed ±1.0 percent of the indicated load. 

2.2.4.  Sample of Concrete 

Sample of concrete for test specimen shall be taken at the mixer or in the case of ready mixed 
concrete from the transportation vehicle discharge. Such samples shall be obtained by 
repeatedly passing a scoop or pail through the discharge stream of the concrete. The samples 
thus obtained shall be mixed on a non-absorbent base with shovel until it is uniform in 
appearance. Sampling should be spread over the entire period of concrete and the frequency 
of sampling of concrete of each grade shall be as below (Table.2-6): 

Table.2-6.  Frequency of Sampling of Concrete of each Grade [60] 
Quantity of concrete in the work (m3) Number of samples 

1-5 1 

6-15 2 

16-30 3 

31-50 4 

51 and above 4 plus one additional sample for each 
additional 50 m3 or part thereof. 

2.2.5.  Casting of Cubes 

The cube mould plates should be removed properly, cleaned, assembled and all the bolts 
should be fully tightened. A thin layer of oil then shall be applied on all the faces of the 
mould. It is important that cube side faces must be parallel. After taking concrete samples and 
mixing them, the cubes shall be cast as soon as possible. The concrete sample shall be filled 
into the cube moulds in layers approximately 5 cm deep. In placing each scoopful of 
concrete, the scoop shall be moved around the top edge of the mould as the concrete slides 
from it, in order to ensure a symmetrical distribution of the concrete within the mould. Each 
layer shall be compacted either manually or by the vibration. There are various methods to 
compact the concrete into the moulds given by EN 12390-2:2009 [64]. 

2.2.6.  Testing of Concrete Cubes 

The dimensions of the specimens of test cubes to the nearest 0.2 mm and their weight shall be 
noted before testing. The bearing surfaces of the testing machine shall be wiped, cleaned and 
any loose sand or other materials are removed from the surface of the specimen which is to 
be in contact with the compression plates. The cube shall be placed in the machine in such a 
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manner that the load shall be applied to opposite sides of the cubes as cast that is not to the 
top and bottom. The axis of the specimen shall be carefully aligned with the center of the 
thrust of the spherically seated platen. No packing shall be used between the faces of the test 
specimen and the steel platen of the testing machine. As the spherically seated block is 
brought to bear on the specimen, the movable portion shall be rotated gently by hand so that 
uniform seating may be obtained. The load shall be applied without shock and increased 
continuously at a rate of approximately 140 kg/sq cm/min until the resistance of the specimen 
to the increasing load breaks down and no further greater load can be sustained. The 
maximum load applied to the specimen shall then be recorded and the appearance of the 
concrete and any unusual features in the type of failure shall be noted. The compressive 
strength of concrete shall be calculated from: Maximum load/Cross- Sectional area of cube. 
To be reported nearest to 0.5 N/mm2. 

2.2.7.  Acceptance 

For the acceptance, both the conditions should be met with: 
a) The mean strength determined from any group of four-non overlapping consecutive test
results should comply with the appropriate limits as given in (Table.2-7). Here fck is the
characteristic cube compressive strength of concrete in N/mm2.
b) Any individual test result complies within the appropriate limit as given in (Table.2-7).

Note: In absence of established standard deviation, the values given by the standard
IS: 456-2000 may be assumed [59]. 

Table.2-7.  Characteristic Compressive Strength Compliance Requirements [60]

Specified grade 
of concrete 

Mean of the group of 4 non-overlapping  
consecutive test results in N/mm2 

Individual test 
results in N/mm2 

M-15 >= fck+ (0.825 x established standard deviation) 
(rounded off to nearest 0.5 N/mm2) or 
fck + 3 N/mm2 
whichever is greater 

>=fck – 3 N/mm2 

M-20 or above >= fck + (0.825 x established standard deviation) 
(rounded off to nearest 0.5 N/mm2) 
or 
fck + 4 N/mm2 
whichever is greater 

>= fck – 4 N/mm2 

2.2.8.  Durability of Concrete 

Cube testing alone is not the criteria for the durability of concrete structure. A durable 
concrete is one that performs satisfactorily in the working environment during its anticipated 
exposure conditions during service. The materials and mix proportions specified and used 
should be such as to maintain its integrity and if applicable, to protect embedded metal from 
corrosion. It is essential that every concrete structure should continue to perform its intended 
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function that is maintained to its required strength and serviceability, during the specified or 
traditionally expected service life. It follows that concrete must be able to withstand the 
processes of deterioration to which it can be expected to be exposed. Such concrete is said to 
be durable. Both strength and durability have to be considered explicitly at the design stage. 
The emphasis is on the word ‘both’ because it would be a mistake to replace overemphasis on 
strength by overemphasis on durability. 

Standards for durability of concrete: EN 12390-1, ASTM C39/C192, AASHTO T23/T126, 
BS 1881:108, IS: 10086-1982. 

2.2.9.  Grades of Concrete 

Table.2-8.  Range of UPVin Different Concrete Grades [19]

S.No. Grade of Concrete UPV Range (m/sec)

1) M15 3990-4400

2) M20 3900-4200

3) M35 4260-4900

Table.2-9.  Concrete Grade and Mix Ratio Table [19] 

Group Concrete 
Grade 

Mix Ratio 
(Cement: Sand: 

Aggregate) 

Compressive Strength 
(N/mm2) MPa 

Ordinary Concrete M5 1:5:10 5

M7.5 1:4:8 7.5

M10 1:3:6 10

M15 1:2:4 15

M20 1:1.5:3 20

Standard Concrete M25 1:1:2 25

M30 Design Mix 30

M35 Design Mix 35

M40 Design Mix 40

M45 Design Mix 45

M50 Design Mix 50
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M60 Design Mix 60

M65 Design Mix 65

M70 Design Mix 70

Grades of concrete are defined by the strength and composition of the concrete and the 
minimum strength the concrete should have following 28 days of initial construction. 
Concrete grades are denoted by M10, M20, M30 according to their compressive strength and 
different grades of concrete have different UPV range (Table.2-8). The “M” denotes Mix 
design of concrete followed by the compressive strength number in N/mm2. ”Mix” is the 
respective ingredient proportions which are Cement: Sand: Aggregate or Cement: Fine 
Aggregate: Coarse Aggregate. Different mixtures (M) come in various mix proportions of the 
various ingredients of cement, sand and coarse aggregates. For instance, M20 comes in the 
respective ratio of 1:1.5:3. Some other examples are shown below in the (Table.2-9). 

The Minimum grade of concrete for Plain Cement Concrete (PCC) is M15 whereas the 
Minimum grade of concrete for Reinforced Cement Concrete (RCC) is M20. 

The Water-Cement ratio (w/c) also affects the strength of concrete. If we use the 
limited amount of water for concrete then it will decrease the workability of concrete and 
so it will cause honeycomb in concrete. If we add more water than required then it may 
cause bleeding in concrete which reduces the strength of concrete in bad manner. For proper 
workability, the w/c varies from 0.4-0.6. However, maximum strength is derived at 
w/c=0.4 at which minimum capillary are expected to form [308]. 

3. APPLICATIONS OF ULTRASONIC TESTING FOR CONCRETE/RCC

Measurement of the velocity of ultrasonic waves of longitudinal vibrations propagating 
through concrete has been utilized for the following major applications: 

 Correlation of acoustic velocity and strength as a measure of concrete quality

 Determination of the uniformity of concrete in and between adjacent rebar members

 Measurement of changes occurring with time in the properties of concrete

 Determination of the modulus of elasticity and dynamic Poisson's ratio of the concrete

3.1.  Estimation of Strength 

There is a need to estimate the compressive strength of concrete in existing infrastructure due 
to various reasons such as change in the use/ utilization or after a structural failure. Among 
the earliest applications of ultrasound techniques in concrete, was the effort to directly 
correlate the UPV to compressive strength [37 & 65]. For elastic, homogeneous solid 
media, the longitudinal wave speed V in m/sec is given by following:  

Eq.(3.1) 
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where, E is the modulus of elasticity in Pa, ρ is the density in kg/m3. The speed of wave 
depends on the elastic properties and density of the medium. K is defined as:   

                                                                                               Eq.(3.2) 

where, µ is the dynamic Poisson’s ratio. 

According to Eq.(3.1) and Eq.(3.2), the UPV depends on the elastic modulus and the density 
of concrete. The elastic modulus and the compressive strength of concrete increases with the 
maturity. Thus, the acoustic velocity may provide an estimation of the compressive strength 
of the tested concrete, even though, as concrete matures these two properties increase at 
different rates [6 & 7]. Popovics [66] stated that many parameters which influence the 
compressive strength of concrete also influence the UPV, although not necessarily in the 
same manner or to the same severity. Consider, for instance, that an increase of one percent 
in the air content causes about a one percent decrease in the acoustic velocity but a decrease 
of almost ten times as much in the compressive strength of the concrete. To be more specific, 
the elastic modulus and density are related to the type and amount of aggregates, the water-
to-cement ratio, the curing conditions, the cement type and the age of the concrete. 
Conversely, the compressive strength is more related to the water-to-cement ratio than to the 
type and amount of aggregates used. Various experiments have been carried out to establish 
mathematical models for predicting the UPV, based on the water-to-cement ratio, aggregate 
content and curing time [67]. It has been proven that concrete mixes with lower water-to-
cement ratio produce concrete with higher values of UPV and compressive strength, which 
could be attributed to the higher amount of solids in those mixtures [68–70]. The larger the 
aggregate size used in the concrete mixtures, the higher will be the measured UPV. On the 
other hand, the compressive strength is increased as the maximum aggregate size is 
decreased. Additionally, UPV is increased as curing time is increased along with compressive 
strength [69 & 71]. Thus, correlations between the UPV and strength of concrete are not 
general and there is no single relationship between these two quantities; instead, this has to be 
established for the specific concrete mixture [39 & 72-74]. As long as a calibration curve 
exists for each assessed concrete mix, the UPV might be used for the estimation of the 
compressive strength [75]. Moreover, the presence of steel reinforcement aligned with the 
wave path significantly increases the measured acoustic velocity and may overshadow 
changes due to compressive strength. Measurements close to steel reinforcement parallel to 
the direction of acoustic propagation should be avoided [7,72 & 77]. When this is 
unavoidable, they must then be corrected by correction factors [39 & 41]. The curing process 
also affects the correlation between the acoustic velocity and the compressive strength of the 
concrete, especially when accelerated methods are used [78 & 79]. Concerning the curing 
conditions, no remarkable differences between results obtained from concrete samples 
subjected to membrane curing (in order to prevent moisture loss) and water curing [80] have 
been found, but for a saturated concrete, the UPV is higher than for a concrete that hardens in 
air. Additionally, it has been proved that self-compacted concrete cubes have given better 
UPV results after curing in water compared to cubes cured in membrane or in air [81]. 
Subsequent results [82] reconfirm that the highest compressive strength and UPV values are 
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obtained from concrete subjected to water curing followed by the membrane and air curing, 
regardless of the type of concrete tested. In general terms, all the monitored concrete affects 
the transit time T and the test results are relatively insensitive to its normal inherent 
heterogeneity, showing a high repeatability [6]. 

3.2.  Flaw Detection, Sizing and Characterization 

The P-E method for NDT is analogous to the sonar system used by ships for sounding ocean 
depths. Mechanical energy in the form of a short pulse is introduced into the test medium at 
an accessible surface by a transmitter. As the resulting stress wave propagates through the 
medium it is reflected by material defects or by interfaces between materials having different 
densities or elastic moduli. A receiving transducer coupled to the surface of the test object 
receives these reflected waves, or echoes. The transducer output is displayed in the form of a 
waveform. Using the time base of the display, the travel time of the pulse can be determined. 
If the wave velocity in the medium is known, the round-trip travel time of each echo can be 
used to determine the location or depth of a defect or an interface. It is known that reflection 
and refraction of wave fronts occur at planar interfaces between two dissimilar media. This 
analysis is applicable to flaws or discontinuities within a medium. The ability of the pulse-
echo method to detect flaws or discontinuities depends on the wavelength of the propagating 
wave and on the size geometry and orientation of the flaw or discontinuity. Waves will 
diffract or bend around the edges of discontinuities if the size of the discontinuity is 
approximately equal to or less than the wavelength; therefore, no reflection occurs for flaws 
that have lateral dimensions less than the wavelength. To be able to detect flaws of the order 
of 100 mm it would be necessary to introduce into the concrete a stress wave that contains 
frequencies greater than 20 KHz [83]. 

In a heterogeneous solid, scattering is the result of wave reflection, refraction, diffraction and 
mode conversion at each interface between dissimilar media. In the ordinary concrete, the 
density and the elastic modulus of the coarse aggregates are generally higher than those of the 
mortar; thus, the specific acoustic impedance of the coarse aggregate is higher than that of the 
mortar. This mismatch in impedances causes scattering of the incident wave and returning 
echoes as the waves undergo reflection and refraction from each mortar-aggregate interface. 
For higher quality concrete the specific acoustic impedance of the mortar approaches that of 
the coarse aggregate and scattering is reduced. In P-E evaluation of concrete, lower frequency 
waves must be used (i.e., the wavelength-to-aggregate-size ratio must be increased) to reduce 
the attenuation of wave energy due to scattering. However, use of lower frequency waves 
reduces the sensitivity of the propagating wave to small flaws. Thus, there is an inherent 
limitation in the flaw size that can be detected within concrete. Although attenuation of wave 
energy in heterogeneous solids is primarily due to scattering, part of the wave energy is 
absorbed and turned into heat (hysteretic damping). In solids, damping is mainly caused by 
internal friction. 

Ultrasonic data can be collected and displayed in a number of different formats. The three 
most common formats are known in the NDT world as A-Scan, B-Scan and C-Scan 
presentations [58]. 
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The A-Scan 1-D waveform displays the amount of received echo signal amplitude of 
ultrasonic energy as a function of time. The relative amount of received energy is plotted 
along the vertical axis and the elapsed time (which may be related to the traveled distance 
within the material) is displayed along the horizontal axis. In the A-Scan presentation, 
relative discontinuity size can be estimated by comparing the signal amplitude obtained from 
an unknown reflector to that from a known reflector. Reflector depth can be determined by 
the position of the signal on the horizontal time axis [280].  

The B-Scan presentation is a type of 2D presentation that is possible for automated linear 
scanning systems where it shows a profile (cross-sectional front) view of the test specimen. 
In the B-Scan, the time-of-flight (travel time) of the sound wave is displayed along the 
vertical axis and the linear position of the transducer is displayed along the horizontal axis. 
From the B-Scan, the depth of the reflector and its approximate linear dimensions in the Scan 
direction can be determined.  

The C-Scan presentation is a top view 2D presentation that is possible for automated two-
dimensional scanning system that provides a plan-type view of the location and size of test 
specimen features. The plane of the image is parallel to the scan pattern of the transducer.  

3.3.  Factors Affecting Ultrasonic Pulse Velocity 

3.3.1.  Effects of Reinforcing Bars on Ultrasonic Testing 

The acoustic velocity measured in reinforced concrete in the vicinity of reinforcing bars is 
often higher than in plain concrete of the same composition. This is because the 
compressional wave velocity in steel is 1.4 to 1.7 times higher than in plain concrete and 
under certain conditions, the first pulse to arrive at the receiving transducer travels partly in 
concrete and partly in steel. The apparent increase in the acoustic velocity depends on the 
proximity of the measurements to the reinforcing bar, the dimensions and number of the 
reinforcing bars, their orientation with respect to the propagation path, and the acoustic 
velocity in the surrounding concrete [37]. 

 Axis of Reinforcing Bar Perpendicular to Direction of Propagation 

The influence of the presence of the reinforcing bars is calculated assuming that the 
acoustic wave traverses the full diameter of each bar during its path. If there are n 
different bars of diameter Qi (i= 1 to n) directly in the path of the wave, with their 
axes perpendicular to the path of propagation (Fig.3-1A), then [37] 
 

V

V
1

L

L
1

V

V
 

Where V = the acoustic velocity in the reinforced concrete, i.e., the measured acoustic 
velocity 
Vc= the acoustic velocity in the plain concrete 
Vs = the acoustic velocity in the steel 
L = the total path length 
LS ∑ Qi

n
i 1  , the path length through steel 

Eq.(3.3) 
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Fig.3-1.  Measurements of Reinforced Concrete: (A) Reinforcing Bar 
Perpendicular to Direction of Propagation, (B) Reinforcing Bar 
Parallel to Test Surface, (C) Reinforcing Bar Parallel to Direction of 
Propagation [37]

V

V

Acoustic velocity in plain concrete

Measured acoustic velocity in reinforced concrete

Table.3-1.  Influence of Steel Reinforcement — Line of Measurement 
Perpendicular to Axis of Bar [37]

LS/L Very poor quality 

VC = 3000 m/s 

Fair quality 

VC = 4000 m/s 

Very good quality 

VC = 5000 m/s 

1/12 0.96 0.97 0.99

1/8 0.94 0.96 0.98

1/6 0.92 0.94 0.97

1/4 0.88 0.92 0.96

1/3 0.83 0.89 0.94

1/2 0.75 0.83 0.92

Values of Vc/V are given in (Table.3-1) for different amounts of steel in three types 
of concrete, which could be rated as very poor, fair and very good materials, 
respectively. In practice Vc/V is likely to be slightly higher than values given in 
(Table.3-1) because of misalignment of the reinforcing bars and because only a small 
fraction of the acoustic energy will actually traverse the full diameter of each bar. 
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 Axis of Bar Parallel to Direction of Propagation

If the edge of the bar is located at a distance ‘a’ from the line joining the nearest
points of the two transducers and the path length between transducers is L, then the
transit time T in either of the configurations of (Fig.3-1B or C) is [37].

T 2a

For 

There is no influence of the steel when 

 

The difficulty of applying Eq.(3.4 to 3.6) lies in deciding the velocity (Vs) of 
propagation of the wave along the steel bar. Propagation of the wave is influenced by 
geometrical dispersion in the steel bar. The value for Vs is likely to be between about 
5900 m/s (i.e., the compressional wave velocity in steel) and 5200 m/s (i.e., the bar 
velocity in steel). Corrections to the measured acoustic velocity in the direction 
parallel to the reinforcement are given in (Table.3-2). This table also indicates that, 
for bars that span most of the section, the lateral displacement of the line of 
measurement from the axis of the bar will usually be of the order of 0.2 to 0.25 L 
before the influence of the steel becomes negligible. 

Table.3-2.  Influence of Steel Reinforcement — Line of Measurements Parallel 
to Axis of Bar [37]

a/L 
0.90 0.80 0.71 0.60 

0 0.90 0.80 0.71 0.60
1/20 0.94 0.86 0.78 0.68
1/15 0.96 0.88 0.80 0.71
1/10 0.99 0.92 0.85 0.76
1/7 1.00 0.97 0.91 0.83
1/5 1.00 1.00 0.99 0.92
1/4 1.00 1.00 1.00 1.00

 Two-Way Reinforcement

Steel reinforcement in two or more directions complicates the interpretation of acoustic
velocity measurements. Corrections based on (Table.3-1) and (Table.3-2) may be

Eq.(3.6) 

Eq.(3.4) 

Eq.(3.5) 
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calculated for simple well-defined systems of reinforcement but it may become 
impossible to make any reliable corrections for more complicated, heavily reinforced 
concrete. 

3.3.2.  Moisture Content 

The moisture content has two effects on the acoustic velocity, one chemical and other 
physical. These effects are important in the production of correlations for the estimation of 
concrete strength. Between a properly cured standard cube and a structural element made 
from the same concrete, there may be a significant acoustic velocity difference. Much of the 
difference is accounted for by the effect of different curing conditions on the hydration of the 
cement while some of the difference is due to the presence of free water in the voids. It is 
important that these effects are carefully considered when estimating strength. The presence 
of moisture may increase the acoustic velocity up to 5% [35], but the moisture also affects the 
compressive strength negatively [76]. A high volume of moisture content may be a sign of 
concrete degradation which enables damage mechanisms. 

3.4.  Developments in Ultrasonic Tomography 

Tomographic modeling enables an NDT user to produce a 2-D cross- section of the structure 
based upon the longitudinal velocity calculated from the ultrasonic system — typically using 
50 kHz transducers on concrete. The work has produced successful and simple 2-D images 
on concrete beams of 1m-2 m thickness [47]. The study concluded that:  

 Field trials have shown that time of flight tomography potentially provides a highly
successful method of investigating post-tensioned concrete beams

 The method is much time consuming and so should be used in conjunction with a
simpler testing method, e.g., sonic impact-echo, which identifies areas of interest

 The smaller the ducts to be investigated, the smaller the required distances between
testing stations; this therefore significantly increases the testing time

 Use of Array systems would reduce the inspection time.

4. REVIEW OF WORLDWIDE RESEARCH ON TESTING OF CONCRETE

STRUCTURES 

Worldwide various researches are engaged in the design, development and applications of 
UT for inspection of inhomogeneous and porous materials like concrete and RCC. Major 
research and development carried out on Transducers and Instrumentation Systems, 
Conventional Inspection of Concrete and RCC, Calibration Standards, Ultrasonic 
Tomography, Applications of inspection of concrete structures in nuclear industry and 
investigations of major accidents of civil structures has been discussed.  

4.1.  Ultrasonic Instrumentation Systems for the Inspection of Concrete 

Table.4-1 provides information about the worldwide research carried out on the ultrasonic 
instrumentation systems suitable for the inspection of concrete. The details of these systems 
are provided in following sub-sections. 
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Table.4-1.  Worldwide Research carried out on Various Instrumentation 
Systems Developed for the Inspection of Concrete 

No. Country Name or working of the 
system 

Key features 

1. Canada UltraMARS Ultrasonic testing of residual stresses 

2. Germany A1040 MIRA and LAUS Phased array ultrasonic imaging and 
Linear array ultrasonic imaging  
 

3. India B-Scan imaging A single-channel ultrasonic imaging 
system has been designed and 
developed to detect defects, porosities 
and rebar locations inside the Concrete/ 
RCC structures. 

4. Philippines Air coupled ultrasonic 
testing 

16 plain concrete cubes and 6 RCC 
beam specimens were tested 

5 . Switzerland PUNDIT 200PE Phased array ultrasonic imaging 
Data fusion Challenges faced in detection of 

embedded objects 
6. USA RABIT The system implements ER, IE, GPR 

and USW 

a) Canada

Keywords: Non-destructive measurement of residual stresses, Ultrasonic testing of residual 
stresses, UltraMARS, Residual stresses in bridges 

A portable instrument, UltraMARS that is capable of measuring residual stresses in bulk 
(averaged through thickness) and in surface and subsurface layers using ultrasonic waves of 
different frequencies was used in the conducted investigations. The main principles of 
operation and used methodology were briefly discussed, with actual measurement examples 
using the bulk, the surface and the subsurface presented. The obtained data on residuals stress 
distribution had proven that the non-destructive ultrasonic method for measurement of 
residual stresses is a practical and useful tool in maintenance and repair of bridges [247]. 

b) Germany

1) Keywords: A1040 MIRA instrument, Phased array, SAFT

New type of ultrasonic instrument as shown in (Fig.4-1) has been developed using an array of 
ultrasonic transducers which is known as, A1040 MIRA. The difference between the 
conventional Ultrasonic Pulse Echo (UPE) instrument and MIRA instrument is that in MIRA 
the measuring block contains a matrix of 48 (12 blocks with 4 transducers in each row) low-
frequency broadband transverse wave transducers with dry dot contacts and ceramic wear-
resistant tips. This provides their long use on rough surfaces, without applying contact 
couplant. Every transducer has an independent spring suspension which allows to conduct 
inspection on rough surfaces. Nominal operating frequency of each transducer is 50 KHz. 
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Within one inspection region, the equipment automatically lets each group send and receive 
pulses in turn. In this way a total of 132 single scans are recorded sequentially and A-scan 
signals are processed to reconstruct a Synthetic Aperture Focusing Technique (SAFT) image 
[99]. 

(a)                                                             (b) 

Fig.4-1.  ACS MIRA Instrument (a) Bottom View, (b) Top View [99]

 Use of MIRA Instrument in Thickness measurement of Concrete block

Concrete slab, made in the form of steps with different thicknesses: Length of each step along 
the testing line - 500 mm, Total length of the object - 1500 mm, Thickness of steps - 210, 
330, 450 mm, scanning step - 50 mm, Velocity, measured at calibration – 2872 m/sec, 
Length of scanning line - 1000 mm, width of scanning line – 500 mm, are as shown in 
(Fig.4-2). 

(a) (b) 

Fig.4 2.  (a) Concrete Step Blocks, (b) Reconstructed B-Scan Image of a Step 
 Block [99]

Testing was carried out along the length of the object with the constant step of  50 mm. On 
the reconstructed image (on the right) in D-Scan (side view), the back-wall reflections of all 
steps are clearly observed. Also, the second and third re-reflections of back-wall signal are 
seen, based on which, it is possible to make a testing on the depth of 1 meter of concrete 
block. The 3D image allows better understanding of positioning and character of received 
reflections in the whole volume of the object.
Like this, many tests were performed using MIRA instrument by BAM, Germany. Therefore, 
this device can inspect concrete structures, ferro-concrete and stone with one side access in 
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3) Keywords: Low-cost, IOT, Coda wave interferometry

The research described a new ultrasonic measuring device called “W-Box”. It is a portable 
device utilized for monitoring of concrete specimens, models and actual structures using 
embedded ultrasonic transducers as well as temperature and humidity sensors. The W-Box 
can send ultrasonic pulses with a variable frequency of 50–100 kHz to one selectable 
transducer and records signals from up to 75 multiplexed channels with a sample rate of         
1 MHz and a resolution of 14 bits. In addition, it measures temperature and humidity with 
high accuracy, adjustable amplification, restarts automatically after a power failure and can 
be fully controlled remotely. The measured data are automatically stored locally on-site data 
quality checks and transferred to remote servers. The comparison of the W-Box with a 
laboratory setup using commercial devices proved that it was equally reliable and precise, at 
much lower cost. The W-Box also showed that their measurement capacities, with the used 
embedded ultrasonic transducers, can reach above 6 m in concrete [310]. 

c) India

Keywords: Ultrasonic, SHM, Bipolar square wave pulser, B-Scan, Underwater, PE and T-R 
mode 

Many of the modern concrete structures such as sea-links and bridges are built in water. They 
require Structural Health Monitoring (SHM) and their audit is required to ascertain the 
quality and estimation of remaining useful life. To meet these requirements, a single-channel 
ultrasonic imaging system has been designed and developed by Electronics Division, BARC, 
India to detect defects, porosities and rebar locations inside the Concrete/ RCC structures as 
shown in (Fig.4-4). This real-time and reconfigurable embedded system was utilized in Pulse-
Echo mode to carry out under-water imaging of Concrete and RCC test blocks. 
Conventionally, Ultrasonic Pulse Velocity (UPV) method is being utilized for few decades in 
Transmit-Receive (T-R) mode to estimate the density and strength of the concrete structure 
under test. UPV method requires a skill to interpret the data provided by the UPV instrument. 
The novelty of the Single-Channel system is that it is capable of inspecting Concrete/ RCC 
blocks both in Pulse Echo (PE) as well as in T-R mode. Data Acquisition (DAQ) hardware 
has been interfaced to the computer via USB. The imaging system performs data acquisition 
and coherent averaging of the RF bipolar A-Scan signal to achieve high SNR. B-Scan images 
of the water submerged concrete test blocks having Side Drilled Hole (SDH) and RCC blocks 
with one as well as two steel rebars were acquired, using 54 kHz water immersion transducer 
in PE mode is shown in (Fig.4-5(a)-(d)). The acquired B-Scan images reveal the internal 
details of the sample test blocks, resembling the inside details. A-Scan waveforms of the 
concrete blocks (M30 grade) having dimensions 150 mm x 150 mm x 1000 mm, 150 mm x 
150 mm x 450 mm and 150 mm x 150 mm x 300 mm were acquired utilizing the Single-
Channel System in PE mode as shown in (Fig.4-6(a)-(c)). For 1000 mm thick concrete, the 
first back-wall echo signal was observed at TOF of 500 microsec. which is equivalent to        
1 metre in concrete. Similarly, the second back-wall echo signal was observed at TOF of         
450 microsec. for 450 mm and the third back-wall echo signal at TOF of 450 microsec. for 
300 mm in concrete [278 & 315]. 
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(a)  (b) 

Fig.4-4. (a) and (b) Photographs of a Single-Channel Ultrasonic Imaging System [278 & 
315] 

(a) (b) 

   (c)                                        (d) 
Fig.4-5. (a) Photograph of 150 mm cube of concrete test block with SDH of 1" dia x 1.7" 

depth, (b) Automated B-Scan image of concrete block acquired using Single-
Channel Ultrasonic Imaging System and 54 KHz immersion transducer in PE 
mode, (c) Photograph of 150 mm cube of RCC test block with two reinforced 
steel bars of 0.8" dia x 2" depth each with reference to front surface,
(d) Automated B-Scan image of RCC block acquired using Single-Channel
Ultrasonic Imaging System and 54 KHz immersion transducer in PE mode
[315]
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Fig.4-6. A-Scan waveforms acquired using Single-Channel Ultrasonic Imaging System 
using 54 KHz immersion transducer in PE mode for (a) 150 mm x 150 mm x 
1000 mm concrete test block, (b) 150 mm x 150 mm x 450 mm concrete test 
block and (c) 150 mm x 150 mm x 300 mm concrete test block (All blocks: M30 
grade) [315] 

d) Philippines

Keywords: Air coupled, Non-contact, Water-cement ratio 

Contact-type ultrasonic test is commonly used in construction industry where gel-couplant is 
applied to the material being tested and the transducers to assure that wave propagation will 
travel through without any air gaps. However, this method has disadvantages, since surface 
preparation is considered prior to testing. Another method of testing without the worry of air 
gaps that causes scattering of waves before it reaches the medium is the use of the non-
contact ultrasonic test. In particular, the air-coupled ultrasonic test is carried out for 
reinforced concrete beams. Sixteen plain concrete cube specimens under the compression test 
and six reinforced concrete beam specimens under the four-point bending test were fabricated 
with water-cement ratio of 40% and 60%. The plain concrete cubes were investigated to 
establish the relationship of the contact ultrasonic test and load. Added parameters were 
considered to investigate the sensitivity of the contact and non-contact ultrasonic test in 
reinforced concrete beams. These were ultrasonic wave path and the neutral axis index. It 
showed that the higher water-cement ratio produces good sensitivity in the non-contact 
ultrasonic test, since it produced more cracks on the tension face. Lower water-cement ratio 
gives good sensitivity with load for the contact ultrasonic test, since it had its ultrasonic wave 

(a) 

(b) 

(c) 

1st Back-wall echo from 1000 mm thick 
concrete with TOF at 500 microsec 

2nd Back-wall echo from 450 mm thick 
concrete with TOF at 450 microsec 

3rd Back-wall echo from 300 mm thick 
concrete with TOF at 450 microsec 
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path passing through the concrete experiencing compression. In addition, the neutral axis 
index for a member subjected to bending is an important factor in assessing the sensitivity of 
both contact and non-contact ultrasonic test [168]. 

e) Switzerland

1) Keywords: Pundit 200 PE, B-Scan, C-Scan

Research has been carried out on how the ultrasonic pulse echo technique is to be used on-
site and in research institutions. It is proposed to expedite and improve data collection and 
provide aids for the data interpretation. Column and beam elements have been designed 
which contain couplers and the objective was to detect grouting failures that would weaken 
the bond and thereby weaken the structure. P-E technology is well suited to this application 
as it obtains very strong echoes from any air gaps inside the concrete. The issue was the 
overall efforts needed to perform all the necessary measurements. The scanning was carried 
out with the Proceq Portable Ultrasonic Non-destructive Digital Indicating Tester, known as 
PUNDIT 200PE instrument and a typical scan composed of around 30 individual 
measurements as shown in (Fig.4-7). 

Fig.4-7.  Proceq PUNDIT 200PE Instrument [116]

They identify defects that are not detectable e.g., with radar or eddy current tests. In 
particular, deep scanning of walls and linings, finding of deep and second or third layer 
rebars and tendon duct analysis delivered unrivalled results compared to other techniques. 
However, the case studies presented by them also highlight some of the issues that need to be 
looked at, in order to increase the importance of onsite P-E testing. Scanning speed has been 
a key issue that has been partially addressed through the introduction of real time B-Scan 
imaging including an immediate onboard feature to create panoramic scan images out of 
individual scans. It has also been recognized that 3D imaging and variable slicing of the scan 
data help in visualizing the internal details of the concrete structure [116]. 

2) Keywords: GPR, Eddy current, Data fusion

The constant improvement of the available electronic components and the increased 
computational power of consumer grade mobile devices are among the key factors that drove 
mature technologies such as GPR and Eddy Current Testing (ECT) into products delivering 
new levels of accuracy and usability. At the same time, recent developments of the pulse-
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echo-based Ultrasonic Tomography further broadened the range of applications potentially 
addressed. Still, there seems to be a general lack of awareness in the user community about 
the real potentials and main limitations of each of the three technologies. The current work 
focused on the typical scenarios and the common challenges presented by tasks of embedded 
object detection (structural details, steel reinforcement, utility network) and flaw detection 
(voids, cracks, delaminations). The complementarity of the three technologies has been 
proved through measurements on test blocks and real-life cases [244]. 

f) USA

Keywords: Robotic systems, ER, IE, GPR, USW 

More economical maintenance of bridges can be achieved through early problem detection 
and mitigation. There was a development and implementation of two fully automated 
(robotic) systems for NDE and minimally invasive rehabilitation of concrete bridge decks. 
The NDE system named RABIT was developed with the support from Federal Highway 
Administration (FHWA). It implements multiple NDE technologies, namely: Electrical 
Resistivity(ER), Impact Echo (IE), Ground-Penetrating Radar (GPR), and Ultrasonic Surface 
Waves (USW). In addition, the system utilizes advanced vision to substitute traditional visual 
inspection. The RABIT system collects data at significantly higher speeds than it is done 
using traditional NDE equipment. The associated platform for the enhanced interpretation of 
condition assessment in concrete bridge decks utilizes data integration, fusion, and 
deterioration and defect visualization [173]. 

4.2.  Transducers Used for Inspection of Concrete 

Table.4-2 provides information about the worldwide research carried out on the ultrasonic 
transducers suitable for the inspection of concrete. The details of these transducers are 
provided in following sub-sections. 

Table.4-2.  Worldwide Research carried out on Various Ultrasonic Transducers 
Developed for the Inspection of Concrete 

No. Country Name or working of the system Key features 
1. Australia Piezoceramic transducers This study merges industry 4.0 

digital technologies with a novel 
low-cost and automated hybrid 
analysis for real-time SHM of 
concrete beams. 

2. Germany Embedded transducers Monitors concrete conditions 
parameters such as stress, 
temperature etc. 

3. Norway Ultrasonic roller scanning system Utilizes piezoelectric PVDF array 
transducer in T-R mode and 
performs concrete imaging 

4. South 
Korea 

Embedded sensor New algorithm of estimating 
strength of concrete was developed 
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5. USA Air coupled ultrasonic testing using 
MEMS 

Application of MEMS sensors in 
concrete test methods were 
demonstrated 

Phased array ultrasonic imaging Experimental study and numerical 
simulation were presented to assess 
the condition of concrete structure. 

Multichannel MEMS ultrasonic 
microphone system 

It contains 8 MEMS ultrasonic 
microphone elements and signal 
conditioning circuit for 
measurements of ultrasonic signals 
with high SNR 

a) Australia

Keywords: Structural health monitoring, Industry 4.0, Piezoceramic sensor, Internet of 
Things (IoT) 

A mixed philosophies epistemological design was adopted to implement the empirical 
quantitative analysis of “real-time” data collected via sensor-based technologies streamed 
through a Raspberry Pi and uploaded onto a cloud-based system. Data was analyzed using a 
hybrid approach that combined both vibration-characteristic-based method and Linear 
Variable Differential Transducers (LVDT). The research utilized a novel digital research 
approach for accurately detecting and recording the localization of structural cracks in 
concrete beams. This non-destructive low-cost approach was shown to perform with a high 
degree of accuracy and precision, as verified by the LVDT measurements. This research is 
testament to the fact that as technological advancements progress at an exponential rate, the 
cost of implementation continues to reduce to produce higher-accuracy “mass-market” 
solutions for industry practitioners [314]. 

b) Germany

Keywords: Embedded transducers, Longitudinal waves, 62 KHz 

Recently developed new transducers for ultrasonic transmission, which can be embedded 
right into concrete, are now used for non-destructive permanent monitoring of concrete. They 
can be installed during construction or thereafter for in-service applications. Large volumes 
of concrete can be monitored for changes of material properties by a limited number of 
transducers. The transducer design, the main properties as well as installation procedures are 
key factors in this procedure. Application examples demonstrate that the transducers can be 
used to monitor concrete conditions parameters such as stress, temperature etc. as well as 
damages in an early state or the detection of acoustic events such as, crack opening etc. [198].  

c) Norway

Keywords: PVDF array transducer, SAFT, Broadband 

A prototype of an ultrasonic roller scanning system as shown in (Fig.4-8) was developed for 
concrete inspection using a piezoelectric PVDF (Polyvinylidene fluoride) array transducer 
operating in separate transmission and receiver modes. The ultrasonic roller was equipped 
with a multi-layer and multi-element transducer made by stacking pre-polarized PVDF films 
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in a folded sequence using an adhesive. A large concrete area was scanned with relatively 
short inspection time and good image quality was obtained using a customized electronic 
platform and its own adaptation of the SAFT algorithm. The broadband characteristics 
obtained from the PVDF transducers made it possible to use a wide range of adjustable 
operational frequencies. This is highly beneficial for concrete imaging where typically 
aggregates with a large variation in sizes will limit the image quality and enforce a trade-off 
between penetration depths and resolution [120]. 

(a)  (b) 

Fig.4-8.  (a) Current product with all elements and connectors to the display 
unit, (b) Eight layers four elements array transducers with PCB and 
cables in casing [120] 

d) South Korea

Keywords: Embedded sensor, Strength estimation, Early stage 

An embedded piezoelectric sensor module in the early age stage and a new algorithm of 
estimating the strength of concrete by the harmonic response signals obtained from the 
embedded piezoelectric sensor module was developed. During the curing process, the 
concrete strength increased steadily. Conversely, harmonic amplitude-based testing is not 
utilized so often. Therefore, the relationship between the amplitude and the concrete strength 
was not confirmative. However, the changes of amplitude were very small in the initial 
testing phase. It can be used to predict the concrete strength at early ages [118]. 

e) USA

1) Keywords: Air coupled, Non-contact, Vibration resonance, IE, USW, MASW

The utility of Micro-Electro-Mechanical Sensors (MEMS) for application in air-coupled 
(contactless or non-contact) sensing to concrete NDT was studied. The fundamental operation 
and characteristics of MEMS were recorded. Then application of MEMS sensors towards 
established concrete test methods, including vibration resonance, IE, USW and Multi-
Channel Analysis of Surface Waves (MASW), was demonstrated. In each test application, 
the performance of MEMS was compared with conventional contactless and contact sensing 
technology. Favourable performance of the MEMS sensors demonstrated the potential of the 
technology for applied contactless NDT efforts. Objective was to illustrate the utility of air-
coupled MEMS sensors for concrete NDT, as compared with conventional sensor technology 
[197].  

34



2) Keywords: Phased Array, 2-D Imaging, Numerical Simulation

Novel ultrasonic phased arrays were developed and the feasibility was tested for the 
condition assessment of concrete structures. These sensors were based on low frequency 
ultrasound technology, which is the preferred method for concrete testing to date. By 
combining multiple transducer elements in a linear configuration, dynamic phase focusing 
and/or steering of the ultrasound beam is possible. Using electronic scanning instead of 
mechanical scanning, these sensors eliminate the labor-intensive physical relocation of a 
single element transducer. They realize high-resolution NDE of concrete by enabling real-
time 2-D imaging of the internal flaws and damage of concrete structures, a key improvement 
to current ultrasonic instruments utilized in Civil Infrastructure Systems (CIS). A systematic 
approach using an automated testing assembly was used to assess the steering and focusing 
performance of the array in a cementitious medium. Experimental results agree well with 
numerical simulation presented. It was shown that the near field resolution can be greatly 
improved by electronically focusing the beam in the near field, and that phased arrays can be 
used as a primary imaging and scanning device for large-scale concrete structures [260].  

3) Keywords: Multi-channel, MEMS, Ultrasonic microphone, Wavefield imaging

Although contactless ultrasonic wavefield imaging shows potential for effective 
nondestructive inspection of various engineering materials, it has been rarely applied to 
concrete materials owing to technical challenges including low SNR caused by inherent 
heterogeneity of concrete. This research presented the development of a multi-channel 
MEMS ultrasonic microphone array system and its application to compressed wavefield 
imaging of concrete materials. The developed multi-channel MEMS ultrasonic microphone 
array system contains eight MEMS ultrasonic microphone elements and a signal conditioning 
circuit that enables measurements of ultrasonic signals with high SNR. A compressed sensing 
approach, based on the Multiple Measurement Vector (MMV) concept, was applied to 
reconstruct a full dense ultrasonic wavefield data from sparsely sampled ultrasonic wavefield 
data. Experiments were carried out on a laboratory concrete sample to verify the performance 
of the developed MEMS microphone array system and proposed compressed sensing 
approach and then large-scale concrete samples to demonstrate practical application. The 
experimental results demonstrated that the developed MEMS microphone array system 
provided high-quality (SNR > 20 dB) ultrasonic data collected from concrete elements; 
furthermore, the proposed compressed sensing approach provided accurate reconstruction of 
dense wavefield data, as determined by Peak Signal-to-Noise Ratio (PSNR), from sparsely 
measured wavefield data with compression ratios up to 85% and PSNR above 25 dB in data 
collected from realistic large-scale concrete samples. By combining the MEMS array system 
and compressed sensing approach, the total ultrasonic data acquisition time needed to 
produce dense wavefield data can be significantly reduced [266]. 

4.3.  Signal Processing Techniques Used for Inspection of Concrete 

Research carried out worldwide on the signal processing techniques suitable for the 
inspection of concrete has been described in following sub-sections. 
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4.3.1.  Ultrasonic Tomography 

Table.4-3 describes the worldwide research carried out on the various ultrasonic tomography 
techniques suitable for the inspection of concrete. The details of these techniques are 
provided in following sub-sections. 

Table.4-3. Worldwide Research carried out on Various Signal processing Techniques 
for Ultrasonic Tomography for the Inspection of Concrete 

No. Country Name or working 
of the system 

Key features 

1. Australia Numerical 
simulation 

A finite difference in time domain technique has 
been developed to model propagation of ultrasonic 
waves through the material. 

2. Brazil Ultrasonic imaging Several experimental tests with variations in concrete 
composition, presence of voids, arrangement and 
frequency of transducers were conducted on concrete 
prisms. 

3. China Synthetic PA and 
synthetic TFM 
technique 

These techniques were compared with the traditional 
B-Scan and SAFT methods

DAB-SAFT 
technique 

It greatly improves the imaging speed but is only 
suitable for 2D ultrasonic testing 

Low-cost ultrasonic 
sensor array 

A channel compensation method was proposed to 
improve the consistency of different transducers. 

Amplitude 
compensation 
technique  

Used for imaging of deep concrete blocks. Enhances 
resolution of SAFT image 

SAFT technique Numerical Simulation of SAFT in COMSOL 
RTM technique The technique was utilized for inspecting the grouted 

splice sleeves in precast concrete 
Dispersion trend of 
direct waves 
method 

A frequency-domain method to first obtain the 
dispersion trend of direct waves and then estimate 
the shear-wave velocity. 

4. France Locadiff method Utilized for imaging of mechanical damages in 
heterogeneous, geological or man-made materials. 

5. Germany SAFT technique It is compared with the traditional A-Scan and B-
Scan techniques.` 

Different NDT 
methods 

Different modifications of radar, ultrasonic-echo and 
impact-echo methods were investigated, including 2-
D and 3-D reconstruction models. 

Different NDT 
methods 

Several methods such as Ultrasonic, IE, GPR were 
compared 

Defects in tendon 
ducts 

Detection and location of grouting faults in tendon 
ducts with ultrasonic imaging was shown. 
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RTM technique The technique was utilized to image the lower 
boundary of tendon ducts which was unable to 
capture in SAFT image. 

Multi probe 
ultrasonic testing 
system 

The system was used to detect built-in delamination 
defects in a RCC specimen 

FLEXUS system 
and FLEXUS 120 
system 

Both the system performed concrete imaging. 

Ultrasonic array 
system 

The system measured the concrete cover of utility 
pipes in a tunnel and examined the transversal ducts 
in a bridge plate. 

Air coupled 
ultrasonic imaging 

The inspection of stilts, pillars and columns were 
carried out. 

Stochastic 
modeling 

The overview of an approach for utilizing non-
destructively gathered measurement results in 
reliability assessment of existing structures were 
discussed. 

6. India Thermal and 
ultrasonic imaging 

Both techniques were utilized for detection of 
surface cracks and extent of corrosion damage. 

Weighted sum and 
statistical technique 

These techniques intend to use more information 
contained in the scattered field leading to an 
improvement in final image. 

7. Indonesia ART and Iterative 
Kaczmarz method 

Both techniques were used to identify the steel rod 
and non-homogeneity in the concrete. 

8. Japan Delay-and-sum 
beam 
reconstruction 
method 

The method was utilized for the imaging of internal 
voids and reinforced steel bars in concrete material. 

9. Poland Ultrasonic imaging 
technique 

The technique was utilized for locating defects and 
determining their size in concrete. 

Novel theoretical 
model 

The model was developed for imaging the internal 
structure of tested beams. 

Dijkstra’s algorithm This algorithm supports the accuracy of transmission 
ultrasonic tomography for the detection of brittle 
damage in concrete beams. 

Different NDT 
techniques 

Different techniques were compared for detection of 
non-metallic reinforcement in the masonry wall. 

10. Russia A1040 POLYGON The device was used for flaw detection in the RCC. 
11. South 

Korea 
Ultrasonic sensors The sensors were used to measure the surface wave 

velocity and an empirical formula was developed for 
evaluating early-age concrete strength. 

12. UK TOF data The tomography was done to identify voiding in the 
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tomography metallic tendon ducts in 600 post-tensioned bridges. 
TFM method The relationship between surface geometry, surface 

measurement error using ultrasonic arrays and the 
TFM was investigated. 

13. USA Various 
tomography 
techniques 

Different techniques were utilized to perform 
volumetric imaging on thick reinforced concrete 
sections representative of NPP structures. 

ART technique A hybrid air-coupled and contact transducer was 
deployed for imaging of large concrete elements. 

UPV tests UPV readings were taken on two concrete specimens 
– one with reinforcement and another one without
reinforcement.

SAFT technique Ultrasonic tomography was performed for the 
detection of honeycombing in concrete pillars. 

Automated defect 
detection 

Ultrasonic was used to acquire depth perception and 
complement 2-D crack features available from the 
SSET camera for inspection of concrete pipes. 

Modified SAFT The technique was applied on the various concrete 
specimens and showed improved performance than 
SAFT. 

A1040 MIRA Various concrete distresses in structures and 
pavements were evaluated using the instrument. 

Wavelet with SAFT The time-frequency technique of wavelet packet 
decomposition was applied on the SAFT results. 

Ultrasonic wave 
diffusion 

An analytic model was presented for diffused wave 
de-correlation associated with sensitivity kernel that 
describes the TOF distribution in strongly scattering 
environments. 

Ultrasonic echo 
tomography 

The technique was employed for detection of 
honeycombing, delamination, voids and steel 
reinforcement. 

MIRA and EyeCon Several case studies were performed using the 
instruments involving laboratory and field 
applications on different kinds of structures and 
materials. 

SAFT technique Testing was conducted at various partial-depth repair 
locations to determine the presence and extent of 
debonding between the partial-depth repair and the 
existing concrete. 

SAFT technique The technique was used to detect air voids embedded 
in various locations within the subsurface of the 
concrete along with the steel reinforcement bars. 
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SAFT and Inverse 
distance weighting 
interpolation 
technique 

The techniques were performed to improve the 
quality of spatial resolution on concrete beams with 
and without flaws. 

MIRA The device is used in the detection of delamination, 
internal steel bars and thickness of the bridge deck 

UPC technique The technique was used to detect internal defects of 
the RC slab and the imaging was performed using 
modified SAFT technique. 

SAFT technique The technique was used to determine presence and 
extent of voids, honeycombs, delamination etc. 

Normalised 
Transmission 
Energy (NTE) 

The technique was presented that detected the 
existence of a contraction joint crack, which was not 
visible from the concrete slab surface. 

a) Australia

Keywords: Ultrasonic monitoring, imaging, concrete, cracks, heterogeneity, aggregates 

This research described a numerical technique for visualizing wave propagation through 
structural materials. Structural concrete has been modeled as a mixture of aggregates and 
binders. A finite difference in time domain technique has been developed to model 
propagation of ultrasonic waves through the material. The effect of heterogeneity in terms of 
wave scattering has been studied. Crack has been introduced in the model to understand its 
effect on wave propagation. Images of the structure have been developed from the ultrasonic 
signals. The results highlight the reliability of the technology for construction materials. They 
would serve as a guide for the field applications of the technology [302]. 

b) Brazil

Keywords: Ultrasonic tomography, Damage detection, Concrete 

This research presented the application of the ultrasonic tomography method for the 
qualitative assessment of concrete. Several experimental tests with variations in concrete 
composition, presence of voids, arrangement and frequency of transducers were conducted on 
concrete prisms. The results showed the ultrasonic tomography was more efficient than 
conventional ultrasonic tests. Analysis of several transducers’ arrangements revealed a large 
number of measurements not necessarily return better images. The great potential of the 
ultrasonic tomography technique for the evaluation of homogeneity and detection of 
discontinuities and damages of concrete structures has been confirmed [305]. 

c) China

1) Keywords: PA technique, TFM technique, SAFT technique

The qualities of a synthetic Phased Array (PA) image and a synthetic Total Focusing Method 
(TFM) image were compared with those produced by the conventional B-Scan and the SAFT. 
The results of this study show modern (TFM and PA) techniques are always better than 
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traditional (B-Scan and SAFT) methods based on 100 KHz ultrasonic experiments with a low 
Signal-to-Noise Ratio (SNR) condition. The SAFT method can only slightly improve the 
quality of the B-Scan image. In addition, a moderate distance between the source and receiver 
is suggested for detecting shallow and small targets in concrete in order to avoid near-source 
backward scattering. However, the PA technique has superior performance in detecting a 
small target at a specific depth in concrete. On the other hand, while detecting a large target 
in concrete, the TFM showed better performance than the PA technique. Study results 
indicate both the PA and the TFM have their own merits and demerits. The PA shows good 
performance in the status of a low SNR environment and the TFM works better in a high 
SNR situation. So, to detect a small target at a specific depth in concrete, the PA technique is 
preferred. Otherwise, to detect a large target in concrete, the TFM is a better choice [48]. 

2) Keywords: DAB-SAFT technique, SSCB- SAFT, Ultrasonic Transducers

DAB-SAFT (Drawing-Arc-Based Synthetic Aperture Focusing Technique) is capable of 
greatly improving the imaging speed by reinterpreting the focusing process in the forward 
direction, but it is only suitable for 2D ultrasonic testing. By extending DAB-SAFT to fast 
3D ultrasonic imaging, this research proposed both spherical scan-conversion-based SAFT 
and a Spherical-Surface-Conversion-Based SAFT (SSCB-SAFT) for 3D NDT. In SSCB-
SAFT, the entire imaging procedure was converted to multiple scan-conversion operations of 
spherical surfaces. To obtain the coordinates of pixels on a given spherical surface, the 
spherical scan-conversion algorithm was presented based on circular scan conversions to 
speed up the imaging procedure by avoiding the time-consuming computations of root-mean-
square distances. Besides, the performance of DAB-SAFT was further improved based on the 
relative positions between different scanning positions, which largely reduce the number of 
circular arc scan-conversion operations. This acceleration strategy was also applicable to 
SSCB-SAFT. The simulation experiments showed that the improved SSCB-SAFT speeds up 
the imaging procedure 4 times while maintaining the same results [169]. 

3) Keywords: SAFT technique, Ultrasonic transducers

A method of ultrasonic imaging detection was presented for quick NDT of concrete 
structures using SAFT. A low-cost ultrasonic sensor array consisting of 12 commercially 
available low frequency ultrasonic transducers as shown in (Fig.4-9) was designed and 
manufactured. A channel compensation method was proposed to improve the consistency of 
different transducers. The controlling devices for array scan as well as the virtual instrument 
for SAFT imaging were designed. In the coarse scan mode with the scan step of 50 mm, the 
system quickly gave an image display of a cross section of 600 mm (L) × 300 mm (D) by 
single measurement. In the refined scan model, the system can reduce the scan step and give 
an image display of the same cross section by moving the sensor array several times. 
Experiments on step-block specimen, concrete slab with embedded target and building floor 
with underground pipe line, all verify the efficiency of the proposed method [174]. 
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Fig.4-9.  Sketch Plot of Transducer Array [174]

4) Keywords: SAFT technique, Wave-packet decomposition, Attenuation coefficient.

The SAFT improves imaging quality by superimposing the received signals from adjacent 
transducers. However, in testing of deep concrete blocks, the reflected ultrasonic signals from 
targets usually combine with scattering, and the amplitude of the useful signal decreases 
rapidly with its propagation distance. It is hard for traditional SAFT to give a clear display of 
the target near the bottom. This research proposed an amplitude compensation technique to 
enhance the reflected signals from deep targets and a wave packet decomposition approach 
was used to identify these reflections. The relative attenuation coefficient of ultrasonic waves 
propagating in concrete was obtained by measuring the decay in amplitude of the first and 
second peaks of the processed envelope signal. Experimental results in an artificial concrete 
specimen (70 cm length × 60 cm width × 60 cm height) showed that the proposed technique 
had higher imaging resolution than SAFT and the traditional wave-packet decomposition 
technique [243]. 

5) Keywords: Ultrasonic wave propagation, SAFT, Damage detection.

The inhomogeneous structure of the concrete that leads to disturbing phenomena of the 
transmitted signal such as attenuation and structural noise are diminished using SAFT. In this 
research, lab experiments showed the behaviors of the elastic wave propagation in the 
concrete medium and the analysis has been carried out by using COMSOL multi-physics 
software. The time travel associated with acoustic wave propagation has been analyzed to 
tune COMSOL in order to detect objects inside the concrete. The results showed that the 
elastic wave-based scanning system incorporated with SAFT exhibits high potential in 
inspecting damage inside the concrete structure [253].  

6) Keywords: Ultrasonic imaging, Reverse time migration, Grouted spice sleeve, Grout
defect inspection, Elastic waves.

An ultrasonic imaging method was proposed for inspecting the grouted splice sleeves in 
Precast Concrete (PC) structures using Reverse Time Migration (RTM) algorithm based on 
an elastic wave equation. Numerical and laboratory experiments were carried out to assess 
the feasibility of proposed method. In the numerical experiment, three numerical models, i.e., 
three-quarter grouted, fully-grouted and non-grouted, were established. The results showed 
that the proposed RTM method can reconstruct images of the buried sleeves with a higher 
resolution and a greatly-improved accuracy, compared with the traditional ultrasonic imaging 
method. Moreover, the grouting condition in the three models can be readily distinguished 
and even the interface between the grouting material and the air defect in the three-quarter 
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grouted model can be clearly identified. In the laboratory experiment, two sleeves, one is 
fully grouted and the other one is insufficiently-grouted with certain air defects, were 
embedded in a concrete model. The top of the two sleeves can be clearly imaged, and the 
insufficiently-grouted sleeve has a reflection, which is about 9 dB stronger than the other one. 
It was concluded that the proposed ultrasonic imaging method can be used for inspecting the 
grouting quality of splice sleeves in PC constructions in field [284]. 

7) Keywords: Dispersion, Wave velocity, SAFT

Wave velocity is the most critical parameter used by the SAFT for the ultrasonic imaging of 
concrete structures. However, it has been challenging to estimate wave velocity with the 
traditional time-domain method that requires the picking of direct waves. The dispersion 
trend of direct waves is theoretically a horizontal line with frequency as the x-axis and phase 
velocity as the y-axis, and the horizontal line is due to the non-dispersive phenomenon of 
direct waves in an elastic, homogeneous material. To overcome the challenge of picking 
direct waves in the time domain, this research proposed a frequency-domain method to first 
obtain the dispersion trend of direct waves based on the non-dispersive phenomenon and then 
estimate the shear-wave velocity from the average phase velocity of the non-dispersive trend 
in the frequency domain. This frequency-domain method was verified with the numerical and 
experimental ultrasonic data from concrete specimens with embedded delamination. 
A comparison of the results obtained using the two methods indicated that the frequency 
domain method can significantly improve the accuracy of estimating the shear-wave velocity 
and can eventually improve the accuracy of ultrasonic imaging [297]. 

d) France

Keywords: Diffuse wave, Ultrasonic imaging, Pre-stressed concrete 

Locadiff, an innovative imaging technique based on diffuse waves, has been developed in 
order to image mechanical changes in heterogeneous, geological or man-made materials. This 
study reported the on-site application of Locadiff to locate several pre-existing cracks on an 
aeronautical wind tunnel made of pre-stressed concrete. Using 32 transducers working at 
ultrasonic frequencies (80–220 kHz) where multiple scattering occurs, an area of 
2.5 m × 2.5 m of a 35-cm-thick wall was monitored for 15 minutes. With the wind tunnel in 
its routine operation, structural changes around the cracks were detected and it was possible 
due to their closing or opening to slight pressure changes. By mapping the density of such 
microstructure changes in the bulk of the material, locating three pre-existing cracks was 
properly performed in three dimensions [224].  

e) Germany

1) Keywords: SAFT technique, Ultrasonic Tomography, A-Scan

An ultrasonic reconstruction by using SAFT was used which has a great potential to image 
concrete elements and detect embedded objects. The use of SAFT was explained in 
comparison to traditional A-Scan and B-Scan techniques. Different reconstruction algorithms 
and implementations were presented for 1-D, 2-D and 3-D SAFT. Concrete with a maximum 
aggregate size larger than or equal to 32 mm, increased porosity or a thickness larger than 
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700 mm has restricted the image quality. Coupling problems on rough surfaces and shading 
caused by reinforcement may also deteriorate image quality. 1-D SAFT is a reliable 
alternative to single A-Scans especially for thickness measurement applications in heavily 
reinforced concrete elements of up to 2 m. It is also applicable for the examination of 
multilayer concrete systems. 2-D SAFT has shown its ability to image concrete cross sections 
with a large number of embedded objects [101]. 

2) Keywords: Radar, Ultrasonic echo, IE, Numerical Simulation, Tendon Ducts, SAFT

A research project involves a comparison of different NDT methods for concrete bridges. For 
this purpose, test specimens with localized defects were produced. Different modifications of 
radar, ultrasonic-echo and impact-echo methods were investigated, including 2-D and 3-D 
reconstruction models. The experiments were accompanied by numerical simulation of the 
propagation of sound waves and microwaves. The results showed that the radar and the 
ultrasonic methods were efficient tools to locate the tendon ducts accurately if the reinforcing 
bars were not too narrowly spaced. The ultrasonic imaging methods were capable of 
identifying injection and compaction faults in a blind test. The simulation models provided 
valuable information on how to improve the experimental test programme and its evaluation. 
It was shown that simulation calculations for acoustic waves are a very powerful tool to 
estimate, if a specific defect can be detected by ultrasonic methods or not [102]. 

3) Keywords: Ultrasonic Pulse Echo, Impact-Echo, Ground Penetrating Radar, Validation,
Concrete

The ’FOR384 ‘research group in Germany was funded by the German Science Foundation 

(DFG) for research in NDE of Concrete Structures using Acoustic and Electro-Magnetic 
Echo-Methods. Seven institutes in Germany submitted a research proposal and a work plan in 
the areas of Ultrasonics, Impact-Echo, Ground Penetrating Radar, Signal Processing and 
Validation. A few selected results of this research group were published [103]. The main 
objective of the collaboration was to compare the performance of the different test methods. 
First results were published at the NDT Symposium in Berlin in 1995, in a widely recognized 
paper [104]. In this paper the first 3D SAFT reconstruction of an ultrasonic image of a defect 
inside concrete was shown. The research group had a lot of more indirect influence, e.g., on 
the way testing of structures was changing. Handling large data sets, finding new approaches 
in analyzing data, e.g., phase analysis of ultrasound reflections, data fusion and the 
combination of methods became a reality through the research results of this research group. 
Beyond the research results, there are numerous initiatives, research projects and instrument 
developments directly initiated or influenced. This includes the BETOSCAN project, the 
MIRA development, scanner constructions; impact-echo devices and the OSSCAR project, to 
name a few. 

4) Keywords: Tendons, Prestressed concrete bridges, Ultrasonic echo, Reconstruction
calculation, 3D-SAFT, Modeling (EFIT)

The study presented the progress of successful detection and location of grouting faults in 
tendon ducts with ultrasonic imaging as shown in (Fig.4-10). The examples were obtained in 

43



the rese
modelin
(includi
grouting
ultrason
presente
main p
transdu
wave p
results 
from 50

Fig.4-1

5) Key

Current
have so
compon
RTM w
concret
reflecte
required
simulat
followe
forward

6) Key

The acc
ultrason
were ev
wave tr
severity
slab-bu
applyin

earch group 
ng allowed 
ing strands)
g faults in 
nic pulses h
ed for refle

part of the 
cers, 3D-SA
ropagation 
for shear w
0 KHz to 12

10. Result
Duct [2

ywords: RTM

tly SAFT al
ome limitati
nents like te

was used for
e. By usin

ed more than
d computin
ions for pol

ed by exper
d for ultraso

ywords: Con

curacy and 
nic testing f
valuated. A
ransducers) 
y (i.e., thick
ilt to simul

ng SAFT tec

‘FOR384’ 
imaging an

) in a large 
post-tensio

has also been
ctions at m
progress w

AFT recons
for typical 

waves as we
20 KHz [208

t of a 3D-S
208]

M, Reflecti

lgorithms ar
ons. For ex
endon ducts
r NDT in civ
ng the infor
n once ther

ng power is 
lyamide and
riments at a
onic testing 

ncrete bridg

precision o
for detection

A multi prob
was used to

kness) in a t
late a conc
chnique. Th

funded by D
nd identifica

test specim
oned ducts 
n described
etal plates i

was achieve
struction in
elastic para

ell as for pre
8].  

SAFT Rec

ion Seismic

re mostly u
xample, it is 
s or vertica
vil engineer
rmation fro
re are fewer

significant
d concrete 
a polyamide
in civil eng

ge deck, Bri

of low-freq
n and chara
be ultrasoni
o detect bui
test specim
crete bridge
he reconstru

DFG. The c
ation of gro

men (40 m2)
known unti
. Experimen
in concrete 
ed by auto

ncluding pha
ameters and
essure wave

onstructio

s, Simulatio

sed for ima
not possibl

al reflectors
ring to impr
om wide an
r limitations
tly higher a
showed its 
e specimen

gineering [15

idge deck ev

quency (cen
acterization 
ic testing s
ilt-in delam
en — 6.1 m
e deck. The
ucted measu

co-operation
outed and un
). In additio
il now the 
nts and mod
(thickness 

omated mea
ase evaluati
d exact exp
es were com

on of a Gr

on 

aging. These
le to image 
. A geophy
rove the im
ngle reflect
s compared

as for the te
potential fo

n. It has bee
51].  

valuation, D

nter frequen
of delamin
ystem (with

mination def
m × 2.4 m ×
e collected 
urement res

n of experim
ngrouted are
on to the cri

phase eval
deling of wa
range 0.5 m
asurements 
ion and mo

perimental s
mpared in th

outing De

e algorithms
the lower b

ysical migra
maging of co

tions as w
 to SAFT. A

echniques cu
or NDT. Th
en shown t

Delaminatio

ncy of appr
nation in con
h horizonta

fects of vari
× 216 mm r

data sets w
sults were t

mental resea
eas of tendo
iteria for in
luation of r
ave propaga

mm to 40 m
using dry 

odeling con
site conditio
he frequenc

efect in a T

s are develo
boundary of
ation techni
omplex struc
ell as from
As a drawb
urrently use

he simulatio
that RTM i

on, SAFT 

oximately 5
ncrete bridg
ally polarize
ious size, de
reinforced c
were recon
then used t

arch and 
on ducts 

ndicating 
reflected 
ation are 

mm). The 
contact 

nsidering 
ons. The 
cy range 

Tendon 

oped but 
f built-in 
que, the 
ctures in 

m waves 
back, the 
ed. First 

ons were 
is a step 

55 kHz) 
ge decks 
ed shear 
epth and 
concrete 

nstructed 
o assess

44



the condition of the concrete slab at individual points [point-by-point data collection and 2D 
reconstruction] as well as along lines, where data was collected at smaller steps and 
reconstructed in a 3D format. The local-phase information was also calculated, superimposed 
on the reconstructed images and used as complementary information in condition assessment. 
The precision and accuracy of condition assessments were evaluated. The results indicated 
that, using the multi probe ultrasonic array, delamination defects as small as 30 cm2 could be 
reliably detected. Deep delaminations [i.e., those deeper than 150 mm] were directly detected 
and characterized, whereas shallow delaminations [shallower than 65 mm] were detected 
only indirectly. The precision of the measurements was demonstrated by comparing repeated 
measurements at several test points [156]. 

7) Keywords: Ultrasonic testing, Array imaging, Tomography, SAFT

The research described two multi-channel low-frequency ultrasonic measurement systems 
and their application to tomographic imaging. Both systems comprised of transducer arrays in 
which each transducer group can be electronically switched between three states namely, 
transmission, reception and deactivation. Tomographic reconstruction algorithms provide 3-D 
volume imaging. The first imaging system, the reflection-tomographic FLEXUS system for 
concrete evaluation, incorporates a 48-element/16-channel transducer array. The array was 
moved by a three-axis scanner in a range of 1.0 m x 0.8 m. The collected data was online 
processed by a SAFT algorithm for reflection-tomographic volume imaging. Different SAFT 
variants were implemented and optimized towards image quality or measurement speed. The 
second imaging system, the transmission-tomographic FLEXUS 120 system for refractory 
testing, includes a 60-element transmitting array and a 60-element receiving array. The two 
arrays were applied to opposite faces of the tested object for transmission measurements. By 
varying the excitation sequence and the reconstruction algorithm, different transmission-
tomographic schemes in direct transmission or with angular diversity can be realized. For 
both the imaging systems, measurement results were acquired [186]. 

8) Keywords: Ultrasonic echo, Array technique, SAFT, Tunnels, RCC, Prestressing ducts

The application of the ultrasonic array system was demonstrated for two examples: 
measuring the concrete cover of utility pipes in a tunnel and the examination of transversal 
ducts in a bridge plate. It was demonstrated, that the array system together with 3D-SAFT 
reconstruction calculation can be used for the examination of transversal pre-stressing ducts 
having a concrete cover of about 100 mm. The change of the coupling conditions can be 
compensated by normalization, so that the analysis of grouting and compaction faults in and 
around the duct can be performed by considering the reflection intensity. The system was 
used on site [190]. 

9) Keywords: Non-contact, A-Scan, B-Scan, C-Scan, D-Scan

This study provided the new developments for non-contact UT with air- coupling: use of 
broadband transducers, matched ultra-low noise amplifiers, programmable high power pulser 
and an imaging software for A-, B-, C- and D- Scans including full-wave scans for 
applications on concrete components e. g. with a crack plane, a gravel nest and bore holes. 
The airborne inspection of concrete components like stilts, pillars and columns can be carried 
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out without any difficulty. Further investigations have potential to monitor the hardening 
process with non-contact ultrasonic testing. The automatic evaluation of the frequency 
spectrum will provide details about the status of components and buildings. Possible options 
are chirp- and coded signals which provide an increase in the Signal to Noise Ratio (SNR) up 
to 8 dB. However, the longer pulse lengths decrease the PRF. Therefore, special transmitter 
excitations should only be used for the inspection of components thicker than 1 m. This 
method is being used in application for natural stone plates [214].  

10) Keywords: Pre-stressed concrete, Probabilistic methods, Reassessment, Reliability,
Stochastic modeling, Uncertainty

This research provided an overview of an approach for utilizing non-destructively gathered 
measurement results in reliability assessment of existing structures. An essential part of 
measurement-based stochastic modeling of basic variables is the calculation of measurement 
uncertainties, which serves to establish confidence in measurement, to ensure the 
comparability of unambiguously expressed measurement results and to quantify the quality of 
the measured information.  Regarding the current discourse on how to treat information 
collected on-site in the context of assessment, the authors recommended that measurement 
uncertainty becomes an uncertainty component mandatorily to be represented in 
measurement-based stochastic models. The main steps of the proposed concept were 
presented and the advantages of its application were emphasized by means of a pre-stressed 
concrete bridge as case study. The bridge was assessed regarding the serviceability limit state 
decompression using ultrasonic and radar data measured at the structure [312]. 

f) India

1) Keywords: Thermal imaging, Ultrasonic imaging, Near surface cracks

A combination of two independent techniques, thermal imaging and ultrasonic wave-based 
imaging were explored for detection of near surface defects in concrete slabs. Thermal 
imaging is found to be effective in detection of fine surface breaking cracks developed as a 
result of accelerated corrosion of a rebar embedded in laboratory scale concrete slab. The UT 
is further applied to develop images of horizontal slices at various depths through the slab. 
The thermographic and ultrasonic combined approaches are found to be complementary in 
terms of the detection of surface breaking corrosion cracks and assessment of the extent of 
corrosion induced damage in the subsurface [124]. 

2) Keywords: Wave Mode Conversions, Imaging techniques, Experimental Investigations

Two different techniques for ultrasonic imaging of concrete were presented, namely a 
weighted sum technique and a statistical technique. The techniques utilize both the scattered 
elastic compressional and the mode converted shear wave fields. Since the conventional 
imaging techniques utilize either the compressional or the shear wave mode to generate the 
subsurface image, information contained in the scattered ultrasonic field is partially utilized. 
The proposed techniques intend to use more information contained in the scattered field 
leading to an improvement in the final image. Synthetic full matrix data is generated using 
the finite difference in time domain scheme for simulation of elastic wave propagation in 
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concrete with embedded rebars and aggregates. The proposed imaging techniques are then 
used to generate the subsurface image of the medium. Experiments were also performed to 
generate full matrix data on two concrete slabs with different geometry, sizes and distribution 
of rebars. The images when compared to the ones generated by the conventional single mode 
approach, show improvement in resolution and distinction between the embedded features, 
e.g., closely spaced rebars. It is also observed that the weighted sum technique performs
slightly better in comparison to the statistical technique with respect to suppression of
background noise [181].

g) Indonesia

Keywords: ART, Iterative Kaczmarz method, Ultrasonic Tomography 

NDT method using ultrasonic wave was published to identify the internal structure of a 
concrete sample. A combination of signal smoothing and threshold method was used as 
signal processing tool for interpreting and analyzing the ultrasonic waveform from the 
concrete sample. The Algebraic Reconstruction Technique (ART) with Iterative Kaczmarz 
method was then applied as the image reconstruction algorithm. The results show that the 
ultrasonic tomography based on the Iterative Kaczmarz method distinguished embedded steel 
rod from the rest of materials in the concrete. The 2-D cross sectional images produced by 
ultrasonic tomography correctly represents the internal condition of the analyzed specimen. 
All of the produced images correctly identified the existence of steel rod and non-
homogeneity in the concrete material [113]. 

h) Japan

Keywords: Ultrasonic Imaging, Multi-gaussian beam model, Steel bars 

In this study, a delay-and-sum beam reconstruction method utilizing post-processing was 
applied to the imaging of internal voids and reinforced steel bars in concrete material. 
An array transducer with a total number of 16 elements was designed on the basis of a multi-
gaussian beam model as shown in (Fig.4-11). The center frequency of the transducer was         
50 KHz and low frequency imaging was achieved by performing computations using a 
graphics processing unit accelerator in the post-processing beam formation. The results 
indicated that the shapes of through holes and steel bars in a concrete specimen with 700 mm 
thickness were reconstructed with high resolution [217]. 

Fig.4-11. Image of the Low Frequency Array Transducer with 16 Elements [217] 
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i) Poland

1) Keywords: Ultrasonic Tomography, Step-like defect

The capabilities of Ultrasonic Tomography technique for locating defects and determining 
their size in unilaterally accessible concrete members and for estimating the thickness of such 
members were tested. The methodology was verified through laboratory tests on specimens 
and through on-site tests on a real concrete member. The results of laboratory tests carried out 
on two 1000 x 1000 x 1000 mm specimens have been reported. One specimen had a step-like 
defect from polystyrene foam while the other specimen had varying thickness. It has been 
found that using the ultrasonic tomography technique one can quite precisely determine the 
location and size of a defect and estimate the thickness of a concrete member [121]. 

2) Keywords: Reinforced concrete, Debonding, Damage imaging, Ray tracing

This research concerned inspection of reinforced concrete elements, with particular emphasis 
on assessing the quality of the adhesive connection between steel and concrete. A novel 
theoretical model was developed to determine the paths of transmitted, refracted and reflected 
elastic waves as well as a creeping wave propagated along the inclusion surface. Imaging the 
internal structure of tested beams was based on wave propagation measurements carried out 
on their surface and computed tomography. The ray tracing was performed by the hybrid 
approach as a combination of the network theory and the ray bending methods. The obtained 
results indicated a great potential of ultrasonic tomography in detection of debonding in 
reinforced concrete structures [262]. 

3) Keywords: Graph Theory, Damage Mechanics, Elastic Degradation, Damage Parameter,
Internal Length, Experimental Research

The accuracy of transmission ultrasonic tomography for the detection of brittle damage in 
concrete beams can be effectively supported by the graph theory and in particular, by 

Dijkstra's algorithm. It allows determining real paths of the fastest ultrasonic wave 

propagation in concrete containing localized elastically degraded zones at any stage of their 
evolution. This work confronted this type of approach with results that can be obtained from 
non-local isotropic damage mechanics. On this basis, this research developed a method of 
reducing errors in tomographic reconstruction of longitudinal wave velocity maps which 
were caused by using the simplifying assumptions of straightness of the fastest wave 
propagation paths. The method was based on the appropriate elongation of measured 
propagation times of the wave transmitted between opposite sending-receiving transducers if 
the actual propagation paths deviate from straight lines. The mathematical apparatus used 
typically in the tomography, in which the straightness of the fastest paths was assumed, can 
be still used. The work considered also the aspect of using fictitious wave sending-receiving 
points in ultrasonic tomography for which wave propagation times were calculated by 
interpolation of measured ones. The considerations were supported by experimental research 
conducted on laboratory Reinforced Concrete (RC) beams in the test of three-point bending 
and a pre-fabricated damaged RC beam [275]. 
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4) Keywords: Rebar location, FRP reinforcement, GPR, Ultrasonic tomography,
Electromagnetic testing, Bed joint reinforced masonry, Autoclaved Aerated Concrete

Detecting non-metallic reinforcement made of FRP (Fibre Reinforced Polymers) can be 
problematic, particularly at the stage of work inspection and constructional evaluation. In 
contrast to steel reinforcement, detecting non-metallic reinforcement is difficult using NDT 
techniques. These difficulties mainly arise from considerably lower density, radiation 
resistance or electromagnetic impedance and cross-section of rebars when compared to steel 
reinforcement. Specific problems with the reinforcement detection are experienced in 
masonry structures, in which reinforcement is laid in bed joints. Measurements were made on 
a masonry face in the plane perpendicular to the reinforcement plane and not the parallel one 
compared to reinforced concrete structures. Thus, the interpretation of results obtained from 
NDT can be complicated due to many physical phenomena occurring during tests, methods of 
presenting measurements and their accuracy. This research compared the different testing 
techniques used to detect non-metallic reinforcement in the masonry wall made of 
Autoclaved Aerated Concrete (AAC). For the purpose of the tests, fibre glass and basalt 
meshes, traditional steel trusses and steel wire meshes were placed in bed joints of the 
masonry wall. An ultrasonic tomography and GPR scanner operating within a broad range of 
frequencies were used for the tests. Electromagnetic device was also used to detect metal 
meshes. As expected, the tests confirmed problems with detecting the non-metallic 
reinforcement. Only the radar method was effective in detecting the non-metallic method, 
whereas other methods failed. The electromagnetic method detected only the steel 
reinforcement in the masonry [289]. 

j) Russia

Keywords: Ultrasonic Imaging, Pulse-echo 

A research was conducted for flaw detection, namely cracks, voids, cavities, etc. occurred in 
the reinforced concrete load-bearing structures that have a negative effect on mechanical 
conditions of test object. The NDT was carried out by the ultrasonic low-frequency 
tomograph A1040 POLYGON that performs the echo method for testing, does not require a 
coupling medium to propagate the transfer of sound energy into the test object and provides 
the structure visualization of concrete and masonry products and constructions with the one-
sided access. This research resulted in the generation of tomographic images of the material 
structure of inspected concrete constructions. Scan imaging was carried out in the real time 
mode. The flaw detection technique allowed obtaining information about the sizes and 
locations of defects in the confined concrete structures [115]. 

k) South Korea

Keywords: In-situ concrete, Strength measurement, FE simulation, Surface wave velocity 

A work was carried out in which the surface wave velocity was measured with ultrasonic 
sensors to monitor the solidification of concrete inside the form and an empirical formula was 
developed for evaluating early-age concrete strength according to the surface wave velocity. 
A pair of ultrasonic sensors was installed on the same side of the structure prior to placement. 
An acrylic panel was used to fix the position of the sensors and to increase the applicability 
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2) Keywords: TFM, Surface reconstruction error

The accurate non-destructive inspection of engineering structures using ultrasonic immersion 
imaging requires a precise representation of the surface of the structure. The relationship 
between surface geometry, surface measurement error using ultrasonic arrays and the TFM 
was investigated and how this impacted on the ability to image a feature within a component. 
Surfaces shaped as sinusoids covering combinations of surface wavelengths (0.8 to 32λwater) 
and amplitudes (0.6 to 9λwater) were studied. The surface reconstruction errors were shown to 
cause errors in imaging, such as reduced amplitude and blurring of the image of a side-drilled 
hole. These reconstruction errors were shown to increase rapidly with the maximum gradient 
of the sinusoid. Sinusoidal surfaces with maximum gradients < 45° lead to average surface 
reconstruction errors < λwater and amplitude imaging errors within 6 dB of the flat-surface 
case. It was also shown that very poor results have been obtained if the surface gradient is 
excessively steep [161].  

m) USA

1) Keywords: Rebar detection, Void detection, Different NDT techniques

The report by ORNL (September 2013) has mainly focused on the work to perform 
volumetric imaging on thick reinforced concrete sections. ORNL comparatively evaluated a 
number of ultrasonic techniques on concrete, using concrete specimens that had previously 
been identified in the ORNL report “Summary of Large Concrete Samples”, ORNL-TM-
2013/223 [92]. Since no concrete specimens are truly representative of the reinforced 
concrete sections found in NPPs, ORNL has utilized two 6.5 ft × 5.0 ft × 10 in. concrete test 
specimens from the Florida Department of Transportation‘s (FDOT‘s) NDE Validation 
Facility in Gainesville, Florida [91]: 

a) A rebar detection block, which is a specimen with various placements of rebar but
without any known flaws and

b) A void and flaw detection block, which is an unreinforced specimen with simulated
cracking and non-consolidation flaws

ORNL chose to evaluate seven different ultrasonic techniques:  

i. Ultrasonic linear array device (Germann Instruments MIRA Tomographer Ver. 1)

ii. Ultrasonic linear array device (Germann Instruments MIRA Tomographer Ver. 2)

iii. Shear wave ultrasonic array (Germann Instruments EyeCon)

iv. Ground-Penetrating Radar (GPR) (GSSI SIR3000 with 2.6 GHz antenna)

v. Air-coupled impact-echo

vi. Air-coupled ultrasonic surface wave

vii. Semi-coupled ultrasonics

The MIRA Version 1 utilized by the University of Minnesota was able to determine the 
internal composition of both the concrete specimens. It was able to determine and report 
subsurface characteristics such as reinforcing steel‘s relative size, concrete thickness, 
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irregularities and characterize inclusions. The equipment was able to locate inclusions in such 
reinforcements and characterize the surrounding concrete condition. It also identified poor 
concrete consolidation and the presence of vertical cracks. It could differentiate 
reinforcement size and evaluate internal concrete conditions below heavy reinforcement. The 
ability of system to identify these features is due to post processing technique.  

The MIRA Version 2 utilized by Engineering & Software Consultants, Inc. successfully 
detected most of the rebar embedded in rebar detection block at different depths, spacing and 
orientations. The challenge was rebar placed closer to each other and closer to the bottom of 
the specimen. For rebar placed closer to the bottom of the slab, back wall reflections were a 
problem which could be eliminated by scanning the backside of the specimen. It was also 
able to detect the concrete honeycombs and crack in void and flaw detection block. It also 
detected other flaws embedded in the specimen, but was not able to characterize them.  

Shear Wave Ultrasound utilized by Lynch and Ferraro Engineering, Inc., is very slow 
compared to GPR and generated a series of composite images that located all rebar in Rebar 
detection block except those directly behind the upper layer mats with no apparent 
dependency on the orientation of the transducer array. The ultrasound array also generated a 
layered image of void and flaw detection block that matched the as-built drawings of the 
blocks with nearly every detail.  

GPR utilized by Lynch and Ferraro Engineering, Inc. also proved to be fast and accurate in 
locating the top-layer rebar mats of Rebar detection block, but was unreliable in locating 
close proximity rebar, secondary layer rebar and all but the most severe defects in void and 
flaw detection block. 

Air-Coupled IE and Ultrasonic Surface Wave imaging tests utilized by the University of 
Illinois at Urbana-Champaign were carried out on both samples. Semi-Coupled Ultrasonic 
through Thickness Tomography also utilized by the University of Illinois was carried out on 
only Void and flaw detection block. As expected, based on the physics of these techniques, 
none of these NDE test methods were able to detect the presence of well-bonded embedded 
steel bar in either specimen. However, each of the tests did reveal the presence of the 
embedded voided sections in Void and flaw detection block and the Semi-Coupled Ultrasonic 
through Thickness Tomography appeared to indicate locations of un-bonded steel bar. By 
analyzing the results of all test methods together, the locations of the defected regions within 
Void and flaw detection block could be ascertained with reasonable accuracy.  

Overall, the goal of these tests was to provide a baseline performance indication of each 
technique. It is clear from these results that improvements in volumetric imaging can be made 
through research in advanced processing techniques and that some or all of these techniques 
should be tested using a thick concrete specimen representative of NPP structures. The 
ultimate solution to volumetric imaging of a thick concrete section might be a fusion of data 
from various technologies. 
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2) Keywords: ART, Air-coupled transducers

New ultrasonic imaging technology has been developed for large concrete elements, based on 
tomographic reconstruction. The acquired 3-D internal images (velocity tomograms) were 
used to detect internal defects such as polystyrene foam and pre-cracked concrete prisms that 
represent structural damage within a large steel reinforced concrete element. A hybrid air-
coupled/contact transducer system was deployed. Electrostatic air-coupled transducers were 
used to generate ultrasonic energy and contact accelerometers were attached on the opposite 
side of the concrete element to detect the ultrasonic waves. The developed hybrid testing 
setup enabled the collection of a large amount of high-quality, through-thickness ultrasonic 
data without surface preparation to the concrete. The ART is used to reconstruct p-wave 
velocity tomograms from the obtained time signal data. A comparison with a one-sided 
ultrasonic imaging method was also presented for the same specimen. Through-thickness 
tomography showed some benefit over one-sided imaging for highly reinforced concrete 
elements. The results demonstrated that the proposed through-thickness ultrasonic technique 
shows great potential for evaluation of full-scale concrete structures in the field [93]. 

3) Keywords: UPV, RCC, Crack detection

Experiment was performed in the laboratory which aimed to study the influence that certain 
technological variables have on the results obtained through the UPV. Two concrete elements 
were casted at the laboratory as shown in (Fig.4-13), one element with reinforcement and 
another without reinforcement. Inside these elements’ objects were introduced to reproduce 
possible concrete damages. To facilitate the analysis, the results were represented through 
several images generated by image software and statistical analysis software. The study 
indicated that UPV tests were sensitive tools to variations of uniformity and density and can 
therefore provide important data for decision making regarding the concrete structures. Upon 
the execution of UPV tests it was possible to contribute to the control of the quality of 
concrete structures [96]. 

(a) (b) 
Fig.4-13.  (a) Concrete molds without reinforcement, (b) Concrete molds with 

reinforcement [96] 

4) Keywords: SAFT, Tendon ducts, Honeycombing

The research work aimed to provide the insight into some of the principles and possibilities 
of ultrasonic concrete imaging using SAFT and tomographic reconstruction. For SAFT 
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reconstruction, the processing steps were explained that were necessary to obtain an image 
that is easy to interpret including the influence of transducers, their coupling, and image noise 
suppression. Quantitative evaluation of ultrasonic images enables the examination of tendon 
ducts for voids and the objective assessment of image quality. A field study demonstrated the 
possibilities of SAFT reconstruction. Ultrasonic Tomography is shown to have the capability 
to detect faults such as honeycombing in concrete pillars. The potential of ultrasonic imaging 
and remaining steps necessary to open broad practical application have also been studied 
[164]. 

5) Keywords: Buried wastewater concrete pipe, Automated defect detection, Discrete
wavelet transform, Unsupervised clustering, Multilayer perceptron, A-scan signal

The research consisted of the proof-of-concept for an automated buried pipeline condition 
assessment system that can provide additional depth perception of defects in addition to 
surface assessments provided by current technologies. An ultrasound acoustics-based 
methodology was proposed to acquire depth perception and complement 2-D crack features 
available from the Sewer Scanner and Evaluation Technology (SSET) camera for inspection 
of concrete pipes. Experimental results showed that the ultrasound immersion scanning and 
C-Scan imaging provide useful data for building a reliable defect detection system. The
proposed automated inspection system can also lead to overcoming many limitations of the
current manual inspection practice (i.e., subjecting defect rating system) and can provide a
more accurate assessment of buried pipe conditions [160].

6) Keywords: Experimental, SAFT, Shear wave array

The research was carried out for modifications of the standard SAFT for improved imaging 
of concrete materials. Experimental evaluation was performed on three modifications to the 
velocity estimation, direct wave suppression and attenuation compensation methods. Results 
show potential applications for improved performance beyond the standard imaging methods 
[180].  

7) Keywords: Shear-wave tomography, Horizontal cracking, Concrete pavement, Concrete
bridge

In this study, various concrete distresses in structures and pavements were evaluated with 
MIRA instrument, which is based on the ultrasonic PE shear wave method. The distresses 
evaluated included horizontal cracking or delamination at the mid-depth of concrete 
pavement slabs, spalling and map cracking in concrete pavement slabs, mud balls in concrete 
runway, concrete cracks and delamination in bridge columns and shallow concrete cover in 
bridge piers. MIRA instrument was able to detect discontinuities in concrete, whether they 
are cracks, delamination at an interface of two concrete slabs, mud balls or reinforcing steel 
[191].  

8) Keywords: SAFT, Wavelet

This study was made to improve and extend the usefulness of results produced using the 
SAFT on data collected from thick, complex concrete structures. A secondary goal was to 
improve existing SAFT results, with regards to repeatedly and objectively identifying defects 
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and/or internal structure of concrete structures. Towards these goals, the time-frequency 
technique of wavelet packet decomposition was applied and reconstruction was done using a 
mother wavelet that possesses the exact reconstruction property [193].  

9) Keywords: Ultrasound wave diffusion, multiple micro-cracks detection

The simultaneous detection of multiple defects in concrete structures is a task of pivotal 
importance for NDT. Diffuse waves experiencing multiple scattering inside media were 
demonstrated to be sensitive to weak defects. An analytic model was presented for diffused 
wave de-correlation associated with sensitivity kernel that describes the time-of-flight 
distribution in strongly scattering environments. The model was then used for generating 3-D 
images that involve estimating perturbations at each localized position through an iterative, 
non-linear algorithm. With the consideration of loads and micro-cracks effects on diffuse 
waves, an application of the approach to a real-size concrete beam shows features that denote 
the positions and depths of multiple existing cracks [223]. 

10) Keywords: Ultrasonic echo tomography, Subsurface condition, RCC

In this study, the performance of Ultrasonic Echo Tomography (UET) was evaluated in a 
laboratory study and in three field case studies. In the laboratory, a concrete slab specimen 
was prepared with manmade honeycombing, delamination, and voids. Steel reinforcing bars 
with different diameters and a nonmetallic pipe were pre-embedded in the concrete slab. The 
three field case studies involved evaluating structural beams, a reinforced concrete floor slab, 
and some reinforced concrete walls constructed with normal-weight concrete. Based on the 
limited information obtained in this study, it was determined that significant honeycombing, 
cracks, delamination, and backside of the concrete member formed interfaces with the 
concrete matrix that could significantly reflect ultrasonic waves. These subsurface objects 
were clearly imaged by UET at a greater depth from the concrete surface of scanning. Steel 
reinforcing bars and cluster of small voids formed interfaces with the concrete matrix that 
could reflect a small amount of ultrasonic wave. These subsurface objects could not be 
imaged due to attenuation if they were located too deep from the concrete surface. For 
subsurface objects located close to the concrete surface in a porous concrete matrix, they 
might not be imaged due to the increased attenuation of ultrasonic waves. A gap in the 
backside reflection could indicate the presence of subsurface objects that could not be 
observed in a UET image [228]. 

11) Keywords: Ultrasonic Shear Wave test method (USW), SAFT, 3D image reconstruction,
DPC transducers

This research described the basic features of the ultrasonic test equipment developed in the 
early 2000s, commercially known as MIRA and Eyecon. These two instruments utilized a 
patented array of DPC shear wave transducers to produce 2D and 3D tomographic images of 
the reflected waves. This new technology has allowed engineers to obtain in-situ images of 
test results to understand the real time state of the structure under consideration. This research 
discussed an introduction to shear waves (S-waves), a brief description of the DPC 
transducers, the image reconstruction method and SAFT. Finally, several case studies 
involving laboratory and field applications on different kinds of structures and materials were 

55



presented. The conclusion section offers a summary of the main features and limitations of 
the MIRA and Eyecon systems [231]. 

12) Keywords: Debonding, SAFT, Transverse joints

The capabilities of an ultrasonic tomography device in providing information essential to 
joint rehabilitation decisions as well as the quality control of rehabilitation construction were 
presented. Testing was conducted at various partial-depth repair locations of a recently 
repaired in-service highway to determine the presence and extent of debonding between the 
partial-depth repair and the existing concrete. Testing was also conducted at the Minnesota 
Road Research Facility to evaluate the subsurface condition along various transverse joints. 
Real-time diagnosis with the intensity-based signals of the SAFT was successful in 
pinpointing the location of debonded concrete interfaces within partial-depth repairs. 
Ultrasonic tomography testing also showed the capability of identifying that a joint is in need 
of repair and subsequently diagnosing the extent of subsurface deterioration throughout the 
joint [232]. 

13) Keywords: Damage detection, Elastic wave scattering, SAFT.

In this research, SAFT was used to detect air voids (especially those which are linear in 
shape, such as long straight cracks) embedded in various locations within the subsurface of 
the concrete along with the steel reinforcement bars. The straight horizontal cracks were 
strong scatterers and appeared as bright regions in the image of the medium, thereby 
indicating the presence of an anomaly. Simulation examples depicted a severe loss of 
structural integrity due to the lack of a bond between the concrete and steel and the associated 
deterioration were investigated where multiple air-voids surrounded the reinforcement steel 
bars. A bright area near the anomaly was observed. Imaging of cracks, located at shallow 
depths close to the surface was also considered. The ones that were located very close to the 
surface cannot be identified very well by SAFT because the flexural resonance of the layer 
between the crack and the surface dominated the response. However, with increasing depth of 
the crack, by isolating the first arrival of the multiple reflections of the compressional wave 
component between the crack and the top surface, an image can be formed with SAFT. Thus, 
SAFT qualifies as a useful diagnostic tool for SHM purposes [254]. 

14) Keywords: Ultrasonic Tomography, Data Interpolation.

Although tomography devices are efficient in generating images, they are high-cost and not 
very accessible. On the other hand, images obtained through ultrasound tests allow 
identifying the presence of flaws in different types of materials at lower costs. In ultrasonic 
tests, ultrasonic wave velocity paths were generated from different measurement points. 
Thus, in order to improve the data range, interpolation techniques can be used to estimate the 
acoustic velocity at the unmeasured test points, completing the image creation process. This 
work aimed to evaluate the influence on the quality of the generated image of (1) the spatial 
resolution and (2) the number of measurement points in the ultrasonic test. Experiments were 
carried out using Inverse Distance Weighting interpolation technique and ultrasonic 
tomography on concrete beams with and without flaws. The resulting images indicated the 
importance of the appropriate choice of number and arrangement of measuring points in the 
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ultrasonic test to properly detect internal flaws. In addition, it was verified that a higher 
spatial resolution may also interfere in the identification of internal flaws in the image [268]. 

15) Keywords: Bridge decks, Columns, Girders, MIRA, SAFT, Shear wave, Ultrasonic array

This research described work on laboratory and field performance reviews of an ultrasonic 
shear wave imaging device called MIRA for application to plain and reinforced concrete 
infrastructure components. Potential applications investigated included bridge deck 
delamination detection, deck thickness profiles and detection of internal steel bars and 
dowels. Based on the observed performance of the unit, three classification categories of 
applications were defined: field ready, potentially ready and challenging. In general, the 
MIRA device is not well suited to provide full-coverage rapid scans over an entire structure. 
Rather MIRA is more suited for targeted inspection or failure analysis to determine general 
geometric and internal features of concrete elements because MIRA is able to be quickly 
deployed for spot inspections with little site preparation [295]. 

16) Keywords: Ultrasonic Pitch and Catch (UPC), RCC slabs, Artificial defects, Voids,
Honeycombs, Debondings, Modified SAFT, Signal filtering and processing

The research aimed at evaluating RCC bridge elements using Ultrasonic Pitch and Catch 
(UPC) NDT technique. A validation reinforced concrete slab with two embedded layers of 
rebars and artificial defects (voids, honeycombs, and debondings) was designed and tested. A 
commercial UPC NDT device based on the ultrasonic shear-wave test method using DPC 
transmitting and receiving transducers in a “pitch-catch” configuration, was used to map 
internal defects of the validation RC slab. The recorded data from the UPC device was 
analyzed using a modified SAFT. Software was developed to reconstruct 2-D images of the 
RCC slab cross-sections using novel signal filtering and processing techniques. The results 
revealed that the 2-D image reconstructed from the developed software accurately exhibited 
locations and horizontal dimensions of the steel rebars, voids, and debondings. In addition, 
the developed software was capable to provide much higher resolution and sharper images of 
the anomalies inside the RC slab compared to the UPC device’s proprietary imaging software 
[301]. 

17) Keywords: RCC, Nuclear structures, Shear wave tomography

A specific ultrasonic testing technique, namely ultrasonic shear wave tomography, was used 
to determine presence and extent of voids, honeycombs, cracks perpendicular to the surface, 
and/or delamination. This technique, and others similar to it, has been utilized in the nuclear 
industry to determine structural conditions [306]. 

18) Keywords: Shear Wave, Concrete, Pavement, Contraction Joint, Crack

A rapid and reliable method to detect the activation of contraction joint cracks is needed to 
assess the effectiveness of saw cut depth and timing on new concrete pavements and for 
forensic investigation. A one-sided ultrasonic measurement technique was presented that 
detected the existence of a contraction joint crack, which was not visible from the concrete 
slab surface. A multi-sensor ultrasonic array device was used to generate and receive 
ultrasonic shear waves (S-wave) across the inspected joint. The acquired time-domain signals 
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were used to calculate a newly defined feature, called Normalized Transmission Energy 
(NTE), across the joint. A laboratory experiment investigated the proposed technique on three 
500 × 500 × 150 mm3 concrete specimens with 38 mm notch depth, the first without a 
propagated crack, the second with a narrow width crack, and the third specimen with a full-
depth open crack. The laboratory results demonstrated that the NTE technique can identify 
the existence or not of a crack beneath the notch. Finally, the NTE technique coupled with a 
2D decision boundary equation was field validated on 152 concrete pavement contraction 
joints with various slab thickness (e.g. 102 to 152 mm) and notch depths (less than 38 mm) 
from multiple projects in Illinois and Iowa (USA) [311]. 

4.3.2.  Artificial Neural Network (ANN) 

Table.4-4 provides information about the worldwide research carried out using ANN for the 
inspection of concrete. The details of this techniqueis provided in following sub-sections. 

Table.4-4.  Worldwide Research carried out on Various Signal processing 
Techniques using ANN for the Inspection of Concrete 

No. Country Name or working 
of the system 

Key features 

1. Brazil UPV UPV values were collected from various types of 
concretes and ANN was used to establish models 
that correlate concrete properties and ultrasonic 
readings. 

2. China UPV Concrete strength, UPV and the specimen 
dimension-related variable were used for the 
prediction of reinforcement corrosion level 
adopting ANN models. 

Continuous wavelet 
transforms 

The technique was utilized along with the 
machine learning algorithms to achieve high-
precision onset detection 

3. India UPV To determine concrete quality, a non-linear 
correlation between UPV and compressive 
strength was established  

4. Philippines UPV and SOM 
modelling 

ANN using SOM was modelled using MATLAB 
to classify the UPV readings into groups 

UPV in pitch-catch 
configuration 

UPV readings were collected and feed-forward 
back propagation ANN was used to investigate 
the sensitivity of the ultrasonic parameters to the 
mechanical load. 

5. Poland Ultrasonic 
tomography 

CNN was utilized along with the technique for 
the automated detection of flaws in concrete 
elements. 

6. Turkey UPV ANN was utilized to predict the compressive 
strength of concrete by using UPV values 
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a) Brazil

Keywords: UPV, Modeling, Strength estimation 

This work was based on the idea that UPV tests are a useful way to determine the quality of 
concrete. The working hypothesis of this research is that the process of analyzing ultrasonic 
test data for determining concrete condition can be facilitated and standardized using ANN. 
The research aimed to collect data from various types of concretes and used ANN to establish 
models that correlate concrete properties and ultrasonic readings. The major aim of the work 
was to test, explore and demonstrate the potential of ANN as an interesting tool for diagnosis, 
training and storage of non-structured knowledge in the civil engineering field [166]. 

b) China

1) Keywords: Rebar, RCC, Corrosion damage, UPV, Radial Basis Function

This research aimed at the diagnosis and prediction of rebar’s non-uniform corrosion-induced 
damage within RCC members using ultrasonic-based NDT and ANN. Ultrasonic velocities 
were tested by applying ultrasonic to RCC prisms before and after the rebar corrosion. Input 
parameters including concrete strength, UPV and the specimen dimension-related variable 
were used for the prediction of reinforcement corrosion level adopting ANN models. Using 
totally 50 experimental observations, Radial Basis Function (RBF)-based model was found 
with higher accuracy in predicting corrosion levels compared to Back Propagation (BP)-
based model. The topology structure of BP and RBF is shown in the (Fig.4-14). This study 
leads to future research in high-accuracy non-destructive measurement of reinforcement 
corrosion in concrete [222].  

(a) (b) 

Fig.4-14.  (a) Topology Structure of BP Neural Network, (b) Topology Structure 
of RBF Neural Network [222] 

2) Keywords: Concrete pile foundation, Ultrasonic signals, Onset detection, Continuous
wavelet transform, Machine learning, Error analysis

The construction of ultra-high-rise and long-span structures requires higher requirements for 
the integrity detection of piles. The acoustic signal detection has been verified by an efficient 
and accurate NDT method. In fact, the integrity of piles is closely related to the onset time of 
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signals. The accuracy of onset time directly affects the integrity evaluation of a pile. To 
achieve high-precision onset detection, Continuous Wavelet Transform (CWT) preprocessing 
and machine learning algorithms were integrated into the software of high-sampling rate 
testing equipment. The distortion of waveforms, which could interfere with the accuracy of 
detection, was eliminated by CWT preprocessing. To make full use of the collected 
waveform data, three types of machine learning algorithms were used for classifying whether 
the data points are ambient or ultrasonic signals. The models involve a commonly used 
classifier (Extreme Learning Machine, ELM), an individual classification tree model 
(Decision Tree Classification, DTC), an ensemble tree model (Random Forest Classification, 
RFC) and a deep learning algorithm (Deep Belief Network, DBN). The classification 
accuracy of the ambient and ultrasonic signals of these models was compared by 5-fold 
validation. Results indicated that RFC performance is better than DBN and DTC after 
training. It was more suitable for the classification of points in waveforms. Then, a detection 
method of onset time based on classification results was therefore proposed to minimize the 
interference of classification errors on detection. In addition to the three data mining 
methods, the autocorrelation function method was selected as the control method to compare 
the proposed data mining-based methods with the traditional method. The accuracy and error 
analysis of 300 waveforms proved the feasibility and stability of the proposed method. The 
RFC-based detection method was recommended because of the highest accuracy, lowest 
errors, and the most favourable error distribution among four onset detection methods. 
Successful applications demonstrate that it could provide a new way for ensuring the accurate 
testing of pile foundation integrity [271]. 

c) India

Keywords: UPV, Strength estimation 

This study was focused on the evaluation of the feasibility of developing a specialist ANN 
tool. This kind of technique allows the emulation of the processes of specialists when dealing 
with uncertainty. Using a neural model, it was possible to establish a non-linear correlation 
between known input data, such as ultrasonic readings and a certain output in this case, 
compressive strength because this is the most used parameter to determine concrete quality 
[167]. 

d) Philippines

1) Keywords: UPV, RCC, Defects, SOM modeling, TR mode

NDT was conducted on concrete beams using PUNDIT instrument. A total of 72 beam 
specimens of size 150mm x 150mm x 500mm were tested using UPV method. These 
specimens were subdivided into categories: Unreinforced and Reinforced concrete beams. In 
each classification, induced voids and cracks were made to simulate defect in the concrete 
beam specimens. From the laboratory experiments, ultrasonic pulse velocities and waveforms 
were acquired. The use of 54 kHz transducers as T-R was made under the direct method on 
two concrete design mixes, 25 MPa and 40 MPa. ANN using Self-Organizing Map (SOM) 
was modeled using MATLAB to classify the results into groups. After the SOM modeling, 
actual experiment was conducted from existing concrete structure to validate the model. It 
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was concluded that the strength development or the UPV at early ages in concrete does not 
influence the classification of concrete according to its strength at mature ages more than 28 
days old concrete. In practical application of structural assessment, testing UPV at early ages 
is hard to achieve and monitor. Another factor that was proven was that there is no influence 
on the classification of groupings in concrete, particularly the number of times the wave 
reached 100% amplitude for a time of 1,000 micro-second. This property was not a main 
factor since the test was only focused on static loading or linear UT. The variation of 
waveforms only contributes to detect the changes in strength as can be observed from ages 
less than 28 days [112].  

2) Keywords: Strength estimation, WC ratio, Pitch-Catch mode

Experiment was conducted on reinforced concrete beams using four-point bending test during 
an ultrasonic test. Three beam specimens were considered for each Water/Cement ratio (WC) 
of 40% and 60%, with three reinforcement schedules named as design A (comprising two top 
bars and two bottom bars), design B (with two bottom bars), and design C (with one bottom 
bar). The concrete beam had a size of 100 mm × 100 mm × 400 mm in length with a plain 
reinforcement bar of 9 mm in diameter. An ultrasonic test with pitch–catch configuration was 
conducted at each loading with the transducers oriented in direct transmission across the 
beams' length with recordings of 68 datasets per beam specimen. Recordings of ultrasonic 
test results and strains at the top and bottom surfaces subjected to multiple step loads in the 
experiment were done. After the collection of the data, feed-forward back propagation ANN 
was used to investigate the sensitivity of the ultrasonic parameters to the mechanical load 
applied. Five input parameters were examined, as follows: Neutral Axis (NA), fundamental 
harmonic amplitude (A1), second harmonic amplitude (A2), third harmonic amplitude (A3), 
and Peak-to-Peak Amplitude (PPA), while the output parameter was the percentage of 
ultimate load. Optimum models were chosen after training, validating, and testing 60 ANN 
models. The optimum model was chosen on the basis of the highest Pearson’s Correlation 
Coefficient (R) and soundness, confirming that it exhibited good behavior in agreement with 
theories. A classification of sensitivity was performed using simulations based on the 
developed optimum models. It was found that A2 and NA were sensitive to all WC ratio and 
reinforcements used in the ANN simulation. In addition, the range of sensitivity of A2 and 
NA was inversely and directly proportional to the reinforcing bars, respectively. This study 
can be used as a guideline in the selection of ultrasonic parameters to assess damage in 
concrete with low or high WC ratio and varying reinforcement content [163]. 

e) Poland

1) Keywords: Defects detection, Convolutional Neural Networks, Transfer learning

This research aimed to evaluate a Convolutional Neural Network (CNN) toward an 
automated detection of flaws in concrete elements using ultrasonic tomography. There were 
two main stages in the proposed methodology. In the first stage, an image of the inside of the 
examined structure was obtained and recorded by performing ultrasonic tomography-based 
testing. In the second stage, a convolutional neural network model was used for automatic 
detection of defects and flaws in the recorded image. In this work, a large and pre-trained 
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CNN was used. It was fine-tuned on a small set of images collected during laboratory tests. 
Lastly, the prepared model was applied for detecting flaws. The obtained model had proven 
to be able to accurately detect defects in examined concrete elements. The presented 
approaches for automatic detection of flaws were developed with the potential to not only 
detect defects of one type but also to classify various types of defects in concrete elements 
[263]. 

f) Turkey

Keywords: UPV, Strength estimation, RCC 

In the research, ANN approach has been proposed for the evaluation of relationship between 
concrete compressive strength and UPV values by using the data obtained from many cores 
taken out from different RCC structures having different ages and unknown ratios of concrete 
mixtures. The presented approach enabled to practically find concrete strengths in the 
existing RCC structures, whose records of concrete mixture ratios are not available or 
present. Thus, researchers can easily evaluate the compressive strength of concrete specimens 
by using UPV values. The method can also be used in conditions such as too many numbers 
of the structures and examinations to be done in a restricted time. The comparison of the 
results clearly showed that the ANN approach can be used effectively to predict the 
compressive strength of concrete by using UPV values [165]. 

4.3.3.  Other Signal Processing Techniques 

Table.4-5 provides information about the worldwide research carried out using other signal 
processing techniques like digital filtering method, time reversal method etc., for the 
inspection of concrete. The details of these techniques are provided in following sub-sections. 

Table.4-5.  Worldwide Research carried out on signal processing techniques 
based on UPV for the Inspection of Concrete 

No. Country Name or working 
of the system 

Key features 

1. Algeria UPV and RH The two techniques were used to determine the 
concrete quality  

2. Brazil UPV and RH UPV and RH measurements were collected from a 
beam containing several induced defects, simulated 
using different materials. 

3. Canada Detection of ASR The damage on RCC slabs were evaluated during 
bending tests. 

4. China Digital filtering 
method 

The method was used to compensate the unwanted 
frequency response characteristics of transducers. 

Time reversal 
method 

The piezoceramic induced ultrasonic wave was used 
to investigate the RCC structures that have interface 
defects. 

S- transform The frequency energy spectrum with S transform can 
realize flexible and effective identification of defects 
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in the concrete structure. 
5. India Addition of silica 

fumes 
The compressive strength of concrete cores were 
evaluated when mixed with with different percentage 
of silica fumes. 

UPV and 
Electrical method 

The efficacy of different NDT methods were 
compared and evaluated.  

UPV and RH Both the techniques were utilized and many empirical 
strength-NDT models were analyzed. 

UPV and FFT The ultrasonic signals were collected for concrete 
under uniaxial compression. 

Ultrasonic guided 
wave 

Different NDT methods were utilized for monitoring 
onset of corrosion in concrete before it is visible. 

6. Italy UPV and RH A series of destructive and non-destructive tests were 
carried out on an important historic building. 

UPV Both destructive and NDT methods were performed 
for the evaluation of structural performance of existing 
RC structures to determine reliability. 

7.  Japan Method of least 
squares 

An inclined crack in concrete structures was evaluated 
with signal propagation model. 

Air-coupled and 
Laser Doppler 
Vibrometer 
transducer 

Detection of a defect was performed from a long 
distance of 5 m or more using a concrete test object. 

8.  Malaysia Guided and 
Rayleigh waves 

A number of studies on SHM of building structural 
elements (steel-concrete) were reviewed. 

9. Poland Air-coupled A short history and technical details of non-contact 
methods related to generation, reception and 
transmission of waves were presented. 

10.  Portugal UPV The compressive strength of a wide range of structural 
lightweight aggregate concrete mixes was evaluated. 

11.  Spain Envelope 
Detection Filter 
method 

A time-domain method to extract the envelope of a 
received amplitude modulated signal at high speed 
was presented. 

12.  USA Contour mapping 
technique 

The technique demonstrated the capability of UPV for 
checking the condition of concrete structures at dams. 

RH and UPV A probabilistic multivariable linear regression model 
was proposed to predict compressive strength. 

Air coupled and 
MEMS 

Simulations were validated through experimental 
measurements of ultrasonic back scattered surface 
waves from test samples of concrete. 

Ultrasonic Air void structure evolution was measured at both 
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scattering 
measurement 

early-age and hardened stages. 

Lamb waves The defects were detected in concrete and RCC. 

a) Algeria

Keywords: UPV, Rebound Hammer, Strength estimation, Regression analysis 

UPV and Rebound Hammer (RH) tests were often used for assessing the quality of concrete 
and estimation of its compressive strength. Several parameters influence this property of 
concrete as the type and size of aggregates, cement content, the implementation of concrete, 
etc. To account for these factors, both the tests were combined and their measurements are 
calibrated with the results of mechanical tests on cylindrical specimens casted on site and on 
cores taken from the existing structure in work progress at the new-city in Algeria. The two 
tests cited above have been used to determine the concrete quality by applying regression 
analysis models between compressive strength of in situ concrete on existing structure and 
the non-destructive test values. The combined method was used; equations were derived 
using statistical analysis (simple and multiple regressions) to estimate compressive strength 
of concrete on site and the reliability of the technique for the prediction of the strength [135]. 

b) Brazil

Keywords: UPV, Rebound Hammer, Flaw detection 

This research relates to an investigation where UPV and RH measurements were collected 
from a beam containing several induced defects, simulated using different materials. The 
results were processed using a mapping strategy, which indicated suspicious points where 
core extraction was undertaken. All cores taken from points derived from UPV results were 
found to have flaws providing evidence that this may be a suitable tool to assess concrete 
structures, when data is properly interpreted [195].  

c) Canada

Keywords: RCC, ASR, 4-point bending test, Damage detection 

The research dealt with the feasibility and sensitivity of ultrasonic waves for characterizing 
the mechanical damage of RCC slabs during bending tests either in sound concrete or in 
concrete affected by Alkali–Silica Reaction (ASR). The results showed that the ultrasonic 
waves are capable of distinguishing between the damage phases in the concrete elements 
(initial structural cracking and bars yielding phases). Three RCC slabs with dimension of 
1.40 × 0.75 × 0.3 m3 (made with non-reactive aggregates and ASR-reactive aggregate) were 
used in this experiment. Both the conventional method of load–deflection measurements and 
the NDT based on ultrasonic signals were applied in order to evaluate the feasibility of 
ultrasonic testing for tracking crack growth in the RCC. These slabs were assessed under 
four-point monotonic bending tests over a span of 1400 mm and were subjected to step-
loading until failure. The sketch of test set-up and instrumentation for acoustoelastic response 
of the concrete slabs at each step loading is shown in the (Fig.4-15). The ultrasonic signals 
were recorded at each step-load and then energy of received signals was extracted in order to 
evaluate the energy loss of the signals due to the mechanical cracking. Changes in the energy 

64



contents of the signals fairly correlate with the increase of the loads. The results showed that 
the ultrasonic testing was a more robust approach for distinguishing the sound concrete slab 
from the damaged concrete [153]. 

Fig.4-15.  Schematic of Test Set-Up and Instrumentation for Acoustoelastic 
Response of the Concrete Slab at Each Step Loading [153] 

d) China

1) Keywords: PE mode, Digital Filtering Method, B-Scan, Thickness measurement

In ultrasonic pulse-echo NDT of concrete structures, the transducers usually operate in its 
harmonic frequencies in order to maximize the amplitude response. However, there exist 
some unwanted effects in such mode. For instance, the generated/detected signals will have 
long ringing, which means the axial resolution will be reduced. A digital filtering method was 
used to compensate the unwanted frequency response characteristics of transducers. The first 
step was to establish a discrete transfer function model of transducer system based on time-
domain system identification algorithms. Then the established model can be realized by a 
digital compensation filter to reduce the ringing effects of the measured signals. After 
calibrating and modeling for transducers by water-immersion test, a compensation model was 
established and used to the thickness measurement of a concrete specimen. The compensation 
results showed that the ringing of transducer can be reduced and the reflection from bottom 
of the specimen can be extracted from the original overlapped signals. To further validate the 
effect of the proposed method, its application in B-scan imaging of a concrete element with 
embedded anomaly was also provided [137].  

2) Keywords: RCC, Piezoceramics, Time Reversal Method, Defect Characterization

This study investigated the evaluation of RCC structures that have interface defects, 
including the cross-sectional loss and cracks, by using the piezoceramic induced ultrasonic 
wave and time reversal method. Ultrasonic waves were used as actuating waves to obtain the 
signals embedded with defect information. Time reversal method was applied to localize and 
characterize defect along the interface of the steel-concrete and to image the defect through 
the cross-sectional scanning. Experiments were conducted to perform NDE by using six RCC 
components with different levels of defects. The invisible damages were made by the cutting 
part of the steel and embedding a table tennis ball inside concrete structures. The results show 
that the time reversed method can locate and evaluate the defects along the steel RCC and the 
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obtained defect images at the cross-section of the concrete structure had resemblance with the 
induced defects [207].  

3) Keywords: S-Transform, Defect detection, UPV

Ultrasonic testing analysis is a crucial scientific component during the process and 
interpretation of the ultrasonic signals. Focusing on the ultrasonic testing characteristics, the 
time-invariant spectral analysis method cannot meet the processing requirements of the 
detected signals fully. Thus, S transform, the time-varying analysis method, was introduced 
into the ultrasonic testing and data processing of the concrete structure. The acoustic wave 
phase velocity was derived based on the spectrum analysis and the S transform time-
frequency analysis method was established. Finally, based on the method of concrete 
experimental data set, studies show that the frequency energy spectrum with S transform can 
realize flexible and effective identification of defects in the concrete structure. Definitely, this 
analysis method can significantly improve the resolution and practicality of ultrasonic testing 
[218].  

e) India

1) Keywords: UPV, Concrete Structures, Testing, Cubes, Recycling Material, Silica Fumes

An approach has been proposed for the evaluation of relationship between concrete 
compressive strength, UPV and density values. The study was performed using the 
experimental data obtained from testing many casted concrete cores mixing with different 
percentage of silica fumes added on it. The presented approach enables to find practically 
concrete strengths in the RCC structures using silica fumes as a recycling admixture. Thus, 
researchers can easily evaluate the compressive strength of concrete specimens by using UPV 
values. The method can be used in conditions including too many numbers of the structures 
and examinations to be completed in restricted time duration. This method also contributes to 
a remarkable reduction of the computational time without any significant loss of accuracy. 
Statistic measures are used to evaluate the performance of the models. The comparison of the 
results clearly showed that this approach can be used effectively to predict the compressive 
strength of concrete by using UPV and density data. In addition, it can be used as a non-
destructive procedure for health monitoring of structural elements [132]. 

2) Keywords: UPV, RCC, Strength estimation, Crack detection

The research work was carried out on determining morphology of concrete using NDT
[128] from where following conclusions can be drawn:

1. Health assessment work may be performed on new structures if concrete fails to attain
the desired strength at 28 days age.

2. The ‘UPV method’ is a perfect instrument to investigate the uniformity of concrete.
3. The methods for ultrasonic testing of concrete require direct contact between the

concrete surface and the transducers [129].
4. Besides cracks detection and sitting, presented results prove the workable sensitivity of

electrical resistivity measurements to their moisture degree.
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5. Electrical method represents a technique allowing to help engineers, giving an original
response to their problems of assessing damage degree of structures [130].

6. The electrical technique is easy to use and adapted to on site constraints [131].

3) Keywords: Rebound hammer, Core strength, Cube strength, Impulse Response, UPV

The use of NDT measurements in order to assess on site strength of concrete was
developed [127]. It was based on:

i. An in-depth critical review of existing models;

ii. An analysis of experimental data gathered by many authors in laboratory as well as on
site;

iii. The development and analysis of the synthetic simulations designed in order to
reproduce the main patterns exhibited with real data while better controlling
influencing parameters. The key factors influencing the quality of strength estimate
were identified. Two NDT techniques (UPV and rebound) were prioritized and many
empirical strength-NDT models were analyzed. It was shown that the measurement
error had a much larger influence on the quality of estimate than the model error. It
was based on the use of a prior double power law model, with only one parameter to
identify. The analysis of real datasets from laboratory studies and from real size
buildings showed that one can reach a Root Mean Square Error (RMSE) on strength of
about 4 MPa. Synthetic simulations were developed in order to better understand the
role played by the strength range and the measurement error. This research has shown
that the number of calibration cores can be significantly reduced without deteriorating
the quality of assessment. It was also shown that the optimal calibration approach
depends on the number of cores.

4) Keywords: Damage detection, UPV, FFT

This research described the use of the transmitted ultrasonic energy to estimate the level of 
damage in concrete under uniaxial compression. The experimental set up was designed to 
acquire ultrasonic signals between transducers at opposite ends of a concrete cube that was 
loaded in compression. A specially designed software program allowed real time analysis of 
the signal – including calculation of transmitted energy, obtaining FFT, etc. The methodology 
adopted in the study was able to differentiate the behavior of ordinary and high strength 
concrete in compression [182]. 

5) Keywords: UGW, AE, RCC, Corrosion

The paper reported two NDT methods based on wave propagation for monitoring onset of 
corrosion in concrete before it is visible. RCC beam specimens were subjected to anodic 
corrosion at a constant voltage. The specimens were instrumented with surface mounted AE 
sensors to record acoustic events inside the specimens due to corrosion. They were also 
monitored using the Ultrasonic Guided Wave (UGW) technique by passing an ultrasonic 
pulse through the bar. The results were correlated with well-established electrochemical 
techniques. From simultaneous monitoring of corrosion using the three techniques, pros and 
cons of each technique have been determined. It has been concluded that a judicious 
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combination of electrochemical and wave techniques can reveal the state of corrosion from 
its early stages [236]. 

f) Italy

1) Keywords: RCC, In-situ concrete, Strength evaluation, Core drilling, Surface hardness
method

When a study of the seismic damageability assessment of RCC structures is conducted, the 
characterization of the concrete used during the construction is of fundamental importance. 
According to the most recent seismic codes, the evaluation of concrete compressive strength 
is a fundamental step in the assessment of existing RCC buildings. In fact, in the assessment 
of seismic vulnerability of structures or in the evaluation of their seismic damage, the correct 
evaluation of the materials’ mechanical properties cannot be ignored. Recent innovations in 
codes provide clear rules for assessing the safety and conduct of static strengthening on 
existing buildings. The type and number of in-situ tests depend on the level of knowledge: 
Limited, Normal and Full. The knowledge level defines adoptable methods of analysis as 
well as the values of the Partial Safety Factors. A series of destructive and non-destructive 
tests were carried out on an important historic building in Reggio Calabria: The National 
Museum of ‘‘Magna Grecia’’. As the RH method is not intended as an alternative for strength 
assessment of concrete, the result shows a poor correlation and a low level of significance of 
the identified parameters; the statistical validity of the model is questionable. The UPV 
method instead provided more satisfactory results (with a good quality of correlation curve – 
R2 equal 0.82). In general, the use of the combined methods (Son-Reb) increases the accuracy 
of the estimation of the in-situ compressive strength. In this case the combined method (Son-
Reb) only slightly improves the concrete compressive strength (R2 equal 0.89) carried out by 
the ultrasonic method (R2 equal 0.82) due to the high dispersion in the results of the Surface 
Hardness method that recorded a regression coefficient of determination R2 equal to only 
0.24 [155]. 

2) Keywords: Diagnostics, Medicine, RCC

An overview of some recent advances of ultrasonic methods applied to materials and 
structures (including biological ones), were published exploring typical applications of these 
emerging inspection technologies to civil engineering. In conformation of this trend, some 
results of an experimental research were carried out involving both destructive and non-
destructive testing methods for the evaluation of structural performance of existing RC 
structures to determine reliability. As a result, Ultrasonic testing can usefully supplement 
coring thus permitting less expensive and more representative evaluation of the concrete 
strength throughout the whole structure under examination [111]. 

g) Japan

1) Keywords: Inclined crack, Ultrasonic sensor, Signal propagation model, Method of least
squares

A simple and effective method was presented to detect an inclined crack in concrete 
structures using an ultrasonic sensor with the signal propagation model and a method of least 
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squares. It used the signal propagation model to obtain the propagation times of the reflected 
wave signals from the crack using a pattern matching technique and then a method of least 
squares is applied to identify the inclined crack accurately considering both the reflection 
efficiency and the signal strength at the point of reflection on the crack. It also performed the 
experiments to demonstrate the validity of the method. It used a linear model of the crack 
because the original objective of the method is to detect and identify the cracks in tunnels. 
However, the method can be directly applied to detect and identify the cracks which have 
small curvatures. For cracks with large curvatures, an extension of the method is also possible 
by modeling the crack, for example, as a quadratic surface [114]. 

2) Keywords: Crack detection, Least Square method, Non-contact, Laser Doppler
Vibrometer

The non-contact acoustic inspection method of the concrete structure using the air borne 
sound wave and a Laser Doppler Vibrometer (LDV) were studied. In this method, the 
concrete surface was excited by air-borne sound wave emitted with a Long-Range Acoustic 
Device (LRAD) and the vibration velocity on the concrete surface was measured by an LDV. 
A defect part was detected by the same flexural resonance as the hammer method. It was 
already shown clearly that detection of a defect can be performed from a long distance of 5 m 
or more using a concrete test object. Moreover, it was shown that a real concrete structure can 
also be applied. However, when the conventional LRAD was used as a sound source, there 
were problems, such as restrictions of a measurement angle and the surrounding noise. In 
order to solve these problems, basic examination which used the strong ultrasonic wave 
sound source was carried out. In the experiment, the concrete test object which includes an 
imitation defect from 5-m distance was used. From the experimental result, when the 
ultrasonic sound source was used, restrictions of a measurement angle become less severe 
and it was shown that circumference noise also falls dramatically [192].  

h) Malaysia

Keywords: Guided waves, RCC, Rayleigh waves 

A number of studies on SHM of building structural elements (steel-concrete) using ultrasonic 
waves were reviewed. Several types of waves can be used in health monitoring, where the 
choice depends on the geometry of the structure and the sensor type. Guided waves are highly 
effective in damage detection over large areas if certain geometrical and acoustic constraints 
such as thickness and frequency are met. Steel structures in particular have geometric and 
material characteristics suited to the use of guided waves (i.e., thin-walled sections and 
material homogeneity). Because concrete structures have relatively large cross sections, 
guided waves are not suitable for these structures. The use of bulk waves in concrete 
structures is limited to small areas or distances because the heterogeneity of concrete causes 
the waves to decay rapidly. Rayleigh waves are more suitable for concrete because they are 
thickness independent and propagate for long distances with little attenuation [154]. 
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k) Spain

Keywords: A-Scan, Envelope Detection Filter method, Hilbert Transform 

For measuring the TOF in the ultrasonic inspection of concrete, the first peak is needed to be 
measured in the A-Scan. For this, a time-domain method to extract the envelope of a received 
amplitude modulated signal at high speed was presented. This method, the Envelope 
Detection Filter (EDF), is based on a nonlinear function of two consecutive samples of the 
input sequence. In spite of its simplicity, EDF provided a quite good approximation to the 
analytical signal magnitude for a wide range of signals and conditions. The research 
presented the basis of the technique and analyzed the sources of error and its sensitivity to 
noise and signal bandwidth. Results of experiments with simulated signals were in good 
agreement with the theoretical model. The hardware implementation of EDF has been tested 
at a 10 MS/s, although current technology could achieve several times this throughput rate. 
Results obtained with EDF for real data of NDT experiments, were compared with those 
provided by the full precision analytical signal magnitude obtained by a software Hilbert 
transform. In all cases, no significant differences were appreciated between the analytical 
signal magnitude and the EDF output, which was computed in much less time [170]. 

l) USA

1) Keywords: UPV, Contour Mapping, Defect detection

The UPV tests can contribute to the quality control of concrete structures. This study has 
demonstrated that UPV tests can be used to locate relatively small defects in concrete 
structures, which could represent problems in terms of structural performance. UPV tests are 
very sensitive to homogeneity and density variations and can provide important data for 
decision making about the conditions of concrete structures. The use of a contour mapping 
technique showed an adequate way to organize and interpret the results of UPV tests, in order 
to detect suspicious zones. The use of grids to collect data was seen as a good way to inspect 
structure the test and make sure that no region was overseen. This research demonstrated the 
capability of UPV for checking the condition of concrete structures at dams. In general, the 
work carried out indicated that UPV tests can play an important role in determining the 
existence of defects in concrete structures [94]. 

2) Keywords: Rebound Hammer, UPV, Regression Modeling

As a general index of concrete strength, the compressive strength of concrete fc is important 
in the performance assessment of existing RC structures. Many NDT methods have been 
developed to estimate the in-place value of fc. In particular, the combination of RH and UPV 
tests, known as SonReb, is frequently used. With the SonReb measurements, regression 
models are commonly applied to predict fc. The available regression models are not 
sufficiently valid, because of the limited range of data used for their calibration. The research 
proposed a probabilistic multivariable linear regression model to predict fc using SonReb 
measurements and additional concrete properties. The Bayesian updating rule and the all-
possible subsets model selection were used to develop the proposed model based on the 
collected data with a wide range of concrete properties. The proposed model was compared 
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with currently available regression models, concluding that the proposed model gives, on 
average, a more accurate prediction [159]. 

3) Keywords: Air-coupled, Backscatter, Incoherent, In situ characterization, MEMs, Micro-
cracking

An approach has been described that utilizes ultrasonic surface wave backscatter 
measurements to characterize the volume content of relatively small distributed defects 
(micro-crack networks) in concrete. A simplified weak scattering model was used to 
demonstrate that the scattered wave field projected in the direction of the surface wave 
propagation was relatively insensitive to scatters that are smaller than the propagating 
wavelength, while the scattered field projected in the opposite direction was more sensitive to 
sub-wavelength scatterers. Distributed micro-cracks 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 back scattered surface waves from test samples of concrete constructed with 
different concentrations of fiber filler (0.0, 0.3 and 0.6%) to mimic increasing micro-crack 
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 9º. 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 back scattered energy parameter was calculated from the signals. 
Statistically significant differences in the normalized back scattered energy were observed 
between concrete samples with varying levels of simulated and actual cracking damage 
volume [158].  

4) Keywords: Air void structure, Ultrasonic scattering measurement, Inverse analysis,
Transport ability, Compressive strength, Dynamic modulus

This study aimed to measure air void structure evolution at both early-age and hardened 
stages with the ultrasonic technique as shown in (Fig.4-17) and evaluates its influence on 
concrete properties. Three samples with different air entrainment agent content were specially 
prepared. The air void structure was determined with optimized inverse analysis by achieving 
the minimum error between experimental and theoretical attenuation. The early-age sample 
measurement showed that the air void content with the whole size range slightly decreases 
with curing time. The air void size distribution of hardened samples (at Day 28) was 
compared with American Society for Testing and Materials (ASTM) C457 test results [196].  
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Fig.4-17.  Demonstration of the Ultrasonic Scattering Measurement of Air Void 
Size Distribution in Concrete Samples [196] 

5) Keywords: Lamb Wave, Defect Detection, Concrete Beam, Crack, Corrosion,
Delamination, Guided Wave

In this paper, lamb waves were used to detect those defects in concrete beams with and 
without reinforcement. The Lamb wave technique was found to be reliable for detecting such 
defects. The effect of separation or delamination between concrete and reinforcing steel bars 
on the Lamb wave propagation characteristics was also investigated. Corrosion of rebars can 
cause this delamination. It was found that the cylindrical guided waves propagating along the 
steel rebars were very sensitive to the degree of delamination between the concrete and the 
rebars. This investigation showed that the Lamb wave inspection technique was an efficient 
and effective tool for health monitoring of concrete structures [194].

4.4.  Non-Linear Ultrasonics (NLU) 

Table.4-6 provides information about the worldwide research carried out using NLU 
techniques for the inspection of concrete. The details of these techniques are provided in 
following sub-sections. 

Table.4-6.  Worldwide Research carried out Using NLU Technique for the 
Inspection of Concrete 

No. Country Name or working 
of the system 

Key features 

1. China Working stress 
detection 

Ultrasonic method on concrete was utilized to 
measure working stress based on nonlinear 
ultrasonic harmonic method. 

Non-linear vibro-
acoustic modulation 
technique 

Based on non-contact piezoelectric sensors, the 
technique was developed to detect the crack 
progression of concrete. 

2. Georgia Second Harmonic 
Generation 

The technique was utilized to monitor the time-
dependent micro structural evolution and shrinkage 
in concrete over a period from 28 to 55 days of 
age. 
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3. Italy Spectral analysis 
and Scaling 
subtraction method 

The two different non-linear methods were 
compared to provide a better understanding of 
mechanical degradation processes in concrete. 

4. Japan FFT The specimens were ultrasonically evaluated both 
in damaged and undamaged conditions. 

5. Spain Novel method A new parameter, based on the difference between 
the amplitude of the fundamental frequency and 
the sum of the amplitudes of all the first-order and 
second-order intermodulation products, has been 
proposed. 

6. South 
Korea 

Non-linear resonant 
ultrasonic method 

The technique has an advantage of evaluating the 
micro-cracks in concrete. 

Fused silica The ultrasonic nonlinear parameter was measured 
by changing the thickness of the material using the 
bulk wave. 

Non-linear 
Resonant Ultrasonic 
Spectroscopy 

An experimental study was conducted to 
investigate the effect of varying pre-stressing force 
on the nonlinearity of concrete. 

7. USA Resonance 
inspection 
techniques 

The global effect of thermal damage on concrete’s 
linear and nonlinear properties was studied. 

Second Harmonic 
Generation 

The technique was utilized for real time monitoring 
of load-induced damage in concrete. 

Fractal dimension It is used as a mathematical tool to extract a 
quantitative geometric feature from nonlinear 
ultrasonic waves in phase-space domain. 

a) China

1) Keywords: Working stress detection, Nonlinear ultrasonic harmonic method, Nonlinear
coefficient

The working stress is an important indicator of the reliability of concrete structure. When 
ultrasonic wave propagates in concrete, it is affected by the cracks and the generated 
harmonic components. The concrete working stress has a direct influence on the number and 
development trend of the cracks, which provides a potential way to evaluate the working 
stress in the concrete by analyzing the harmonic component. Ultrasonic method on concrete 
was utilized to measure working stress based on nonlinear ultrasonic harmonic method. 
Specifically, the theoretical expression of the non-linear coefficient of ultrasonic wave 
propagation in concrete was derived and the relationship between the nonlinear coefficient 
and the concrete working stress was established. The sensitivity of the non-linear coefficients 
was studied when the ultrasonic wave propagates perpendicular to the concrete stress 
direction. The relationship between the concrete working stress and the ultrasonic non-linear 
coefficient was compared using four different strength grades of concrete. It was found that 
the nonlinear coefficient of ultrasonic wave increases with the concrete working stress and 
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the fitting relationship between the concrete working stress and the non-linear coefficient was 
consistent with the theoretical computation [152].  

2) Keywords: Working Stress, Concrete grades, Nonlinear wave modulation, Air coupled
transducer, Damage assessment, X-ray computed tomography technique

This research presented the development of a nonlinear vibro-acoustic modulation technique 
based on non-contact piezoelectric sensors to detect the crack progression of concrete 
subjected to both mechanical and thermal load. Two types of cracks were investigated in the 
work including the isolated single crack induced by the three-point bending test and 
distributed mapping cracks caused by heating treatment. Experimental results showed that the 
damage index defined in the air-coupled wave modulation method – ultrasonic nonlinear 
parameter presented a positive correlation with the growth of single crack in bending test and 
the accumulation of mapping crack in thermal test. The sensitivity of developed method was 
validated through a comparison between the ultrasonic nonlinear parameter and two 
traditional linear parameters namely the phase velocity of Rayleigh wave and resonance 
frequency of vibrations. X-ray Computed Tomography (CT) technique and 3D image 
reconstruction method were used to visualize microstructure of thermal damage. The CT 
images showed that proposed nonlinear parameter was reliable and well correlated with the 
micro-structural defects of concrete specimen. The repeatability of the air-coupled method 
was better than the contact method because the coefficient of variation of non-contact 
measurements was averagely about 43.2% of the contact measurements. Due to the advantage 
of removable characteristic of non-contact ultrasonic measurements, the developed air-
coupled non-linear wave modulation method could be promising for fast damage assessment 
of concrete structures in engineering practice [225].  

b) Georgia

Keywords: Drying Shrinkage, Rayleigh waves 

This research has developed NLU technique, Second Harmonic Generation (SHG), to 
monitor the time-dependent micro structural evolution and shrinkage in concrete over a 
period from 28 to 55 days of age. Drying shrinkage by moisture migration from concrete to 
its environment causes stress and micro-cracking and can lead to larger crack formation, 
which compromises performance. Here, the process of drying was monitored by the SHG 
method using nonlinear Rayleigh surface waves to obtain the acoustic nonlinearity parameter. 
The results show large changes in the measured acoustic nonlinearity parameter which was 
attributed to damage generated during drying shrinkage. Finally, the measured acoustic 
nonlinearity parameter was used to compare the micro-structural condition in hardened 
concrete as affected by shrinkage mitigation (through the use of shrinkage-reducing 
admixture) and crack filling (or self-healing) by carbonation [175]. 

c) Italy

Keywords: FFT, Spectral Analysis, SSM

An experimental study was conducted on different concrete cylinders damaged in
compression. The evaluation of damage was made by means of linear and nonlinear
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ultrasonic methods, with the purpose to provide a better understanding of mechanical 
degradation processes in concrete and highlight the potentialities and limitations of the NDTs 
used. The experimental study compares the performance of different linear and nonlinear 
ultrasonic NDT in evaluating damage evaluation in concrete under compressive loads. Since 
an increase in the signature of non-linearity is associated to an increase of damage, the goal 
of nonlinear ultrasonic methods is to extract the signature of the nonlinearity from the elastic 
response of the tested element to characterize damage progression. Here, the two different 
nonlinear methods are compared: Spectral analysis and Scaling Subtraction Method (SSM). 
In particular, the SSM, which is a simple nonlinear NDT, has been demonstrated to be 
reliable and very sensitive in the detection of damage and in monitoring its evaluation. It has 
revealed, at least with the normally used in-situ equipment, to be more efficient than 
traditional linear and other nonlinear techniques in as much as it points out the distinction 
between initial stages of degradation and late damage propagation, highlighting the presence 
of an intermediate semi-stable stage. However, although it is very promising in terms of 
potential applications for in-situ testing, the SSM still needs further development to solve 
technical issues related to the assessment of full-scale structures [107].  

d) Japan

Keywords: WC ratio, FFT 

An experimental investigation of 18 cubic concrete specimens, cast with three different 
water–cement ratios, using NLU technique has been presented. The specimens were 
ultrasonically evaluated both in damaged and undamaged conditions. The specimens were 
damaged progressively by loading them under compression in several steps up to their 
ultimate load bearing capacity. At the end of each loading step ultrasonic evaluation was 
performed and time domain waveforms were recorded at different power levels. Frequency 
spectra were prepared by performing FFT of the recorded time domain waveforms. The 
frequency spectra were used to obtain the first three harmonic amplitudes. The captured 
harmonic amplitudes were used to calculate the second and third harmonic ratios. 
Comparison of the harmonic ratios has shown the extraordinary sensitivity of the non-linear 
ultrasonic method, used in this study, to early damage detection. It was also observed that this 
sensitivity further increases as water cement ratio increases [171]. 

e) Spain

Keywords: Reinforced concrete, Steel corrosion, Cracking, Non-linear ultrasonic test 

The research utilized NLU techniques for detecting the cracking due to corrosion of steel 
reinforcements in concrete. To this end accelerated steel corrosion tests have been conducted 
on model reinforced cement mortar specimens, while monitoring the appearance and width 
evolution of visible surface cracks and performing NLU measurements based on the 
phenomena of harmonic distortion and inter-modulation. A new parameter, based on the 
difference between the amplitude of the fundamental frequency and the sum of the 
amplitudes of all the first-order and second-order inter-modulation products, has been 
proposed. The results confirmed that the appearance of visible surface micro-cracks was 
preceded and accompanied by the observation of strong non-linear features in the received 
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signal. Furthermore, the new parameter proposed was as efficient as the relative non-linearity 
parameters, classically used in harmonic distortion NLU studies, for detecting the non-linear 
features associated with the critical events of the cracking of cement mortar due to embedded 
steel corrosion. A hypothesis has been developed considering the possible effect of the filling 
of the void space by liquid containing rust products after the formation of new cracks or the 
enlargement of its width. This filling process, which might be particularly enhanced by net 
convective transport of liquid, would explain the evolution of the values of all the parameters 
used for putting in evidence the non-linear elastic features after the critical events of the 
cracking process [294]. 

f) South Korea

1) Keywords: Cyclic loading, Nonlinear ultrasonic method, Load-induced damage, Stress
history

An experimental study was carried out to investigate the stress-dependent characteristics of 
concrete under cyclic loading, based on a nonlinear resonant ultrasonic method. Since 
concrete subjected to cyclic loading accompanies variations in the elastic and plastic 
characteristics of concrete in relation to micro structural changes, the adoption of a nonlinear 
ultrasonic approach is required, which has advantages for the evaluation of micro-cracks in 
concrete. In this experimental study, two types of loading was considered, namely, 
continuously increased and cyclic repeated, to identify their effects on the ultrasonic 
nonlinearity of concrete and the load-induced damage. An additional experiment on the 
exposure of concrete samples to high temperature was conducted to further investigate the 
effects of cyclic loading accompanied by an increased occurrence of micro-cracking.              
A comparison analysis was also performed on the experimental results and the potential to 
monitor the stress history of concrete by using the non-linear resonant ultrasonic method was 
evaluated [157]. 

2) Keywords: Fused silica, Nonlinear Ultrasonic Technique

The variation of the elastic properties of the material was evaluated by measuring the 
ultrasonic non linearity parameter, which is defined by the ratio of the second harmonic 
displacement amplitude to the squared fundamental displacement amplitude. However, it was 
difficult to measure the ultrasonic nonlinear parameter using a bulk wave for a solid in 
changing the propagation distance. The ultrasonic nonlinear parameter was measured by 
changing the thickness of the material using the bulk wave and the stability of the 
measurement was verified comparing with the measurement in increasing the incident wave 
amplitude in fixed thickness. The piezoelectric method was used in order to measure 
displacement amplitude of the ultrasonic wave propagating through the material. In the 
experiments, fused silica with 20 mm thickness was tested for the fixed propagation distance 
and fused silica with various thicknesses (10, 20, 30, 40 mm) was tested for changing the 
propagation distance. The stability of the ultrasonic nonlinear parameter measurement using 
the piezoelectric method was verified by comparing the results of two measurements: by 
changing the fundamental displacement amplitude in a fixed propagation distance and by 
changing the propagation distance in fixed incident fundamental displacement amplitude. The 
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experimental results were similar in both two measurements and reported reference values 
[117]. 

3) Keywords: Pre-stressed concrete beam, Nonlinear Resonant Ultrasonic Spectroscopy
(NRUS), Ultrasonic nonlinearity, Repetitive pre-stressing force, Micro-cracks

In this research, an experimental study was conducted to investigate the effect of varying pre-
stressing force on the nonlinearity of concrete. Pre-stressed concrete beams, which have been 
rarely studied in terms of ultrasonic nonlinearity, were prepared. When the pre-stressing force 
changes, the stress condition of the concrete inside the beam is affected. This leads to the 
generation of micro-cracks and a change of the mechanical properties and as such it is 
necessary to introduce a NLU technique that sensitively reflects micro-structural change. In 
the experiment, a repetitive pre-stressing load history, which includes maximum levels of 
45%, 60% and 75% based on the compressive strength, was designed to evaluate the effects 
of repetitive loading and different levels of loading on the nonlinearity. A comparison with 
the measured results of the linear ultrasonic method was also carried out to verify the stress 
dependent change of non-linearity induced by external loads. With the experimental results, 
the adopted technique was found to be more sensitive to damage then conventionally used 
ultrasonic method. As the investigation of the methodology was effective in pre-stressed 
concrete structures, the possibility of ultrasonic nonlinearity as an indicator of pre-stressing 
force was evaluated [233]. 

g) USA

1) Keywords: Numerical Simulation, Thermal damage

The objective of the research was to determine the feasibility of using an NDE technique 
based on NLU for determining the depth and degree of micro-cracking in the near surface of 
concrete and to assess the degree of sensitivity of such technique. This objective is reached 
by the means of combining linear and non-linear measurements, associated with numerical 
simulation. Firstly, the global effect of thermal damage on concrete's linear and nonlinear 
properties by resonance inspection techniques was studied. It was observed that standard 
pulse wave speed techniques are not relevant to extract mechanical properties of concrete. 
The high sensitivity of measured nonlinearity is shown and serves as a validation tool for the 
rest of the study, i.e., probing the material nonlinearity at various depths through the use of 
Time Reversal Elastic Nonlinearity Diagnostic (TREND). The basic idea of probing the 
material nonlinearity at various depths by changing the frequency is validated by exhibiting a 
similar trend as nonlinear resonance measurement [176]. 

2) Keywords: In-situ concrete, Micro-crack detection, Creep Cyclic loading

This research involved in-situ NLU measurements for real time monitoring of load-induced 
damage in concrete. For the in-situ measurements on a cylindrical specimen under sustained 
load, a previously developed SHG technique with non-contact detection was adapted to 
cylindrical specimen geometry. The schematic for the SHG setup is shown in the (Fig.4-18). 
This new setup was validated by demonstrating that the measured non-linear Rayleigh wave 
signals were equivalent to those in a flat half space and thus the acoustic nonlinearity 
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noticeable trend, especially for large service loads. This observation indicated that features 
extracted in frequency domain may not be reliably used as damage-sensitive features for 
evaluating the level of cracking in concrete material under service load [227]. 

4.5.  Ultrasonic Testing Applications 

Table.4-7 provides information about the worldwide research carried out on ultrasonic testing 
applications for the inspection of concrete. The details of these applications are provided in 
following sub-sections. 

Table.4-7.  Worldwide Research carried out on Ultrasonic Testing Applications 
for the Inspection of Concrete 

No. Country Name or working 
of the system 

Key features 

1. Algeria 2-D numerical 
simulation

The studied structure was a multilayer structure 
composed of two elastic and isotropic layers 
where each one was characterized by its own 
physical properties. 

UPV The effect of rubber tire waste content and 
transducers’ diameters and frequencies was 
studied on the evolution of UPV 

UPV Specimens of different concrete formulations, 
differentiated by the cement dosage and the W/C 
ratio were tested. 

2. Australia Finite Difference 
Time Domain 
method 

The technique was used to determine the 
potential of the ultrasonic stress waves in 
monitoring healing of cracks of different widths 
in concrete. 

3. Brazil Self-healing of 
concrete 

UPV was used to analyze the self-healing of 
concretes, evaluating the influence of fly ash and 
the age of occurrence of cracks. 

UPV  Different concrete types, with different 
characteristics, manufactured with Portland 
cement and various types of aggregates were 
utilized. 

UPV Experimental values of UPV were determined 
for 68 mix design of concrete with different 
types of binders. 

Fire in concrete The propagation profile of longitudinal and 
transverse ultrasonic waves in concrete 
cylindrical specimens was analyzed with the 
degree of damage imposed by high temperature. 

4. Canada RH, UPV, GPR, 
Half Cell Potential 

FPrimeC Solutions offer NDT services for rapid 
and accurate evaluation of civil structures. 
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5. China UT-AE integrated 
monitoring 

The techniques were used to characterize the 
damage under multi-step loading procedure for 
concrete specimens. 

Sulfoaluminate 
cement concrete 

The properties of the Sulfoaluminate cement 
concrete were compared with the Portland 
cement concrete after both were exposed to high 
temperatures. 

Lightweight 
aggregate concrete 

Four renewable slag admixtures were used to 
replace some of the cement in lightweight 
aggregate concrete. 

6. Czech 
Republic 

AE, IE and UT The measurements and analysis were carried out 
during hardening and drying of specimens using 
selected acoustic NDT. 

7. France Numerical
modelling 

2-D model was prepared to reproduce and
interpret ultrasonic wave propagations in
concrete.

UPV The correlations between UPV, porosity and 
permeability were established. 

Fiber Optics and 
Coda Wave 
Interferometry 

The techniques were utilized for crack sizing and 
imagery for fatigue damage investigation of 
concrete structures. 

Pull-out test and 
UPV 

Rebar-concrete bond structural health was 
assessed under loading conditions. 

8. Germany UPV The prototypes for motion through the sewer and 
all sensor systems were developed for the 
inspection above and below the water line. 

Machine learning The dataset consists of IE, UPE and GPR 
measurements collected on concrete specimens 
with built–in simulated honeycombing defects. 

GPR and UT The techniques were carried out on a retaining 
wall of a former coal mine in Germany. 

Augmented 
Reality 

An AR application was implemented that 
superimposes the camera image of a tablet 
viewing a concrete specimen with ultrasonic and 
radar images of the interior of the specimen. 

9. Ghana UPV The relationship between UPV and the 
compressive strength of concrete was 
investigated. 

10. Greece UPV and Sonic 
Resonance (SR) 
test 

The tests were done to determine the strength 
parameters of the concrete. 

11. India Carbonation of 
concrete 

The investigations were carried out on a 
RCC/Pre-Stressed bridge and a RCC silo using 
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RH, UPV, concrete resistivity meter and core 
cutting. 

UPV, RH and 
core-cutter test 

Variations in the strength and quality of the 
concrete structure were analyzed which is 
subjected to a high temperature fire. 

UPV and RH The test was carried out at the site to assess the 
suitability of the structure to take up the load of 
the proposed additional floor 

UPV The co-relation between compressive strength 
and UPV was studied. 

IE and UPV The tests were done to find the crack locations in 
the cantilever beam. 

Ultrasonic guided 
waves 

The technique was utilized to pick up the signs 
of corrosion damage in RCC bars. 

Bacillus subtilis 
bacteria and 
calcium lactate 

The study was carried out to heal the cracks in 
the concrete at different percentages such as 5%, 
10% and 15% of cement weight for concrete 
grade M40. 

UPV The relationship between UPV and the 
compressive strength of concrete was 
investigated. 

12. Iran Fiber-reinforced 
self-compacting 
concrete 

The relationship between UPV and the 
compressive and tensile strength of concrete was 
investigated. 

13. Iraq UPV The relationship between UPV and the 
compressive strength of concrete was 
investigated. 

Direct UPV and 
Surface UPV 

The techniques were used to measure the wave 
velocity in concrete and the compressive strength 
for each sample. 

14. Italy In-situ concrete 
strength 

Suggested possible improvements on the current 
code provisions concerning in-situ concrete 
strength estimation. 

UPV The anomalies inside concrete elements were 
investigated using UPV. 

15. Japan Finite integration 
technique 

A time domain simulation tool and an image-
based modelling approach was proposed to 
understand the ultrasonic wave propagation in 
concrete. 

Ultrasonic Guided 
Wave 

Dispersive properties of guided waves were 
investigated and verified experimentally to find 
the existence of water behind a steel plate. 

16. Jordan UPV The relationship between UPV and the 

82



compressive strength of concrete was 
investigated. 

17. Malaysia UPV and RH The relationship between NDT values and the 
compressive strength of concrete was 
investigated. 

18. Mexico UPV and 
Electrical 
resistivity 

The mechanical properties of Portland cement 
type II were estimated. 

19. Nigeria UPV and RH The relationship between NDT values and the 
compressive strength of concrete was 
investigated. 

20. Poland UPV on concrete 
floors 

Strength tests of borehole material taken from 
industrial floors were presented. 

UPV The UPV with point heads was used to examine 
samples taken from a structure after the real fire. 

21. Portugal UPV and RH Development of general empirical expressions 
was done which estimates the in-situ concrete 
strength variability. 

22. Philippines Fiber reinforced 
concrete 

Averaged time domain and frequency domain 
waveforms were recorded and analyzed to obtain 
linear and nonlinear ultrasonic parameters. 

23. Russia UPV The density of concrete was determined using 
the ultrasonic method of testing concrete 
structures. 

24. South Korea TOFD and Self-
healing concrete 

A review of all existing research was presented 
on the case studies pertaining to self-healing 
concrete. 

Diffuse ultrasound The applicability of diffuse ultrasound was 
investigated to the evaluation of distributed 
micro-cracking damage in concrete. 

UPV UPV in concrete subjected to high-temperature 
heating were evaluated for ordinary-strength to 
ultra-high-strength concrete. 

UPV The relationship between UPV and the 
compressive strength of concrete was 
investigated. 

Early age concrete A new model was proposed for estimating the 
changes in the concrete condition at early ages, 
using the UPV testing. 

Image processing 
technique 

Simulation model was fabricated for the damage 
detection analysis in two-phase composite 
concrete. 

Finite element The failure mode of concrete under ultrasonic 
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analysis dynamic loading was investigated. 
High strength 
concrete 

The effects of replacing fine aggregates with coal 
bottom ash were investigated. 

25. Spain UPV The relationship between UPV and the 
compressive strength of concrete was 
investigated. 

26. Turkey UPV Water content and temperature effect on UPV of 
concrete was investigated. 

UPV The effects of aggregate textural properties on 
hardened concrete properties were investigated. 

UPV The relationship between UPV and the 
compressive strength of concrete was 
investigated. 

27. USA NDE techniques Deterioration progression from periodic NDE 
surveys was illustrated qualitatively by condition 
maps. 

GPR, UPV, digital 
radiography and 
infrared thermal 
imaging 

The techniques were used for the bridge 
inspection. 

NDE techniques NDE methods and conventional bridge 
management systems were integrated by using a 
Markovian deterioration model. 

Reactive powder 
concrete (RPC) 

The initial findings of research conducted for the 
condition assessment of RPC was reported. 

Acoustic Travel 
Time Tomography 
(ATTT) 

This science technology is integrated into a 
system that records travel time data and applies 
tomography software. 

UPE and IE An automated test frame was designed and built 
in which concrete blocks with artificial defects 
were tested. 

UPV and RH The relationship between NDT values and the 
compressive strength of concrete was 
investigated. 

NDE techniques Different NDE methods were assessed for 
evaluation of concrete bridge decks with seven 
different types of overlays through laboratory 
concrete specimens. 

UPV and RH The relationship between NDT values and the 
compressive strength of concrete was 
investigated. 

Accelerated 
Bridge 

The investigation was focused on closure joints 
as the critical details in a precast concrete deck. 
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Construction 
(ABC) 
Shear waves The effectiveness of shear waves was evaluated 

in determining the presence and intensity of 
freeze-thaw damage in concrete pavements. 

Continuously 
Reinforced 
Concrete 
Pavement (CRCP) 

GPR along with UPV was employed to 
characterize the cracking distress. 

UPV Regular strength concrete specimens were tested 

for Young‘s modulus, Poisson‘s ratio and 

compressive strength. 
UPV The quality of the manufactured concrete 

specimens was determined. 
Ultrasonic guided 
waves 

The method for early detection of various flaws 
was proposed in RCC bridge decks. 

Finite Element 
Method 

Ultrasonic detection of early-stage steel rebar 
corrosion inside concrete was numerically 
investigated. 

a) Algeria

1) Keywords: Ultrasonic Waves, Reflection, Transmission, Elastic Strain, Mechanical
Tension, Concrete Age

The studied structure was a multilayer structure composed of two elastic and isotropic layers 
where each one was characterized by its own physical properties. The problem was simplified 
in 2-D plane waves and the influence of the attack angle on the acoustic impedances was also 
examined. Moreover, an experimental study was realized in the formulation of concrete and 
the measurement of waves propagation velocity. In this work, during the concrete 
formulation, three different types of concrete were developed: sand concrete, ordinary 
concrete, and high-performance concrete. The results of simulation and experiments 
demonstrate that the age of concrete and the internal concrete structure have a direct 
influence on the evolution of the acoustic parameters as well as the angle of incidence, which 
had considerably changed the behavior of the transmission and reflection coefficients. This 
internal structure was directly related to the age of the concrete where its maturity was not 
reached until after a certain age, which influenced the behavior of the waves through the 
layers of the multilayer structure [270]. 

2) Keywords: Rubber tire waste, Rubberized concrete, Compressive strength, Porosity, UPV

This research was aimed to use UPV in order to investigate the effect of rubber tire waste 
content and transducers’ diameters and frequencies on the evolution of ultrasonic velocities in 
time and to elucidate the correlations between UPV and the properties of various concrete 
mixtures. The incorporation of this waste involved volume substitution (0, 5, 10, 15 and 20%) 
of fine aggregates (sand) by Rubber Waste (RW) granulates. The dry unit weight, porosity, 
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compressive and flexural strengths and velocity of ultrasonic waves with different 
transducers - which presents the NDT - were evaluated. Rubberized concrete mixtures 
showed increase in porosity with lower dry unit weight compared to the control concrete. 
Compressive strength, flexural strength and UPV obtained by all transducers decreases with 
increasing RW content. These decreases were not influenced by the curing age of concretes. 
Decrease in the diameter and frequency of transducers caused reductions in UPV. These 
reductions were not influenced by the volume replacement of sand by RW. Correlations 
showed that UPV represents a reliable NDT for measuring theproperties of rubberized 
concretes [290]. 

3) Keywords: UPV, Strength, Porosity, Permeability.

This research concerned the influence of concrete compositions on the propagation of 
ultrasonic waves as well as its relationship with some concrete properties affecting its 
durability (compressive strength, water-accessible porosity and water permeability). 
Specimens of different concrete formulations, differentiated by the cement dosage and the 
Water/Cement ratio (W/C) were tested. The results highlighted the influence of the 
composition of concretes (W/C ratio and cement dosage) on UPV. The increase in cement 
content and decreasing the W/C ratio increased the velocity of the ultrasonic waves. 
Compression strength was changed exponentially with UPV. The increase in the accessible 
porosity Pwater and the permeability to water (DPW) of the concretes had a negative influence 
on the ultrasonic waves. These velocities were well correlated with W/C ratios and strengths. 
While with porosities and permeabilities, they are only for compositions of the same ratio 
[291]. 

b) Australia

Keywords: Concrete Healing, Finite difference in time domain, Healing fluid, Ultrasonic 
monitoring 

This research reported experimental results for healing of cracks of different widths in 
concrete and illustrates the ability of the ultrasonic techniques to monitor the progression of 
healing. A numerical technique based on two-dimensional Finite Difference Time Domain 
(FDTD) had been used to determine the potential of the ultrasonic stress waves in monitoring 
healing. Based on the theoretical results, an experimental study had conducted on reinforced 
concrete samples by creating a fine tensile crack of width ∼0.1mm and a relatively wide 
corrosion crack of ∼2mm width. They were monitored ultrasonically after cement grout was 
injected in the cracks. It was found that the ultrasonic technique was able to discern the 
progressive healing process. Signal attenuation was found to be most suitable for monitoring 
healing [288]. 

c) Brazil

1) Keywords: Self-healing, fly ash, UPV

Concrete has the ability to naturally heal its cracks, in a process called self-healing. This 
study aimed to analyze the self-healing of concretes, evaluating the influence of fly ash and 
the age of occurrence of cracks. Concrete specimens were subjected to cracking at 7 and 28 
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days. Subsequently, the samples were exposed to 12 wetting and drying cycles in order to 
favour the self-healing process. The phenomenon was evaluated through the UPV testing, 
performed weekly on the specimens from the moulding stage until the end of all cycles. The 
concretes showed a decrease in UPV at the time they were cracked. This was due to the 
greater difficulty in the propagation of ultrasonic waves in the voids formed during cracking. 
This drop was higher for concrete with fly ash. Also, the results show that the fly ash 
concretes presented a more expressive self-healing process when cracked at 28 days, which 
may be related to the presence of pozzolanic reactions and the presence of more anhydrous 
particles. The concretes without fly ash had self-healing when they were cracked at 7 days. 
This was explained by the high hydration rate characteristic of ordinary Portland cement 
[209].  

2) Keywords: UPV, Strength estimation, Portland cement

As the concrete is a heterogeneous material, the interpretation of the relation between the 
strength and the UPV becomes complex. Aiming to understand how some parameters 
influence the UPV, this work studied different concrete types, with different characteristics, 
manufactured with Portland cement and various types of aggregates. The data had been 
analyzed aiming to establish models to understand how the results of UPV are affected by 
variations at concrete conditions. The results showed that it was possible to understand how 
the test condition variations affected the UPV outputs. This study indicated that UPV 
provided an important result of decision- making about the conditions of concrete structures. 
It can be concluded that, by means of UPV, it was possible to contribute with the 
deterioration control and concrete structures quality [215].  

3) Keywords: UPV, Concrete durability, Numerical model

This research discussed the possibility of using UPV as a performance parameter for concrete 
design. Experimental values of UPV were determined for 68 mix design of concrete with 
different types of binders. Portland cements with fly ash, blast furnace and silica fume were 
investigated. All samples had UPV between 4700 and 5400 m/s. The UPV decreases when 
the w/b ratio increases, although this behaviour was less evident for concrete with silica 
fume. Also, the UPV was greater at 91 days for all types of binders, when compared with 
results at 28 days. This was due to the formation of more hydrated products inside the 
concrete over time and because UPV was more difficult to propagate in the void space. It was 
possible to correlate the compressive strength with the UPV at 28 days, except for the 
concrete with silica fume. However, the results of these two tests were difficult to correlate at 
91 days for all types of binders. The research proposed empirical models obtained through 
numerically analyzing the dosage diagrams by means of non-linear regressions for estimating 
the UPV of concrete. The parameters used in these models were usually present in concrete 
dosing, such as the quantity of aggregates, water-to-binder ratio, compressive strength and 
cement content. The correlation coefficient (R2) between the experimental and the calculated 
UPV was greater than 0.88. Therefore, the inclusion of a NDT during the concrete design was 
encouraged [282]. 
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4) Keywords: UPV, Transverse and longitudinal pulse, High temperature, Fire in concrete

Concrete, when exposed to high temperatures, presents important changes in its properties of 
strength and deformation and in extreme situations, these alterations can constitute risks to 
the integrity and the safety of the structures. This research presented extensive campaign with 
70 cylindrical specimens and seven different mixture proportions: two of mortar and five of 
concrete, to analyze the propagation profile of longitudinal and transverse ultrasonic waves in 
concrete cylindrical specimens, associating the variation of the ultrasonic pulses with the 
level of compression stresses and the degree of damage imposed by high temperature. The 
compressive strength was within the range of 32 and 64 MPa and the specimens were 
exposed to temperatures of 250°, 300° and 350°C. The results indicated that longitudinal and 
transverse ultrasonic waves can be successfully applied in the evaluation of diffuse damage 
cause by uniaxial compression load and exposure to high temperatures [303]. 

d) Canada

Keywords:  Concrete inspection, Visual inspection, Rebound Hammer, UPV, GPR, Half
Cell Potential, Delamination, Strength estimation, PE mode, Surface Electrical Resistivity

FPrimeC Solutions offer NDT services for rapid and accurate evaluation of civil
structures and some details are as below:

 NDE on concrete shafts supporting the hoist (for transportation to the mine) and other
mechanical equipment at Coleman Mine near Levack, Ontario was carried out as shown
in (Fig.4-19(a)). Cracking was observed on exterior and interior walls. The main
objective was to evaluate the existing condition of concrete cracks, crack depth and
identifying potential subsurface defects. Following a comprehensive Visual Inspection to
identify visible cracks on concrete surface, FPrimeC conducted crack depth evaluation
and concrete quality using UPV method and RH (Schmidt Hammer) to evaluate the
mechanical stiffness [87].

 NDE of 46,000 sq ft. concrete slab (2 level parking structures) was carried out as shown
in (Fig.4-19(b)). They evaluated the condition of concrete slab underneath mastic to
identify potential corrosion and delamination underneath the mastic. Following a
comprehensive visual inspection of the slabs, walls, columns and beams, a combination
of GPR, UPV and Ultrasonic P-E were used to study the slab for possible delamination.
Half-Cell corrosion potential test was conducted on slabs, walls and beams to understand
the corrosion activity. Concrete cores were taken from the slabs to evaluate the strength,
chloride content and carbonation.

 NDE of concrete deck slab at the McConnell Lake's dam was carried out as shown in
(Fig.4-19(c)). Cracking and delamination were observed on the concrete slab. They
evaluated the condition of cracking and concrete quality and strength over the deck slab.
First detailed visual inspection was conducted to identify visible cracks on concrete
surface. The evaluation was followed by UPV and RH to study the current state of the
cracks and the effect on the performance of the foundation.
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 NDE of concrete foundation supporting massive gas turbine generators in the Portlands
Energy Centre (PEC) Toronto, Ontario was performed as shown in (Fig.4-19(d)).
Cracking and delamination were observed on the concrete foundation of a gas turbine
generator, during the routine inspection. The concrete structure sits over a mat concrete
foundation and supports the generator. They conducted a detailed visual inspection to
identify visible cracks on concrete surface. The evaluation was followed by UPV and RH
to study the current state of the cracks and the effect on the performance of the
foundation.

(a) (b) 

      (c)    (d) 

      (e) (f) 

Fig.4-19.  (a) NDE of Concrete Shaft, (b) NDE of Concrete Lining Thickness, (c) 
NDE of Concrete Bridge Deck, (d) NDE of Concrete Foundation, (e) NDE of 
Concrete Strength in Deck Slab, (f) NDE of Trunk Sewer [87]

 Evaluation was carried out for the quality and strength of concrete over 400 m2 concrete
deck slab using NDT technique and with minimum intervention. The structure was part of
Darlington Refurbishment project by Ontario Power Generation (OPG) at the Darlington
generating facilities. They investigated the quality and strength of a recently poured
concrete that was subjected to cold weather condition and performed the NDE, with
minimum number of coring and identify potential weak points over the deck slab. After
careful review of existing data, they designed a NDT/NDE plan for evaluation of concrete
strength on the 6" concrete deck slab. The plan combined a series of NDT solutions,
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including UPV and RH in order to identify potential weak points and predict the 
compressive strength of concrete. Strength maps representing the compressive strength of 
concrete were developed as shown in (Fig.4-19(e)), to help the facility owner to locate 
areas that required strengthening. 

 NDE was performed for the concrete at the Ottawa-West Nepean Collector (City of
Ottawa). The main goal was to assess the quality of concrete in the trunk sewer as shown
in (Fig.4-19(f)) and to evaluate the thickness of concrete lining in a long trunk sewer.
Based on the existing condition of the trunk sewer and after review of the exposure, they
proposed the use of UPV, Ultrasonic P-E and Surface Electrical Resistivity (ER) test to
evaluate the quality along the trunk sewer. The test plan was designed such that the test
equipment could be easily mobilized in the confined space. Test locations were identified
and the test surface was prepared.

FPrimeC Solutions are now carrying out research on high-frequency sound waves to 
accurately gauge the condition of concrete structures, such as bridges, dams, foundations and 
slabs. Their technology can also predict what the structure will look like in three years’ time, 
providing a completely new dimension to concrete inspections and maintenance at hydro and 
nuclear power plants.  

e) China

1) Keywords: UT-AE integrated monitoring, Multi-step loading Damage, Spatio-temporal 
evolution, Power-law scaling, Stress-time dependent phenomena, Fiber-bundle model

The basic aim of this study was to realize UT and Acoustic Emission (AE) integrated 
monitoring and characterize the damage (micro-cracking) using the two methods 
synchronously under multi-step loading procedure for concrete specimens. The Akaike 
Information Criterion (AIC) approach and Levenberg-Marquardt optimizing algorithm were 
applied to determine onset time and realize the 3D AE source location, respectively. Some 
UT and AE parameters, such as UPV, attenuation coefficient α, AE energy considering 
geometric attenuation Eae and AE hit occurrence frequency F(τ), were defined and extracted 
from the respective wave profiles. Then the UT-AE spatiotemporal varying responses 
associated with micro-cracking process and mechanical behaviour were obtained 
experimentally and analyzed theoretically. Results showed that: The UPV and α showed 
opposite time-varying tendencies during the loading process owing to the linear statistical 
correlation between α and the reciprocal of UPV. While the time-varying responses of Eaeand 
F(τ) both satisfied the time-scaling power-law relation, especially prior to failure. There were 
some interesting and remarkable phenomena observed during multi-step loading procedure 
which demonstrated that the damage evolution not only depends on the stress but also on the 
accumulative time. The 1D Fiber-Bundle Model (FBM) was utilized and modified by the 
proposed incremental summation method to interpret this stress-time double cumulative 
effect on the damage and the observed responses specifically for the multi-step loading case. 
Additionally, the theoretical predicted UPV and AE energy ratios are given based on FBM 
and all those theoretical results are in good agreement with the experimental ones under 
acceptable error range, which demonstrated the validity of the proposed model [221].  
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2) Keywords: Sulfo aluminate cement, Flexural strength, Cracking load, High temperatures,
Porosity

This study compared the flexural strength, compressive strength, crack load, mass weight 
loss, porosity and flexural stress--strain of the Sulfo Aluminate Cement Concrete (SACC) to 
that of Ordinary Portland Cement Concrete (OPCC) after both were exposed to high 
temperatures. The results showed that the samples of SACC showed a rapid decrease in the 
flexural strength, crack load, and compressive strength after heating, and, thus, cannot be 
repaired, but should be demolished. Samples made with OPCC can be repaired because the 
structural integrity remains acceptable after heating. 56% SACC was < half of its initial 
strength after heating to 200°C while OPCC remains at > 90% of its compressive strength 
after heating at 200°C and retains 80% of its compressive strength when heated to 300°C. 
SACC initially had a higher flexural strength and consequently a higher crack load; therefore, 
it performed better than the OPCC in terms of the load carrying capacity of the structure. 
Also, the OPCC had a constant decrease in the strength, compared to the SACC which did 
not. However, the OPCC had a better resilience strength rating as the temperatures increase 
than the SACC one because testing revealed a very rapid decrease in the strength after 
exposure to 100°C, 200°C and 300°C. The results agreed on the better firm structure 
uniformity and density of the SACC at an ambient temperature (20°C) compared to the 
OPCC. The severe deterioration (micro-crack) inside both concretes, revealed by the longer 
transmitting time and the small amplitude values of the waves, indicated the effective 
negative impact which was no longer demonstrated when the extreme temperature had a 
larger effect on the concrete made with SAC, therefore, the other results highlighted the rapid 
decrease in the strength of the SACC compared to that of the OPCC [272]. 

3) Keywords: Mineral powder material, Lightweight Aggregate Concrete (LWAC),
Mechanical properties, UPV, Elastic modulus

There is a global material recycling trend to save energy and reduce carbon. This study used 
four renewable slag admixtures, including fly ash, blast furnace slag (GGBFS), 
desulfurization slag, and glass powder, to replace some of the cement in Lightweight 
Aggregate Concrete (LWAC). Then, its mechanical properties and UPV were investigated. A 
fixed water/binder ratio (0.40) was used to make the LWAC, with the four renewable slag 
admixtures (fly ash, GGBFS, desulfurization slag, and glass powder) replacing 0%, 10%, or 
30% of the cement. Then, the properties of the fresh concrete were tested, along with those of 
the hardened concrete and the UPV at various ages. The results indicated that when the 
addition of renewable slag admixture was 10%, the compressive strength increased with age. 
Moreover, the late compressive strength obviously increased when the addition of GGBFS or 
fly ash was 30%. At the age of 28–120 days, the fly ash group had the highest compressive 
strength among the mixtures with 30% renewable slag admixture, followed by the GGBFS 
group, glass powder group, and desulfurization slag group. The correlation coefficient (R2) 
values for the concrete elastic modulus and compressive strength values of the control, fly 
ash, GGBFS, desulfurization slag, and glass powder groups were 0.9537, 0.7888, 0.9742, 
0.9665, and 0.9161, respectively. In addition to the fly ash group, various mixes showed 
favourable correlations between these two items. The mixes with the 30% addition showed 
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larger fluctuations in the UPV, with the increase in the UPV varying with the kind of 
renewable slag admixture. A regression analysis of the UPV and compressive strength of 
each mix proportion showed that the correlation coefficients of the control, fly ash, and 
GGBFS groups were larger than 0.88, whereas the correlations for the desulfurization slag 
and glass powder were relatively low, with R2 values of only 0.5577 and 0.7415, 
respectively. The 30% desulfurization slag group had the highest expansion response among 
the mixes. The mix with the 30% renewable slag admixture had a higher expansion response 
than the 10% mix. The findings demonstrated that a quantity of mineral powder material had 
positive benefits for the mechanical properties and UPV of the LWAC, as well as providing 
energy saving and carbon reduction advantages [283]. 

f) Czech Republic

Keywords: AE, Impact Echo, UT, ASR 

The research work was on the measurements and analysis carried out during hardening and 
drying of specimens using selected acoustic NDT. An integrated approach was created for 
better understanding of the relations between the lifetime cycle and the development of the 
mechanical properties of concrete. AE, IE, and UT were applied simultaneously to the same 
mixtures. These techniques and results were presented on alkali-activated slag mortars. The 
AE method detected transient elastic waves within the material, caused by the release of 
cumulated stress energy, which can be mechanical, thermal, or chemical. Hence, the cause 
was a phenomenon which releases elastic energy into the material, which then spreads in the 
form of an elastic wave. The IE method was based on physical laws of elastic stress wave 
propagation in solids generated by mechanical impulse. UT was commonly used to find flaws 
in materials or to assess wave velocity spreading [204].  

g) France

1) Keywords: Numerical Modeling, UPV, Concrete properties

This study aimed to build a 2-D numerical model in order to reproduce and interpret 
ultrasonic wave propagations in concrete. The model was built in a spectral-element software 
package called SPECFEM2D. The validation of the numerical tool was based on the use of 
resin samples containing different amount of aluminum rods from low (5%) to high 
concentration (40%), the last one being representative of aggregate concentration in concrete. 
These samples were characterized using an UT bench (ultrasonic water tank) from 150 kHz 
to 370 kHz. The measured results were analyzed in terms of phase velocity and attenuation 
which were the main parameters of coherent waves. Homogenization models such as the 
Waterman-Truell or Conoir-Norris models were used to model coherent waves in two-phase 
systems. The experimental and numerical results were also compared against them. It was 
observed that homogenization models were limited to low concentration of scattering phase, 
which is not adapted to applications to concrete. Numerical tool was used to carry out a 
parametric study on scatterer concentration, shape, orientation and size distribution of 
aggregates in concrete. It was shown that aggregate orientation has an influence on coherent 
wave parameters, but aggregate shape does not have the same influence [178]. 
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2) Keywords: UPV, Mortar, WC ratio, Porosity

This research presented results of studies of ultrasonic and structural parameters of mortar. 
The objective of the study was to determine correlations between UPV, porosity and 
permeability. The material investigated consists in seven mortar mixtures with water/ cement 
ratio varying from 0.3 to 0.6. The study was composed of three parts. The first one presented 
a description of the mortar samples that were subjected to ultrasonic, porosity and gas 
permeability tests and described the details of those tests. Then, a simple model was proposed 
to relate UPV with porosity and permeability. Finally, experimental results were shown and 
correlations between the measured parameters of the material were discussed. In the range of 
porosity values considered, the model correctly described the dependence of UPV versus 
porosity and permeability. It could thus be used to predict the evolution of structural 
parameters of the material from non-destructive measurements [200].  

3) Keywords: Fatigue, Crack, Coda Wave Interferometry, Embedded Ultrasonics Sensors,
Distributed Fiber Optic Sensors, Mechanical Transfer Function

The European Innovative Training Networks (ITN) Marie Skłodowska-Curie Actions project 
INFRASTAR (Innovation and Networking for Fatigue and Reliability Analysis of Structures 
- Training for Assessment of Risk) provides research training for research students. The
project aimed to improve knowledge for optimizing the design of new structures as well as
for more realistic verification of structural safety and more accurate prediction of the
remaining fatigue lifetime of existing concrete structures. First, the INFRASTAR research
framework was detailed. Then it will be exemplified through the presentation of the major
results of the research students involved in the work package dealing with auscultation and
monitoring. This included the development and improvement of Fiber Optics (FO) and Coda
Wave Interferometry (CWI) for crack sizing and imagery, new sensor technologies and
integration, information management, monitoring strategy for fatigue damage investigation
and lifetime prediction [237].

4) Keywords: Reinforced concrete, Recycled aggregate, Damage, Structural health
monitoring

The research introduced an experimental ultrasonic method allowing for the rebar-concrete 
bond structural health to be assessed under loading conditions. This novel method has 
successfully been implemented in laboratory conditions by means of a pull-out test campaign 
including both conventional and recycled aggregate concretes. Two ultrasonic sensors, one 
emitter and one receiver were positioned on opposite side faces of the pull-out sample so that 
the reinforcing bar (rebar) was located in the center of the direct ultrasonic path. During the 
rebar pull-out, a variation of the time interval between the emitted signal and the received 
signal (i.e. TOF) was measured. First, a potential correlation between this TOF variation and 
the rebar-concrete bond behavior was investigated. Then, the influence of recycled concrete 
aggregates was discussed. In particular, a significant role of the mortar mechanical properties 
on the rebar-concrete bond behavior was suggested. Finally, an interpretation of this TOF 
variation in relation to damage and fracture mechanisms occurring at the vicinity of the rebar-
concrete interface was proposed. This ultrasonic-based method could likely be expanded to 
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health monitoring applications of both conventional and recycled reinforced concrete 
structures, at a larger scale [293]. 

h) Germany

1) Keywords: Concrete pipe, UPV

The Emschergenossenschaft engaged the Fraunhofer Institute for Factory Operation and 
Automation (IFF) in Magdeburg, Germany, as the general contractor to develop automatic 
inspection and cleaning systems to meet the requirements imposed by legal guidelines. The 
systems must operate continuously in a sewer line that has diameters ranging from 1400 to 
2800 mm and is partially filled, 25% at minimum, all the time. To construct the Emscher 
sewer system, the institute favoured a one-pipe line in long sections. A walk-through or 
inspection by personnel would be impossible in these sections. The Fraunhofer Institute IFF 
has developed prototypes of all systems for motion through the sewer and all sensor systems, 
thus achieving a new quality of inspection above and below the water line under these 
difficult conditions. This article described significant project results and important 
components of inspection such as the inspection systems, pipe axis measurement, system 
positioning and sensor systems for damage detection [201].  

2) Keywords: Data fusion, Concrete evaluation, Honeycombing, Machine learning,
Clustering

The research presented the results of a Machine Learning (ML) inspired data fusion 
approach, applied to multi-sensory NDT data. The dataset consists of IE, Ultrasonic PE and 
GPR measurements collected on large-scale concrete specimens with built–in simulated 
honeycombing defects. The advantage of data fusion in reducing the false positives up to 
10% compared to the best single sensor was demonstrated, thus, improving the detectability 
of the defects. The main objective of this research was to investigate the generality, i.e. 
whether the conclusions from one specimen can be adapted to the other. The effectiveness of 
the proposed approach on a separate full-scale concrete specimen was evaluated [242]. 

3) Keywords: Masonry, Industrial Heritage, Retaining Wall, GPR, UT

Historical structures without detailed information about inner material and architecture 
represent a special challenge for condition monitoring with NDT methods. The measurements 
were carried out on a retaining wall of a former coal mine in Germany. The 9 m high and 
286 m long wall shows different cover materials like concrete, masonry or quarry stone. 
Three vertical lines along the wall were selected in representative parts to evaluate the 
usefulness of NDT methods. Therefore, the retaining wall has been investigated using GPR 
with two low frequency antennas (200 and 400 MHz) and LAUS to gather information about 
the condition and inner structure of the wall. In addition, IR thermography is planned for 
further information about the wall condition. The LAUS results showed the layer structure at 
one line where the wall was enforced by a concrete shell and were unspecific regarding the 
inner structure beyond the first layer. GPR results could be collected much faster and showed 
some internal features. Penetration was limited to 2-3 m due to the high attenuation in the 
material. The discussed measurements and results reflect the high requirements for NDT of 
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such objects [245]. 

4) Keywords: Infrastructure, Augmented Reality, Visualization, Building Information
Modeling, Radar, UT

In this contribution, prospects were developed for the integration of NDT results into digital 
building models within the framework of Building Information Modeling (BIM). As an 
example of integrated utilization of planning and measurement data, an innovative 
visualization approach using Augmented Reality (AR) was presented. An AR application was 
implemented that superimposes the camera image of a tablet viewing a concrete specimen 
with ultrasonic and radar images of the interior of the specimen (actual data) and the three-
dimensional planning geometry of the built-in parts (target data). When the tablet was moved 
or rotated, the geometric relationship between the camera image and the inner views was 
maintained. The display of the tablet thus opens a window into the interior of the concrete 
structure. The goal was to evaluate the condition and facilitate model-based inspection and 
maintenance tasks directly on the structure by presenting planning data and measurement 
results in their real context and enriching them with additional information [248]. 

i) Ghana

Keywords: UPV, Strength estimation, WC ratio 

The research investigated the relationship between UPV and the compressive strength of 
concrete. The specimens used in the studies were made of concrete with a paste content of 
18% and the constituents of the specimens varied in different Water-Cement ratios (w/c). The 
UPV measurement and compressive strength tests were carried out at the concrete age of 2, 7, 
15 and 28 days. The UPV and the compressive strength of concrete increased with age, but 
the growth rate varied with mixture proportion. A relationship curve was drawn between 
UPV and compressive strength for concrete having different w/c from 0.35 to 0.7 [188]. 

j) Greece

Keywords: Sonic resonance, UPV, Concrete compressive strength, Finite elements analysis 

The purpose of this research was to investigate the feasibility to adopt the Sonic Resonance 
(SR) test to determine the strength parameters of the concrete. UPV and SR were used in 
conjunction with the Uniaxial Compression Test. Experimental and numerical analysis was 
conducted. More than 200 concrete cores from existing constructions were tested and more 
than 70 FEM models were simulated. The results were correlated and two empirical 
equations derived. It was observed that the dispersion of the SR alone is smaller than the 
UPV, but also the UPV dispersion can be narrowed as long as the Poisson’s ratio is known 
[304].  

k) India

1) Keywords: Field investigation, RCC/PSC bridge, Carbonation of concrete, Chloride
profile

The case studies of non-destructive/semi-destructive investigations carried out on an 
RCC/Pre-Stressed Concrete (PSC) bridge and a RCC silo in the state of Kerala, India are well 
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known. Both the structures were built during 1984-85. The substructure of the 12 span 
bridges had RCC piers and its superstructure was built in PSC girders and RCC deck slab. 
The accessible piers of the bridge were tested non-destructively / semi-destructively using 
RH, UPV, concrete resistivity meter and core cutting. In-situ carbonation test was carried out 
and the chloride content of concrete was determined from powder samples. The RCC silo 
was in use for storage of water-based slurry of thorium hydroxide. The walls of the silo were 
tested for rebar corrosion using Galvapulse and concrete carbonation. The results showed that 
there has been no corrosion of reinforcement or concrete carbonation of both structures 
despite of the fact that these were exposed to aggressive environment for about 30 years. The 
possible reasons for no corrosion were attributed to good quality of construction and high/ 
adequate concrete cover [125].  

2) Keywords: Rebound Hammer, UPV, Rebar corrosion, Fire affected, Core cutter test

Various tests that were performed under NDT not only determined the strength of concrete 
structure, but also provided the information regarding the durability, in-situ properties of the 
concrete structure. A case study was performed to show the comparison between the NDT 
test results performed on a particular concrete structure and another structure at the same site 
which is subjected to a continuous fire of say 48-72 hours. The mix design and concrete 
grade of both the structures were same before the one was affected by fire. The variations in 
the compressive strength, concrete quality and in-situ properties of the two structures had 
been investigated. NDT tests namely UPV Test, RH Test and Core-Cutter Test were 
performed at both the sites. The main objective of the research was to analyze the variations 
in the strength and quality of the concrete structure which is subjected to a high temperature 
fire and the one which isn’t exposed to it and it was concluded that a concrete structure 
consisting of the load bearing members such as slabs, beams and columns which when 
exposed to a very high temperature gets deteriorated drastically, developing cracks and 
crevices, more number of air and water voids in it ultimately affecting the compressive 
strength and the quality of the concrete structure [126]. 

3) Keywords: RCC, Rebound hammer, Strength estimation, Calibration

The production block of Bangalore dairy, BAMUL, KMF Pvt. Ltd was evaluated for the 
feasibility of the structure to accommodate an additional floor in the existing building. A 
detailed feasibility study was carried out at the site to assess the suitability of the structure to 
take up the load of the proposed additional floor. For surface tests RH test was carried out 
and for through test UPV test was carried out. It has described the calibration of these tests & 
checked the quantity of concrete structural member. For the analysis, a typical frame model 
and of single storey of height 3 m was modeled using ETABS v9.7.4 software as the building 
was at the site (Production Block, Bamul Bangalore Diary). The column cross section was 
taken as 0.45 m x 0.45 m. Beam size was taken as 0.45 m x 0.50 m. The floor slabs were 
modeled as plates of 0.15 m thickness. All the supports were modeled as fixed supports. The 
data obtained from NDT techniques like grade of concrete, cover of concrete and the 
reinforcement details, were used to evaluate the current strength condition of the building 
using e-tab software and found satisfactory with existing results. The results obtained from 
UPV and RH were found to be satisfactory. The analytical results showed that the feasibility 
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of the structural members such as footing, beams, columns, slabs were enough to take the 
extra load of the proposed additional floor [133]. 

4) Keywords: RCC, Bridge pier, UPV, Rebound hammer, Case study

A report was published about the New Aatish Market Metro Jaipur under Phase-I-East West 
Corridor at Jaipur, Rajasthan. The Jaipur Metro Rail Corporation has entered into an 
agreement with the Delhi Metro Rail Corporation (DMRC) for development of Phase-I-A 
from Mansarovar to Chandpole on ‘deposit work’ basis covering a length of 9.718 kms and 
Phase-I-B (Chandpole to BadiChaupar) covering a length of 2.349 kms. The experimental 
investigation showed that a good co-relation exists between compressive strength and UPV. 
Nevertheless, RH should be used alone to determine the compressive strength of the 
structures. UPV is the ideal NDT method to predict the deterioration in the structures and to 
determine the service life of the structures [134].  

5) Keywords: Crack Detection, Impact Echo, MATLAB, Multiple cracks, UPV

In this study the IE test along with UPV test was used to find the crack locations in the 
cantilever beam. These tests were conducted on cantilever beam having two cracks at 
different positions. The frequency spectrum was recorded from the IE test. While the 
ultrasonic pulse time was recorded from UPV test. A MATLAB based code was used to find 
out the dominant frequency of the sound signals corresponding to each IE test. It was found 
that the frequency values were increasing when the cracks move away from the fixed end of 
the cantilever beam since the frequency ratio increases when the distance of the crack 
increases from fixed end. UPV also increases since the distance between the transducers of 
the UPV equipment decreases when the location of crack changes. From the values of 
frequency and UPV, mathematical expressions of crack location were developed. The 
developed expressions were tested on the cantilever beam to find the crack locations in a 
laboratory model [203].  

6) Keywords: RCC, Steel plates, Corrosion, Guided waves, Mode structures

This study illustrated the ability ultrasonic guided waves to pick up the signs of corrosion 
damage in RCC bars. Various wave propagation modes have been studied. The emphasis was 
on discovering hidden degradations such as corrosion of bars inside concrete and submerged 
plated structures. The mode structures and frequencies that were suitable for discovering the 
damages of interest were identified through a theoretical model. The bars have been 
monitored using the theoretically determined frequencies during the progression of corrosion. 
Destructive tests were carried out at the end of the exposure to correlate to ultrasonic results. 
It was observed that specific guided wave modes can be created for identifying different 
types of corrosion. Thus, along with diagnosis the tests can be effective in prognosis of 
corroded structures [211].  

7) Keywords: Bacterial concrete, Compressive strength, UPV, Flexural strength, Bacillus
subtilis

The healing proportion of strengthening cracks in buildings such as RCC Houses, RCC Pipes, 
Canal Lining, Pavement etc. has been increased in the ongoing bacterial concrete. In order to 
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fix the cracks in the concrete, it needs ordinary maintenance and exceptional treatment that 
can be terribly expensive. This is another method adopted by the use of microbiologically 
actuated calcite (CaCO3) precipitation in the arrangement of concrete. In this research, an 
experimental study carried out using Bacillus subtilis bacteria and calcium lactate to heal the 
cracks in the concrete at different percentages such as 5%, 10% and 15% of cement weight 
for concrete grade M40. This paper presented the experimental results of the UPV test carried 
out on Bacterial Concrete. From the UPV, dynamic modulus of elasticity and quality of 
concrete was determined at different ages. Relationships have been proposed between the 
strength of Bacterial concrete and UPV. Scanning Electronic Microscopy analysis carried out 
on convention and bacterial concrete. Finally, the maximum strength attains at 10% bacterial 
replacement in concrete and scanning electronic microscopy shows the calcium carbonate 
formation in concrete which is healing the cracks [264]. 

8) Keywords: Compressive strength, Regression models, Correlation

In this research, total 135 UPV and direct compression test was performed on 135 site 
laboratory made cubes of age 28 days for development of regression models by using 
Microsoft Excel software package. UPV model consisted of 6 models i.e., linear, quadratic 
parabola, cubic parabola, exponential, logarithmic and power model. In this model also linear 
model was referred due to being simple and no chance of modification of error in 
measurement of UPV value due to the various factors including age, curing conditions, 
moisture condition, mix proportions, type of aggregate and type of cement etc. Maximum 
variation in model predicted strength of structural concrete member and strength of the cube 
made same concrete was determined. This maximum variation for UPV linear model is 
29.838% [296]. 

l) Iran

Keywords: UPV, Strength Estimation 

This research addressed the efficiency of UPV as a NDT in concrete in estimating the 
mechanical (compressive and tensile strength) and durability (water absorption) properties of 
fiber-reinforced self-compacting concrete. To do so, 11 mixture designs containing 3 fiber 
types (steel: 0.1, 0.2, 0.3 and 0.4 percent by volume, Poly-Phenylene Sulfide (PPS): 0.1, 0.2, 
0.3 and 0.4% by volume and poly-propylene: 0.1 and 0.2 percent by volume) and a design 
without fibers as reference concrete had been tested and compared. To measure UPV cubic 
specimens were tested. The obtained results were used to develop correlation relationships 
between UPV of the specimens and the compressive and tensile strength as well as water 
absorption. For the self-compacting concrete, the range of UPV was obtained. The proposed 
relations accurately estimated the mechanical and durability properties of this concrete type 
[287]. 

m) Iraq

1) Keywords: UPV, Strength Estimation

This work proposed the UPV - strength relationship formulas/curves for concrete having the 
range from 18 to 55 MPa of concrete strength. Numbers of specimens were over 800 received 
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from various construction projects of controlled concrete quality and tested by the Hawler 
Construction Laboratories (HCLabs) in Erbil, Kurdistan Region of Iraq, during the last half 
of 2014. The UPV measurement and compressive strength tests were carried out at the 
concrete age of 28 days. These curves were verified to be suitable for prediction of hardened 
concrete strength with a measured UPV value [212]. 

2) Keywords: UPV, Compression test

A statistical experimental program was carried out to establish an accurate relation between 
the UPV and the concrete compressive strength. The program involved testing of concrete 
cubes cast with specified test variables. The variables were the age and density of concrete. In 
this research, all the samples were tested by Direct UPV (DUPV) and Surface UPV (SUPV) 
to measure the wave velocity in concrete and the compressive strength for each sample. An 
experimental study was conducted to compare between the velocities of ultrasonic waves that 
transmitted along the two paths; direct and indirect. A total of more than 150 cubes having 
dimensions of 150 mm side were prepared to conduct both non-destructive and the 
compressive strength (destructive testing). The results from experimental program were used 
as input data in a statistical program (SPSS) to predict the best equation, which can represent 
the relation between the UPV (direct, indirect), and compressive strength, a linear equation 
was proposed for this purpose. The UPV measurement and compressive strength tests were 
carried out at the concrete age of 7, 28, 56 days. A relationship curves were drawn between 
DUPV, SUPV, compressive strength and density. The mixes composition in this study 
consisted of ordinary Portland cement, fine sand, gravel, super-plasticizer, and water. All the 
specimens were under 20ºC. The statistical analysis revealed that the possibility in evaluating 
the properties of the concrete by using direct and indirect wave velocities [292]. 

n) Italy

1) Keywords: RCC, Structural assessment, Seismic code, In-situ concrete strength,
Homogeneous areas

The investigation of the structural characteristics (geometry, structural details, materials 
quality, etc.) is a crucial step in the assessment of existing RCC constructions especially after 
earthquakes, fire or explosions, increase of live loads, etc. specifically, the investigation of 
materials quality can also be required for new constructions in the case of non-conformity of 
the strength obtained from standard test specimens. Therefore, the knowledge of the in-situ 
mechanical properties of constituent materials (concrete and steel) is a key issue in the 
evaluation of structural capacity. In order to achieve this goal, this work suggested possible 
improvements on the current code provisions concerning in-situ concrete strength estimation. 
A procedure aimed at setting up the investigation campaign and subsequently, at estimating 
in-situ concrete strength, revisiting the provisions given in the current structural codes, was 
proposed. It was made up of the following main steps [177]: 

i. Identification of the concrete portions, within a whole structure, to be investigated
separately (concrete areas having homogeneous properties),

ii. Definition of the amount of testing (minimum number of samples and NDT
measurements for each homogeneous area),
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iii. Location of DTs and
iv. Assignation of concrete strength value for each homogeneous area to be used in the

safety verifications.

2) Keywords: UPV, Defect sizing, Velocity map

The research illustrated the results of an experimental test which intends to check the efficacy 
of UT in detecting anomalies inside concrete elements. UT was carried out on a small 
concrete wall having different defects deliberately settled inside the wall during casting. A 
grid of several measurements points was arranged on the wall surfaces and for each point the 
ultrasonic signal was acquired after passing through the thickness of the wall and the 
propagation velocity ‘V’ was extracted and analyzed. A graphic representation of ‘V’ 
distribution was implemented by a map where each pixel identifies one measurement point 
and was a representative of its neighborhood. This map highlighted areas with different 
velocity values and allowed to visually detect areas having particularly low velocity. The 
matching between the low-velocity areas and the artificial defects were analyzed and the 
level of accuracy of the ‘V’ map in detecting and sizing the concrete inner defects was 
discussed with reference to different spacing of the grid points [184].  

o) Japan

1) Keywords: Ultrasonic modeling, FIT, Simulation, Validation

To understand the characteristics of ultrasonic wave propagation in concrete more 
completely, a time domain simulation tool based on the Finite Integration Technique (FIT) 
and an image-based modeling approach was proposed. When modeling ultrasonic wave 
propagation in concrete, it is important to introduce 3-D mesoscopic and microscopic 
structures because ultrasonic waves in solids are transmitted by mechanical interaction 
between adjacent media. In this work, wave velocity, center frequency and attenuation of 
ultrasonic waves in concrete were evaluated quantitatively by comparing the waveforms 
obtained by FIT simulation with those obtained by experimental measurement. It was 
observed that these factors were in good agreement between the simulation and 
measurements. It was also observed that amplitude of the transmitted signal was sensitive to 
the allocation pattern of the aggregates. Thus, attenuation due to multiple scattering by 
aggregates was more dominant than the attenuation by intrinsic absorption and geometrical 
spreading in concrete [179]. 

2) Keywords: Steel-Plates-Bonded Concrete Slab, Debonding, Remote Laser-Based
Inspection, Ultrasonic Guided Wave, Dispersion Property

In Japan, steel plate bonding method has been widely adopted as a way to reinforced concrete 
slabs of highway bridges. Usually, the inspection for the steel plate bonding has been 
performed by a hammering test. However, using the hammering test, quantitative information 
on specific damages is very difficult to obtain. Thus, the development of a new quantitative 
method is desired. For this purpose, a laser method was developed for remote inspection of 
bond conditions of steel plates. Experiments were performed using a laser system to detect 
various artificial defects in specimens. However, it was found that the laser technique cannot 
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distinguish a damage filled with water from a bonded part with no defect. In this study, 
therefore, dispersive properties of ultrasonic guided waves in layered media were investigated 
analytically and verified experimentally to find the existence of water behind a steel plate. It 
was concluded that ultrasonic guided waves have high potential to detect a water ponding 
behind a steel plate [240]. 

p) Jordan

Keywords: UPV, Strength estimation, Regression Analysis 

The NDT is beneficial for the quality control of new constructions. One of the most effective 
and least expensive techniques is using UPV, utilizing PUNDIT - a simple NDT device – that 
is used to assess the integrity of the structures without causing any damage. Thus, the aim of 
this study was to give forth a mathematical relationship that relates UPV with standard 
concrete cube crushing strength (fcu) in a step to reinforce the credibility of non-destructive 
compressive strength investigations on concrete containing local materials. To accomplish 
this task, 135 standard concrete cubes of 150 mm dimensions were prepared using various 
concrete mixes in order to cover all types of concrete locally produced. The UPV and the 
relevant crushing strength for each cube were documented. Regression analysis was carried 
out to study the correlation among observed data. Finally, a mathematical relationship 
between PUNDIT readings and the corresponding cube compressive strengths was derived 
[206].  

q) Malaysia

Keywords: UPV, Rebound Hammer, Regression Analysis, Strength estimation 

The experimental studies using UPV and Schmidt RH as NDT were carried out to establish a 
correlation between the compressive strengths of compression tests and NDT values. These 
two tests have been used to determine the concrete quality by applying regression analysis 
models between compressive strength of in-situ concrete on existing building and tests 
values. The main members of an existing structure including column, beam and slab were 
included in the study. The relationship between compression strength of concrete collected 
from crashing test records and estimated results from NDT‘s records using regression 
analysis was compared together to evaluate their prediction for concrete strength. The test 
results show that the RH method was more efficient in predicting the strength of concrete 
under certain conditions. A combined method for the above two tests, reveals an 
improvement in the concrete strength estimation and the latter shows better improvement. 
Applying combined methods produces more reliable results that are closer to the true values 
[205]. 

r) Mexico

Keywords: Portland cement, Electrical resistivity, Mechanical properties  

This research focused on cement pastes with w/c ratio of 0.5. The cementing material was 
Portland cement type II. The main aim was to estimate the mechanical properties based on 
NDT such as UPV and electrical resistivity by a correlation with the destructive tests such as 
compressive strength, flexural strength, and tensile strength at ages of 3,7,14,21,28 and 45 
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days. The results suggested that there was a good correlation between evaluated properties 
[300]. 

s) Nigeria

Keywords: UPV, Rebound Hammer, Concrete, Comparative study, Compressive strength 

150 mm x 150 mm x 150 mm concrete cube samples were prepared, cured and subjected to 
UPV and RH tests at the end of: 1, 3, 7, 14, 21, 28, 56 and 90 days. The same samples were 
then subjected to destructive (compressive strength) test. Correlation test, multiple regression 
analysis, graphs and visual inspection were used to analyze the data obtained. Results 
indicated increase in rebound hammer from 24 rebounds on the first day to 43 rebounds on 
the 90th day; while the result of UPV decreases from 43.10 micro-sec on the first day to 
35.90 micro-sec on the 90th day of curing. Regression Model which combines UPV with RH 
gave the following results: 10.93 N/mm2, 13.99 N/mm2, 25.23 N/mm2 29.72 N/mm2,
33.45 N/mm2, 33.32 N/mm2, 35.45 N/mm2 and 36.75N/mm2 for 1, 3, 14, 21, 28, 56 and 90 
curing days, respectively. The conclusion drawn from the analysis was that combination of 
RH and UPV methods were effective in assessing compressive strength of concrete. Hence it 
was recommended that for more accurate result, RH should be combined with UPV testing 
concrete, and that the following formula should be used = 45.80 + 0.88 X1 -1.31 X2 [285]. 

t) Poland

1) Keywords: Concrete floors, compressive strength, strength distribution, industrial floors,
UT

The accepted methods for testing concrete were not favourable for determining its 
heterogeneity. The interpretation of the compressive strength result as a product of 
destructive force and cross-section area was burdened with significant understatements. It 
was assumed erroneously that this was the lowest value of strength at the height of the tested 
sample. The top layers of concrete floors often crumble and the strength tested using 
sclerometric methods does not confirmed the concrete class determined using control 
samples. That is why it was important to test the distribution of compressive strength in a 
cross-section of concrete industrial floors with special attention to surface top layers. In this 
study, strength tests of borehole material taken from industrial floors was presented using the 
ultrasonic method with exponential spot heads with a contact surface area of 0.8 mm2and a 
frequency of 40 kHz. The presented research project anticipated the determination of strength 
for samples in various cross-sections at the height of elements and destructive strength in the 
strength testing machine. It was confirmed that for standard and big borehole samples, it is 
not possible to test the strength of concrete in the top layer of the floor by destructive 
methods. This can be done using the ultrasonic method. After the analysis, certain types of 
distributions of strength across concrete floor thickness were chosen from the completed 
research program. The gradient and anti-gradient of strength were proposed as the new 
parameters for the evaluation of floor concrete quality [255].  
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2) Keywords: Concrete strength, Fire exposure, UT, Concrete porosity

After a fire, the assessment of concrete residual strength can be a challenge. Since the 
strength reduction depends on the distance from the heated surface examination based on 
destructive test, i.e., core samples, is not precise enough. Therefore, more detailed methods 
can establish the influence of the high temperature in the zone, which no longer has visible 
cracks. That method can be used to assess layer thickness to remove due to the fire damage. 
The UPV method with point heads was used to examine samples taken from a structure after 
the real fire. Moreover, to make the analysis more precise, an effect associated with the 
porosity in concrete was also considered to separate pure fire effect [299]. 

u) Portugal

Keywords: Concrete strength, Concrete variability, In situ assessment, UPV, RH, Uncertainty 

This research presented the development of general empirical expressions estimating the in-
situ concrete strength variability NDT results. These expressions were defined by examining 
the correlation between statistical parameters of datasets of concrete core strength; RH and 
UPV test results using several correlation models that were based on common conversion 
models and on a generalization of the bi-objective approach. Based on these analyses, 
empirical models that are able to provide a reliable estimate of concrete strength variability 
using NDT results were proposed [235]. 

v) Philippines

Keywords:  Linear Ultrasonic Parameter, Nonlinear Ultrasonic Parameter, Harmonic 
Generation, Fiber-Reinforced Concrete 

To assess the concrete structures periodically, NDT needs to be practical in its cost and 
application. In this research, 36 cylindrical specimens were casted with nine different 
concrete mixtures. These mixtures were classified as follows: varying Water-Cement ratio 
(WC) in percentages of 40, 50, and 60 mixed with well-graded aggregates as Ordinary 
Concrete (ORC); varying WC of 40, 50, and 60 mixed with short steel fibers as Fiber-
Reinforced Concrete (FRC); and WC50 mixed with varying aggregate sizes classified as 
small (5 to 10 mm aggregates), medium (10 to 15 mm aggregates), and large (13 to 20 mm 
aggregates). Averaged time domain and frequency domain waveforms were recorded and 
analyzed to obtain linear and nonlinear ultrasonic parameters. Linear ultrasonic parameters 
were UPV and Peak-to-Peak Amplitude (PPA), while the nonlinear ultrasonic parameter was 
the Second Harmonic Ratio (SHR). The parameters were measured in two states—
undamaged and damaged—under ultimate compressive stress. The UPV and PPA 
measurements proved to be less sensitive in damage measurements for all nine different types 
of concrete due to their minimal percentage difference from the undamaged to damaged state. 
However, this technique may be used to briefly know the consistency of concrete and its 
macroscopic state of damage. In nonlinear ultrasonic test parameters, it was found that SHR 
percentage difference from the undamaged to damaged state has the following behaviors:          
(1) it was inversely proportional to WC for ORC; (2) it was directly proportional to WC for
FRC; and (3) no trend was found for concrete with varying aggregate size at WC50, showing
that the strength of concrete was dependent on the combination of Maximum Aggregate Size
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(MAS) and WC [238]. 

w) Russia

Keywords:  UPV, RCC, Density 

The density of concrete was determined using the ultrasonic method of testing concrete 
structures. The traditional methods for determining the density of concrete from selected 
samples and using radioisotopes was discussed. The advantages and disadvantages of these 
methods were highlighted. From the equations of the propagation velocity of ultrasonic 
waves in solid media, the density of the material was expressed for the case of transverse and 
longitudinal waves. The equations were proposed to determine the density of concrete during 
ultrasonic testing of concrete and RCC. The authors provided explanations for determining 
the parameters of concrete included in the equations. The factors that influence the 
determination of the UPV were given. Using the proposed formulas, the density of concrete 
structures was calculated [298]. 

x) South Korea

1) Keywords: Self- healing concrete, TOFD, Damage detection

This research presents a review of all existing research on the principles of ultrasonic test 
methods and case studies pertaining to self-healing concrete. The main objective of the study 
was to examine the applicability and limitation of various ultrasonic test methods in assessing 
the self-healing performance. Finally, future directions on the development of reliable 
assessment methods for self-healing cementitious materials were suggested [183]. 

2) Keywords: Diffuse ultrasound, Dissipation, Scattering, Micro-cracking

The main objective of this research was to investigate the applicability of diffuse ultrasound 
to the evaluation of distributed micro-cracking damage in concrete. The illustration of 
diffuse-wave propagation in concrete is shown in the (Fig.4-20). To simulate the micro-
cracking damage, polypropylene fibers with very low mechanical characteristics were 
embedded in concrete specimens, using three different fiber amounts (0, 0.3, and 0.6% by 
volume) to represent three different damage levels. Ultrasonic diffusivity and dissipation 
coefficients within a frequency range of 200 to 450 kHz, which represents the multiple 
scattering regime for typical concrete, were used to characterize the micro-cracking 
conditions of the specimens. Additionally, effects of the spacing between the source and 
receiver on the diffusion of ultrasound were explored. The test results confirmed that the 
diffusivity decreases approximately 25% and dissipation increases 32% with increasing 
damage level, and they were fairly independent of the transducer spacing, which suggests 
promise for practical application of the method for concrete inspection in the field [219].  
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5) Keywords: Early age concrete, Compressive strength, UPV, Exponential function
prediction model

This study proposed a new model for estimating the setting and compressive strength 
development times, which involve changes in the concrete condition at early ages, using the 
UPV testing. To this end, various effects, such as the effects of the Water-to-Cement (W/C) 
ratio, curing conditions (air-dry curing and curing at constant temperature and humidity), and 
aggregate, were experimentally examined to meet the specified concrete strength, i.e., 18–
45 MPa. It was found that varied as the W/C ratio of concrete decreased, which were affected 
by the hydration reaction and that the UPV was somewhat higher in concrete than in mortar. 
The samples cured under constant temperature and humidity exhibited a smaller error range 
than those that underwent air-dry curing. In addition, the relationships among parameters in 
different concrete samples were found to be linear during the initial and final setting periods 
and parabolic after the final set at early ages; subsequently, an exponential function 
prediction model was proposed for modeling the relationships [269]. 

6) Keywords: Two-Phase Composite Concrete; Ultrasonic Wave Propagation; Void-Shaped
Damage; Image Processing; Damage Detection

This study focused on damage detection analysis with the aid of wave propagation in two-
phase composite concrete with aggregate (inclusion) and mortar (matrix). To fabricate a 
realistic simulation model containing a variety of irregular aggregate shapes, the mesh 
generation technique using an image processing technique was proposed. Initially, the 
domains and boundaries of the aggregates were extracted from the digital image of a typical 
concrete cut-section. This enables two different domains: aggregates and mortar in 
heterogeneous concrete sections, and applied the grids onto these domains to discretize the 
model. Subsequently, finite element meshes were generated in terms of spatial and temporal 
requirements of the model size. For improved analysis results, all meshes were designed to be 
quadrilateral type and an additional process was conducted to improve the mesh quality. With 
this simulation model, wave propagation analyses were conducted with a central frequency of 
75 kHz of the Mexican hat incident wave. Several void damages, such as needle-shaped 
cracks and void-shaped holes, were artificially introduced in the model. Finally, various 
formats of internal damage were detected by implementing energy mapping-based signal 
processing [273]. 

7) Keywords: Random aggregate model, Damage plastic, Numerical simulation

In this research, the failure mode of concrete under ultrasonic dynamic loading was 
investigated by Finite Element (FE) analysis. Simultaneously, a 3D random aggregate 
concrete model was programmed and imported into ABAQUS software and the damage 
plastic constitutive model was applied to each phase to study the damage law of concrete 
under dynamic loading. Meanwhile, the dynamic damage process of concrete was 
numerically simulated, which observed ultrasonic propagating and the concrete crushing 
behavior. Finally, the FE simulation considering the influence of different aggregate volume 
and aggregate size was carried out to illustrate the damage level of concrete [274]. 
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8) Keywords: Coal bottom ash, High strength concrete, UPV

Most previous studies on the strength properties of Coal Bottom Ash (CBA) concrete have 
focused on concrete with a normal compressive strength, and thus, studies on the strength 
properties of High-Strength Concrete (HSC) containing CBA are limited. Therefore, the 
effects of replacing fine aggregates with CBA and variations in the curing age on the strength 
properties of HSC with a compressive strength of greater than 60 MPa were investigated in 
this research. The different CBA contents included 25, 50, 75, and 100%, and the different 
curing ages were 28 and 56 days. The mechanical properties of the HSC with CBA 
incorporated as fine aggregates were examined. The experimental results revealed that CBA 
could be partially or totally substituted for fine aggregates during HSC production. The test 
results also showed that the compressive, splitting tensile and flexural strengths of the HSC 
containing CBA fine aggregates slightly decreased as the CBA content increased. Moreover, 
useful relationships between the compressive strength, splitting tensile strength, and flexural 
strength were suggested and the predictions reasonably agreed with the measurements. 
Compared to those of the control specimen, the pulse velocities of the HSC specimens at 
various CBA contents were decreased by less than 3%. In addition, equations for predicting 
the strength values of CBA concrete by using the UPV were suggested [286]. 

9) Keywords: Compressive strength, Hydration kinetics, Microstructure, Silica fume

The effect of the replacement rate of Silica Fume (SF) on the correlation between the 
compressive strength and UPV of cement mortar was experimentally analyzed. Specimens 
were fabricated with different replacement rates of SF, the compressive strength and UPV 
were measured, and isothermal calorimetry and mercury intrusion porosimetry tests were 
conducted to analyze the effects of replacement on the hydration kinetics and microstructures 
on these properties. Field emission scanning electron microscopy analysis was performed to 
observe SF particles and microstructure. The substitution of SF changed the cement mortar’s 
hydration kinetics and microstructures, resulting in different strengths and UPVs depending 
on the replacement rate. The compressive strength and UPV for cement mortars blended with 
SF also showed a different exponential relationship depending on the SF replacement rate 
[309]. 

y) Spain

Keywords:  RCC, UPV, Strength estimation 

The investigation involved 185 real cases of structural elements of RCC, by means of a check 
based on the correlation of results between UPV (V) and compressive strength (R). The study 
was developed taking into account the age of the structures. Subsequently a statistical 
analysis was performed with the data obtained and with it a clear scientific procedure had 
been defined for the analysis of the two test methods and the necessary tools to develop a 
complete structural evaluation. The obtained results in the investigation facilitate the decision 
making in the evaluation of the structural safety of the reinforced concrete element [136]. 
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z) Turkey

1) Keywords: UPV, Water content, Temperature

In this research, water content and temperature effect on UPV of concrete was investigated. A 
series of tests were performed to examine the relationship between water content and UPV of 
concrete with different aggregate mixture proportions. Cube test specimens were made of 
concrete with water-cement ratio of 0.5. The concrete specimens were immersed in water for 
90 days to saturate them. To measure the effect of different water contents on UPV, the test 
specimens were dried gradually to change the amount of water between measurements. This 
process was repeated until the concrete pieces were completely dried and weight no longer 
changed. The water content could be changed from about 6 to 0%. Following, another test 
procedure was conducted to research the relationship between temperature and UPV. To 
measure the influence of various temperature on UPV, completely dried concrete specimens 
were firstly cooled to –18°C and gradually heated to +180°C. In these two different 
procedures, the UPV values corresponding water content and temperature in the relevant 
ranges were periodically measured. The test results indicate that the increase in both water 
content and temperature increases almost linearly UPV of concrete. Based on correlation 
derived from the test data, irrespective of concrete properties a further increase in both water 
content of 1% and temperature of 10°C increases UPV of average 160 and 34 m/s, 
respectively. As overall assessment, this study demonstrates that the UPV is a function of 
both water content and temperature, and the changing of these two parameters has an 
important influence on UPV of concrete [226].  

2) Keywords: Aggregate type, Image analysis, Aggregate surface roughness, Compressive
strength, UPV

Aggregate is the most volume covering component in concrete. The strength and durability 
properties of the aggregate can affect the hardened and fresh concrete properties. Apart from 
the strength and durability properties, the textural properties of the aggregate can also affect 
the hardened concrete properties. In this research, the effects of aggregate textural properties 
on hardened concrete properties were investigated. Concrete samples were produced by using 
two different types of aggregates obtained from crushers with different technical 
characteristics and river aggregates. The textural properties of the aggregates were 
determined by the analysis of cut hardened concrete samples by image analysis method. After 
analyzing the textural properties such as aspect ratio, roundness, width and length of the 
aggregates, the total aggregate area within the cross-sectional area was determined by image 
analysis method. It has been determined that concrete compressive strength increases with the 
increase of aggregate aspect ratio and roundness. As a result, it was determined that the 
increase in aggregate surface roughness caused an increase in concrete compressive strength 
and UPV [267]. 

3) Keywords: Compressive strength, Data mining, Mineral admixtures, Tree model M5P,
UPV

The quality of concrete was assessed based on measurements of UPV and compressive 
strength. Portland Cement (PC) was substituted with Silica Fume (SF), Fly Ash (FA) and 
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Blast Furnace Slag (BFS) as mineral admixtures. The compressive strength and UPV of 
concrete mixtures were estimated with classifiers alongside the tree model M5P in the data 
mining field. The compressive strength and UPV were modeled as a function of five input 
variables: day, cement, SF, FA, and BFS. It was found that UPV and compressive strength 
had an exponential correlation with SF, FA, BFS, SF + FA, SF + BFS and FA + BFS. 
However, additive-free admixture and PC-free substitution levels had a different constant in 
empirical work. According to the results obtained, both compressive strength and UPV of 
concrete mixtures could be reliably anticipated with the tree model M5P in a proportion of 
97%. Hence, this model could be a potential new method for modeling mineral admixture 
concrete [281]. 

aa) USA 

1) Keywords: NDE techniques, Corrosion inspection, Delamination

The work presented the condition change of a bridge deck in Virginia over a period of six 
years. The assessment covered corrosive environment and corrosion processes, concrete 
degradation and deck delamination. Deterioration progression from periodic NDE surveys 
was illustrated qualitatively by condition maps and quantitatively by condition assessment 
numbers. The results demonstrated the ability of NDE technologies to capture and quantify 
the progression of deterioration. The study also evaluated the similarities in performance of 
bridge decks of comparable age, similar construction and similar environment with different 
traffic loads. Multiple NDE technologies were used to assess two concrete decks of a similar 
design, construction, age and environment but with different traffic conditions. The 
complementary use of multiple NDE technologies identified corrosion as the primary cause 
of damage in both decks. The severity of deterioration differed at the time of the survey, 
which caused the estimated remaining life of the two decks to differ by about 10 percent 
[162]. 

2) Keywords: Reinforced Concrete Barriers, Corrosion Detection, NTSB, Inspection
Protocols

A case study was presented in which a tractor-trailer fatally departed William Preston Lane, 
Jr. Memorial Bridge on August 2008 after it dislodged a section of the bridge barrier. 
Investigations following the accident identified significant corrosion of the anchor bolts 
attaching the bridge railing to the bridge deck. As a result of the information gathered during 
its investigation of the accident, the National Transportation Safety Board (NTSB) made 
recommendations to the Federal Highway Administration concerning NDE of concrete bridge 
railings. The Center for NDE at Turner Fairbank Highway Research Center in McLean, VA 
had evaluated feasibility using four technologies – GPR, UPV, digital radiography and 
infrared thermal imaging methods to develop bridge inspection methods that augment visual 
inspections, offer reliable measurement techniques and were practical, both in terms of time 
and cost, for field inspection work. Controlled samples containing predefined corrosion levels 
in reinforcing steel were embedded at barrier connection points for laboratory testing. All 
four NDE techniques were used in the initial phase I testing. The following conclusions were 
drawn from phase I testing: 
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 Low frequency ultrasonic imaging provided clear images of the condition of reinforcing
steel in concrete.

 High frequency GPR provided clear images of the response of rebars in concrete for
F-shape bolt-down barrier but not for New Jersey barrier.

 Infrared thermography was not successful in locating the rebar for both the concrete
barriers mainly because of thick concrete cover.

 Digital radiography with low power pulsed X-ray system did not penetrate deep enough
to image the rebar in the concrete and was not able to provide valid results for either of
the concrete barriers.

An inspection protocol for detecting and measuring the corrosion of reinforced steel 
embedded in the anchorage system was developed in phase II research. While ultrasonic 
imaging and GPR provided valid results for identifying rebar in concrete, ultrasonic imaging 
and IR were best at identifying voids, cracking and spalling in the concrete, which would 
occur when natural corrosion of the rebar has occurred (i.e., with machined rebar, the natural 
corrosion and expansion process does not occur) [95]. 

3) Keywords: Bridge maintenance, Bridge inspection, NDE methods

The City and County of Denver (CCD) Public Works Department owns, inspects and 
maintains 531 bridges in its inventory of which 264 were considered major structures 
spanning over 6.1 m in length. In this research, a methodology using the CCD major bridge 
network for the application of NDE methods in bridge inspections was explained. The 
methodology, called Bridge Evaluation using Nondestructive Testing (BENT) helped 
systematically integrate NDE methods and conventional bridge management systems by 
using a Markovian deterioration model. Although the BENT method can be applied to 
timber, steel, and concrete bridges, in this work the application of the method will be 
restricted to concrete bridges. The BENT system was part of a comprehensive geographic 
information system whereby database queries can be completed using a map interface. The 
database contained a wide array of information in the CCD infrastructure inventory including 
bridges, pavements, alleys, and street subsystems [185]. 

4) Keywords: RPC, UPV, Crack detection

A new material known as Reactive Powder Concrete (RPC) is becoming available. It differs 
significantly from traditional concrete; RPC has no large aggregates, and contains small steel 
fibers that provide additional strength and, in some cases, can replace traditional steel 
reinforcement. Due to its high density and lack of aggregates, ultrasonic inspections at 
frequencies 10 to 20 times that of traditional concrete inspections are possible. This work 
reported on the initial findings of research conducted to determine the applicability of 
ultrasonic testing techniques for the condition assessment of RPC. Pulse velocities for shear 
and longitudinal waves and ultrasonic measurement of the modulus of elasticity for RPC 
were reported. Ultrasonic crack detection for RPC also was investigated [199].  

5) Keywords: ATTT, Concrete dams, Tomography

The study presented the concept and basic science for Acoustic Travel Time Tomography
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(ATTT). ATTT combines aspects of ultrasonic measurements previously used for material 
characterization, ultrasonic methods applied to test concrete and features of methods used in 
shallow seismic surveys. This science technology was integrated into a system that records 
travel time data and applies tomography software. The resulting tomographs have the 
potential to provide cross-sectional images of the structure that can be used to locate cracks, 
identify regions of structural damage and other anomalies deep inside a massive concrete 
structure. Results from initial laboratory and field studies obtained with a system that 
embodies the approach presented in this study [202].  

6) Keywords: IE, PE mode, Tendon ducts

An automated test frame was designed and built in which concrete blocks with artificial 
defects or testing problems can be tested by various NDT methods. The focus of the 
measurements carried out on a tendon duct block was to see how precisely the tendon ducts 
can be located in the block and if the different areas with different grouting states (empty, 
fully, or half-grouted) can be identified. Ultrasonic PE successfully located the ducts in their 
lateral position as well as in depth. Even the different sizes of the ducts can be estimated from 
the results. In the IE data, the lateral positions of the ducts can be determined based on a shift 
of the measured thickness towards an apparently increased thickness at the location of the 
duct. However, this means that the duct cannot be located in depth. All four ducts were partly 
filled with grout to simulate voids in the grout. Although there are certain indications in the 
ultrasonic as well as in the IE data that are correlated to the actual position of the voids, the 
indications are rather vague. Very likely this was due to a fabrication issue: the grout 
debonded from the wall of the duct thus making it impossible to distinguish between grouted 
and ungrouted parts of the duct [216].  

7) Keywords: Concrete compressive strength, UPV, RH, Predictive modeling, Concrete
classification, Machine learning algorithms

This research developed predictive models for concrete compressive strength that were 
independent of concrete past history. To this end, UPV and RH tests were performed on 84 
concrete cylindrical samples. Next, compressive strengths were determined using destructive 
testing on these cylinders, and predictive models were developed using NDT results. 
Furthermore, to ensure generalizability to new data, all models were tested on independent 
data collected from six different research papers. The results supported combined usage of 
UPV and RH in a quadratic polynomial model structure. Therefore, the final model was 
proposed based on combining models from a threefold cross-validation of the experimental 
data. This model predicted the independent data with very good accuracy. Finally, a concrete 
quality classification table using combined RH and UPV was proposed based on a variant of 
machine learning k-means clustering algorithm [230]. 

8) Keywords: USW, IE, UT, GPR, ER, HCP, IRT, Concrete bridge deck, Overlay,
Deterioration

Overlay systems have been extensively used to extend the service life of concrete bridge 
decks. This study assessed nine NDE methods for evaluation of concrete bridge decks with 
seven different types of overlays through laboratory concrete specimens. The nine NDE 
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methods were: USW, IE, UT, IR, GPR, Electrical Resistivity (ER), Half-Cell Potential 
(HCP), and Infrared Thermography (IRT). The seven types of overlays were epoxy, latex 
modified concrete, silica fume modified concrete, polyester polymer, asphalt with a liquid 
membrane, asphalt with a sheet membrane, and asphalt without a membrane. Eight concrete 
specimens with various defects were built and NDE to acquire the detailed information of all 
embedded defects before placing overlays. One concrete specimen was kept bare as a 
reference, and the other seven specimens were covered with seven different overlays, 
respectively. Half of each overlay was bonded to the underlying concrete specimens, whereas 
the other half was debonded. NDE tests were carried out on the top of overlays. Based on the 
NDE test results, the applicability of each NDE method for concrete bridge decks with 
overlays was summarized as follows: (1) GPR and HCP were two effective methods for 
evaluation of the underlying concrete decks through both bonded and debonded overlays;         
(2) USW, IE, and UT can image the defects in the underlying concrete decks under bonded
overlays, with the exception of the three asphalt overlays; (3) sounding, IR, and IRT can
identify overlay debonding; and (4) ER was not effective due to electrical insulation of the
overlay materials [234].

9) Keywords: UPV, RH, Compressive Strength

This research deals with estimating the compressive strength of concrete specimen using the 
combined method of UPV and RH tests. The individual test results from UPV or RH methods 
may not be reliable for estimating the compressive strength, as there were different factors 
like aggregate size, curing age and curing conditions that influence the measurements. 
Several concrete samples were casted based on three different mix designs with the targeted 
compressive strengths of 41 MPa, 55 MPa, and 83 MPa. All of the concrete samples were 
cured under laboratory conditions and tested after 28 days curing period. UPV and RH tests 
were performed followed by crushing the cylindrical samples to evaluate the compressive 
strength. Effect of moisture on UPV and RH measurements was studied and the results have 
shown that RH measurements were significantly affected by the moisture in concrete 
specimens. The results from both UPV and RH tests were combined and correlated to the 
measured compressive strength values. This study was focused on creating a correlation 
curve by combining the results from UPV and RH tests and then performing multiple 
regression analysis between UPV, RH and the measured compressive strengths. The accuracy 
of this correlation curves was determined by comparing the estimated compressive strengths 
to the measured compressive strengths [239]. 

10) Keywords: Accelerated Bridge Construction, Precast Deck Panels, Closure Joints,
Damage Detection, IE Testing, Radiographic Testing, GPR, Impulse Response Testing,
UT, Magnetic Flux Leakage Testing, IR Testing

Accelerated Bridge Construction (ABC) is the method for building and rehabilitating bridge 
construction aimed at reducing on-site activities, traffic interruptions and cost. In general, 
ABC uses precast elements for bridge superstructure or substructures which were fabricated 
on site or away, moved to the bridge site and installed in place. Precast concrete deck panels 
were among common elements in ABC superstructures which need to be integrated together 
and with the bridge using closure joints.  Because of in-situ casting of the closure joints 
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therefore there is a potential for defects to occur during construction, or develop later during 
the life of the structure. Despite numerous investigations on NDE in general, a quantitative 
study on the evaluation and selection of the most applicable NDT methods for ABC precast 
concrete deck panels is lacking. The research attempted to introduce a quantitative 
examination and comparison among the most applicable NDT techniques in ABC taking into 
account the expected defects and anomalies associated with precast concrete deck panels. The 
investigation was focused on closure joints as the critical details in a precast concrete deck 
[241].   

11) Keywords: Damage detection, Concrete pavements, Ultrasonic linear array, Quantitative
analysis

This research investigated the effectiveness of shear waves in determining the presence and 
intensity of freeze-thaw damage in concrete pavements. The analysis of individual time-
history data allows for additional transducer-specific information. Preliminary visual 
inspection of these signals showed qualitative differences in signal shapes and trends based 
upon damage levels. The culmination of this analysis was the development of a quantitative 
numerical indicator of the presence of damage in concrete based upon an extensive slab data 
inventory. The results showed promise for the ability to classify concrete pavement 
conditions in a nondestructive, quantitative, and objective manner [249]. 

12) Keywords: CRCP, concrete pavement joints, GPR, UPV

This research presents an evaluation of Continuously Reinforced Concrete Pavement (CRCP) 
transverse cracking near pavement joints. The nature of this cracking was unusual as 
transverse cracking is expected to occur at, not nearby, pavement joints. GPR was employed 
as the primary investigative tool along with UPV to characterize the cracking distress. The 
NDE results, when combined with a review of available pavement construction drawings, 
showed that the pavement cracking resulted from an unreinforced plane of weakness created 
by a single layer of closely-spaced post-installed pavement dowels [250]. 

13) Keywords: Young’s modulus, compressive strength, Poisson’s ratio, early age concrete

Regular strength concrete specimens were tested for Young's modulus (E), Poisson's ratio (v), 

and compressive strength (fc) during 16 of the first 25 days of curing. Results of this testing 
include a refined version of the existing ACI relationship between Young’s modulus and 
compressive strength that is specified to the batch of concrete used. Likewise, a time-
independent Poisson’s ratio of 0.186 (specific to the batch) was found. Further results include 
a moderately accurate relationship between compressive strength and time as well as a loose 

relationship between Young's modulus and time [258].  

14) Keywords: Young’s modulus, compressive strength, Poisson’s ratio, early age concrete

Non-destructive ultrasound tests were applied in order to determine the quality of the 
manufactured concrete specimens; thus, an ultrasound system was proposed that makes it 
possible to pass an acoustic wave through a concrete specimen. This was proposed with the 
purpose of measuring the UPV with which the wave passes in the volume of this material. 
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Therefore, the respective velocities for each of the concrete specimens were measured, thus 
finding a relationship between the UPV and the compressive strength, which finally makes 
possible the evaluation of the manufactured concrete specimens [259]. 

15) Keywords: Ultrasonic guided waves, Reinforced concrete bridge decks, Delamination,
Corrosion, Sensor coupling

This research presented the latest improvements in a recently developed NDT approach for 
early detection of various flaws (corrosion, delamination, and concrete cracking) in RCC 
bridge decks. The proposed method involves the use of internal steel reinforcement as a wave 
guide for transmitting ultrasonic waves through the system and the measurement of leaked 
energy from the surface of the concrete. This research was built upon the progress made in 
the previously published phases of the project and aimed to further explore the capabilities 
and practicality of the proposed NDT method. Specifically, the limits of propagation 
distance, effect of bidirectional reinforcement, methods of attachment and coupling of the 
sensors to the reinforcement and concrete and suggestions for optimal sensor arrays were 
discussed in this research based on the findings from the most recent laboratory tests and 
pilot field tests. The results showed that with careful placement of sensors and data 
interpretation, early stages of localized corrosion and delamination can be detected, even 
when bidirectional and multiple layers of reinforcement were present. For field applications, 
an angled seat made of fast-setting Hydrocal gypsum cement was recommended, and it was 
projected that the optimal angle of attachment is 33 degrees or less from the vertical axis 
[265]. 

16) Keywords: Finite Element Method (FEM), Damage detection, Rebar corrosion

Effective early-stage detection of steel rebar corrosion can significantly reduce maintenance 
costs and enable early-stage repair. In this research, ultrasonic detection of early-stage steel 
rebar corrosion inside concrete was numerically investigated using the Finite Element 
Method (FEM). Commercial FEM software (ABAQUS) was used in all simulation cases. 
Steel rebar was simplified and modeled by a cylindrical structure.  1 MHz ultrasonic elastic 
waves were generated at the interface between rebar and concrete.  Two-dimensional plain 
strain element was adopted in all FE models. Formation of surface rust in rebar was modeled 
by changing material properties and expanding element size in order to simulate the rust 
interface between rebar and concrete and the presence of interfacial stress.  Two types of 
surface rust (corroded regions) were considered. Time domain and frequency domain 
responses of displacement were studied.  From the simulation result, two corrosion 
indicators, baseline (b) and center frequency (fC) were proposed for detecting and quantifying 
corrosion [313]. 
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4.6.  Calibration Standards & UT Codes for Concrete / RCC 

Table.4-8.  Standards for Determination of Longitudinal UPV in Concrete [84]

Country Designated Standard for Concrete Year 

Belgium NBN 15-229 1976

Brazil ABNT 18:04.08.001 1983

Bulgaria BDS 15013-80 1980

China CECS21 2000

Czech Republic CSN 731371 1981 

DDR TGL 33437102 1983

Denmark DS 423.33 1984

Europe EN 12504-4: Part 4 2004 

Germany Draft. Same as ISO/DIS 8047 1983 

India IS 13311-1 1992

Hungary MI 07-3318 1994

International RILEM/NDT 1 1972

International ISO 1920-7 2004

Mexico NOM-C-275-l 986 1986

Poland PN-B-06261 1974

RILEM NDT 1 1972

Romania C-26-72 1972

Russia GOST 17624 1987

Scandinavia NT BUILD 213 1984

Slovak STN 731371 1981

Spain UNE 83-308-86 1986

Sweden SS 137240 1983

United Kingdom BS 1881 Part 203 1986 

USA ASTM C 597 1983 

Venezuela COVENIN 1681-80 1980

Yugoslavia JUS U.Ml.042 1982

Calibration Standards are needed for inspection of concrete/RCC materials: 
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 Material properties had to be specified so that manufacturers can manufacture
material with agreed minimum properties.

 Design engineers need to know the minimum properties so that designs could be
produced with an appropriate factor of safety.

 Insurance organizations need to ensure that the risk of failure of a structure is as low
as possible to minimize insurance claims. The end user of the technology, the general
public, also need to ensure that the technology adapted is safe.

The committee formed to develop the standard involves technical experts from the producers, 
the users and the general public usually represented by a regulatory body. The committee 
may also include representatives from technical societies and from universities. The resulting 
’standard ‘developed by this consensus process is often referred to in contracts between 
organizations to control the quality of work. Standards can play an important role in 
international co-operation when they are used in contracts and treaties for the supply of goods 
and services between one country and another. The growth in international trade has resulted 
in a growth in the need for International Standards, which can be an acceptable compromise 
between different national standards. 

Pulses of longitudinal waves are generated by the ultrasonic transducer that is held in direct 
contact with the surface of the concrete under test [84]. After traversing through the material, 
the waves are received by a second transducer. This common principle is expressed in 
somewhat different way among the standards of various nations. A partial listing of 
standardized methods is provided in (Table.4-8). There are also differences in how the 
standards discuss the factors that affect acoustic velocity in concretes. It is necessary to 
consider all factors and their correlation with physical properties, so that the measurement of 
acoustic velocity is reproducible and exclusively dependent on the properties of the material 
under test [85]. 

4.6.1.  Specifications for Strength Assessment 

Fig.4-21.  Example of Strength versus Velocity Relationship for Estimation of 
Strength of Concrete [37] 

The most common application of UPV measurement is the assessment of concrete strength. 
This is usually carried out with the help of a calibration (or correlation) curve (Fig.4-21), or a 
formula representing the curve, for a given concrete [37]. 
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According to the British standard (BS) [86], at least three cube specimens from each batch 
should be taken in the case of molded specimens for the purpose of generating a calibration 
curve. The pulse velocity should be measured across the cube between the molded faces in 
direct transmission mode. For each specimen, there should be at least three measurements 
spaced between the top and bottom. The variation between the measured transit times of 
single test specimens should be within 5% of the mean value of the three measurements. The 
mean pulse velocity and mean strength obtained from each set of three nominally identical 
test specimens provide the data to construct the calibration curve. A curve produced in this 
way relates only to concretes of identical composition, which are produced, cured and tested 
in a similar way. 

The procedure recommended by the RILEM specification is similar to the British Standard. 

DafStb (German Committee for Structural Concrete) Recommendations states that the 
concrete strength can be assessed within a structure if a calibration curve is experimentally 
established from samples taken from the structure. Specifically, zones of low, medium and 
high pulse velocities should be established within the structure. In these zones, locations 
should be selected where transit time measurements may be performed. Three to five 
individual transit time measurements should be carried out in each location. Cores should 
then be taken from the same locations and tested to obtain the compressive strength. If the 
core diameter is 100 mm, at least three cores should be taken from each zone. If the diameter 
is 50 mm, at least six cores should be taken from each zone. These cylinder strengths should 
then be converted to cube strengths. The related pulse velocities and compressive strengths 
can be plotted in a system of coordinates. A linear function is recommended for the pulse 
velocity versus strength relationship. 

The INDIAN standard could be used to establish: the homogeneity of the concrete, the 
presence of cracks, voids and other imperfections, changes in the structure of the concrete 
which may occur with time, the quality of the concrete in relation to standard requirements, 
the quality of one element of concrete in relation to another and the values of dynamic elastic 
modulus of the concrete. 

According to the Russian GOST standard, the relation between the velocity of ultrasonic 
longitudinal pulses in the concrete and the strength of the concrete can be established for the 
given concrete either in the form of ’pulse velocity v/s strength of concrete ‘or ’transit time 
v/s strength of concrete‘. Standard 200 mm cubes are tested after which the compressive 
strength is determined ultrasonically on the same cubes in the standard, destructive manner. 
The calibration curve is therefore established. Separate relationships should be established for 
each different concrete class. Fifteen cubes should be tested for each class. 

Most of the examined ultrasonic standards were issued more than thirty years ago or earlier. 
This may indicate that no revision is required in ultrasonic testing of concrete. The BS and 
RILEM standards closely resemble each other, although the British standard is lengthier. This 
extra length is due to numerous formulae and tables and detailed explanation. The Slovak 
STN and Russian GOST standards also resemble each other. The reasons for these 
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similarities are probably geographic. The Hungarian specification of 1994, for instance, no 
longer shows any dependence upon the Russian specifications. 

4.7.  Applications in Nuclear Industry 

The service life for most NPPs was chosen to be 30–40 years. However, the economic benefit 
for utilities to extend plant service life (with 60 years or more, total being a quoted target), 
has resulted in delayed construction schedules and/or decommissioning strategies that 
involved the use of containment as a ‘safe store’ for periods of up to 100 years. This means 
that containment buildings and other concrete structures often have to perform for a time 
period significantly greater than their initial service life. Because of the economic benefit for 
extended plant service life, newer plants often have design life of 60 years or more [251]. 
Inspection of Nuclear Power Plants (NPPs) concrete structure presents challenges different 
from  conventional  civil  engineering  structures where wall  thicknesses are in excess of one 
meter; the structures often have increased steel reinforcement density with more complex 
detailing; there can be a number of penetrations or cast-in-place items present and 
accessibility may be limited due to the presence of liners and other components, harsh 
environments or the structures may be located below ground [147]. For determining UPV 
values path length below 2.00 m, 54 KHz frequency transducer is suitable and for path length 
of 2 m and above, 24 KHz frequency transducer is found to be more suitable. 

While designing NPP, both external and internal events should be considered. External events 
include earthquake and severe weather conditions (e.g., floods and tornadoes), as well as 
potential missile impingement (e.g., aircraft attacks). Critical internal events include Loss of 
Coolant Accidents (LOCAs) and high energy line breaks. Other concrete structures such as 
the Reactor Containment Building (RCB), Spent Fuel Pools (SFPs), cooling towers, water 
intake structures, etc. can be important to NPP safety, operation or economics as they provide 
support and shielding functions or they support key operational functions. SFPs are exposed 
to the adverse effects of water (e.g., borated or de-mineralized water), elevated temperatures 
and radiation. Cooling towers, water intake structures and underground structures may be 
susceptible to ageing due to their specific service conditions. Ageing may affect these 
structures’ ability to meet functional and performance requirements. 

Some of the major countries are working towards the ageing management of the NPPs, which 
are described in (Table.4-9). The details are provided in following sub-sections. 
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Table.4-9.  Worldwide Research carried out on Ageing Management of the Nuclear 
Power Plants (NPPs) 

No. Country Name or working 
of the system 

Key features 

1. Austria IAEA Report The report presents result of a Co-ordinated Research 
Programme (CRP) on Management of Ageing of 
Concrete Containment Buildings. 

Ultrasonic 
Tomography 

The research aims at the thickness measurement of 
the concrete slabs with one sided access. 

2. France Different NDE 
techniques 

Various NDT techniques were assessed to evaluate 
the concrete properties and its damages and cracks. 

Different NDE 
techniques 

A synthesis of the mains results obtained with 
classical and non-classical NDE methods has been 
presented. 

3. Germany Different NDE 
techniques 

BAM published a report of different NDT methods 
considering inspection of thick, heavily-reinforced 
NPP concrete 

4. India UPV The test was performed to all the concrete structures 
to assess the concrete integrity. 

5. USA Ultrasonic 
Tomography 

ORNL comparatively evaluated the ability of a 
number of NDE techniques to generate an image of 
the concrete specimens. 

Ultrasonic guided 
wave 

The technique was proposed to detect honeycombs 
and voids around cross tie bars by using the tie bar as 
the waveguide. 

a) Austria

1) Keywords: IAEA, CANDU, PWR, BWR, Ageing degradation

The TECDOC published by International Atomic Energy Agency (IAEA) in 1998 reports on 
the assessment and management of ageing of the major NPP components important to safety. 
In the report, the inspection, monitoring and mitigation of ageing degradation of selected 
components of Canada Deuterium-Uranium (CANDU) reactor, Boiling Water Reactor 
(BWR), Pressurized Water Reactor (PWR) and water moderated, Water Cooled Energy 
Reactor (WWER) plants are published. The target beneficiary of the report consists of 
technical experts from NPPs and regulators. Plant design, manufacturing and technical 
support organizations dealing with specific plant components have been addressed in the 
report. The component addressed in the present report is concrete containment buildings of 
nuclear power plants. The report presents result of a Co-ordinated Research Programme 
(CRP) on Management of Ageing of Concrete Containment Buildings [90]. 

2) Keywords: IAEA, Ultrasonic Tomography, Ageing degradation

The research aims at the thickness measurement of the concrete slabs with one sided access. 
The phase shift superposition technique can be applied to determine the thickness of a 
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concrete slab. The test is performed in a bi-static arrangement by measuring several A-scans 
(20+) with varying distances between the transmitting and the receiving transducer. The 
velocity of sound must be known, e.g., by testing it on a core. For a given assumed thickness 
of the concrete slab, the phase shift for the back face echo in each A-scan is calculated and 
the A-scan time is shifted accordingly and averaged. If true thickness is same, the back face 
reflection is amplified and any scattering is reduced because it appears statistical. By 
calculating the synthetic time shifted average over the range of the expected thickness of the 
specimen, the maximum of the synthetic echo is at the true thickness of the specimen. Using 
an array of approximately 10 transducers, which can act as transmitter and receiver, a large 
number of measurements can be done in a very short time and the calculation can be 
performed. The thickness measurement can only be accurate if the velocity of sound in the 
test object is known [20]. 

b) France

1) Keywords: AE, Locadiff, Energy diffusion, DAET

The national project ’NDT of the containment structures of nuclear plants ‘aimed at studying 
the NDT capable to evaluate the concrete properties and its damages and cracks. This work 
was segmented into two parts. The first consists of developing and selecting the most relevant 
NDE methods in the laboratory to reach these goals. The second part consists of applying the 
selected techniques to two containment structures under pressure. Communication was 
focused on the part of the project that concerns the damage and crack process characterization 
by means of NDT. The tests were carried out in 3 or 4 locations, by bending in order to study 
the cracks ‘generation, their propagation, as well as their opening and closing. The main 
ultrasonic technique developed, concern linear or non-linear acoustic: AE [98], Locadiff [88], 
energy diffusion, surface wave velocity and attenuation, Dynamic Acousto-Elastic Testing 
(DAET)[89]. The recorded data contributed to provide the mapping of the investigated 
parameters, either in volume, in surface or globally. Digital image correlation was an 
important additional asset to validate the coherence of the data. The spatial normalization of 
the data in the specimen space allows proposing algorithms on the combination of the 
experimental data. The test results were presented and they showed the capacity and the 
limits of the evaluation of the volume, surface or global data. A data fusion procedure was 
associated with these results [97]. 

2) Keywords: AE, UT, Electromagnetic, Stress, Thermal damage

In this research, a synthesis of the mains results obtained with classical and non-classical 
NDE methods was presented. This includes electromagnetic techniques such as radar, 
capacitive measurements, resistivity measurements and ultrasonic measurements (IE, UPV – 
in reflection and transmission mode for longitudinal and transverse waves, surface waves, 
diffuse waves, coda wave interferometry, nonlinear acoustics, etc.). The laboratory 
experiments were conducted on slabs 0.5 m x 0.25 m x 0.12 m, for one concrete mix 
formulated to be representative of nuclear containment walls, in different conditions. A series 
of NDE method combinations (using data fusion approach) was performed to solve the 
problem of multiple sensitivity issues. In this research, the results were presented before, 
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during and after a decennial test simulation which involved in increasing the internal pressure 
with air, maintaining its level to 4 bars during two hours and then decreasing back to the 
atmospheric pressure level [246].  

c) Germany

Keywords: LIBS, ASR, UPE, CMP, GPR

BAM published a report [148] that presented the state-of-the art NDT methods considering
inspection of thick, heavily-reinforced NPP concrete cross-sections with respect to:

1. Locating steel reinforcement and identification of its depth
2. Locating tendon ducts and identification of the condition of the grout materials
3. Detection of cracking, voids, delamination and honeycombing in concrete structures
4. Detection of inclusions of different materials or voids adjacent to the concrete side of

the containment liner
5. Methods capable of identification of corrosion occurrence on the concrete side of the

containment liner
6. A short description of Laser Induced Breakdown Spectroscopy (LIBS)

The report provides description on the method’s capability to assess occurrence of concrete 
degradation in the form of ASR or sulfate attack and possible damage due to elevated 
temperature or irradiation exposures. 

Several NDT methods were utilized for nuclear applications in the EU-project CONMOD 
(2002-2005) [149]. The project was part of the Energiforsk Nuclear Concrete research 
programme, with the aim to initiate research and development that will contribute to a safe 
and cost-effective long-term operation of Swedish and Finnish NPPs. In the summary of the 
NDT methods employed during the CONMOD project, the various tests and results carried 
out with each NDT method have been briefly described and one of the methods was UPE. 

The equipment used during the CONMOD project is a UPE 1220 from Spectrum. UPE is 
based on the propagation and reflection of shear waves and in this case with a selectable 
frequency between 33-120 KHz. The array has 4x6 dry-contact transducers in an array 
divided into two groups that can either send or receive ultrasonic waves. 

Measurements were made as single point measurements. In the equipment there is a 
possibility of making several measurements in a line, and get the result presented as a 2D 
image. There is no merging between the single points. If the spacing between each point is 
very dense, it is sometimes possible to detect interfaces as reinforcement and cable ducts. 
Besides locating an object in the structure, the A1120 was also used to find the shear wave 
velocity of the material by a technique called Common Mid-Point (CMP). Tests were 
conducted using CMP, which resulted in the determination of the shear wave velocity of the 
concrete in the tested areas. During these tests it was found that in some areas, it was possible 
to get a reflection from the interfaces between the concrete and the steel liner, indicating that 
there would be an air gap. 

121



By making CMP measurement in the horizontal and vertical directions both, it was concluded 
that irregularities in the surface of the concrete were in a horizontal plane at more or less 
regular intervals. It was also found that it was possible to get reflections from the cable ducts 
in some locations, but was concluded that it would be much easier to get information about 
the location of the cable duct by using GPR. 

BAM has performed measurements at Barsebäck unit 1 reactor with UPE equipment similar 
to the one used during the CONMOD project, but with a modern version. The measurements 
were conducted as several parallel lines, creating a 3D image. The conclusion from the 
measurement was that the surface conditions with the cracks in the outer part and the dense 
reinforcement affected the results negatively. No clear reflections were obtained from depths 
deeper than the outer reinforcement at a depth of 80 mm. Hence it was not possible to detect 
the cable ducts in the measurements. 

In another test, a core was drilled from the inside of the containment, until the steel liner. The 
objective was to see if it was possible to detect this artificial ”void” from the outside of the 
containment by use of UPE and use of a phase evaluation algorithm. The conclusion of this 
test was also that no conclusive results could be obtained, probably also caused by the surface 
near cracks and dense reinforcement. 

Force Technology conduced some preliminary measurements with MIRA equipment at 
Barsebäck unit 1, reactor [150]. 

The conclusion from the trail tests was that the reflections could be obtained from 
reinforcement, cable duct, steel liner and backside. It was however not possible to get all 
reflections with the same setting or in all positions. The spacing of the measurements was 
coarse (up to 250 mm) and in grids, which provided proper results. 

BAM made a more detailed investigation with a similar equipment at Barsebäck unit 1 [105]. 
BAM used a spacing of 25 mm, but did not perform measurements in grid, but only as single 
lines. The reconstructed data mostly show reflections from reinforcement and in a single case 
also from a cable duct. No conclusive reflections were received from the liner or back side. It 
was concluded that the MIRA equipment was not capable of detecting the liner and that the 
measurements in general were matching with the measurements carried out with the UPE 
method. 

d) India

Keywords: NPCIL, UPV, Crack detection, RCC 

In India, Nuclear Power Corporation of India Limited (NPCIL) is the only agency who is 
involved in the Siting, Design, Construction, Commissioning, Operation, Maintenance and 
Decommissioning of the NPPs. NPCIL operates various types of NPPs such as BWRs, 
Pressurized Heavy Water Reactors (PHWRs) and PWRs.  

Reactor and other equipment are housed inside civil structures which are made of reinforced 
concrete. Reinforced concrete structures provide protection to the reactor and other 
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equipment which are housed inside. Civil structures are mainly subjected to different types of 
loads (static, dynamic, wind, seismic etc.) and environmental effects.   

Table.4-10.  Condition Assessment of Vital Civil Structures of Indian Nuclear 
Power Plants (NPPs) 

SI. No Types of Concrete Structures 

1 Reactor Building (RB): Inner Circulation (IC) Wall 

2 Reactor Building (RB): Outer Circulation (OC) Wall 

3 Turbine building

4 Turbine Generator (TG) deck and foundation 

5 Service Building

6 Ventilation Stack

7 D2O Plant 

8 Diesel Generator Building 

9 Control Building

10 Safety Related Pump House (SRPH) 

The operation of NPP is limited to design life or extended life of the plant. However, civil 
structures of NPP are needed beyond the design/extended life till decommissioning.  Hence, 
condition assessment of civil structure is important in assessing the health of the structure till 
decommissioning.  The structures of any PHWR which require safety audit are: Reactor 
Building, Service Building, Control Building, Reactor Auxiliary Building, Service Building 
Annexe, Induced Draught Cooling Towers (IDCT), Ventilation Stack, D2O Upgrading Plant 
Building, Waste Management Plant Building, Turbine Building, Natural Draught Cooling 
Towers (NDCT), Cooling water pump house, Safety related pump house and Fire water 
pump house. The containment structure of reactor building, which houses the nuclear reactor 
components, the primary coolant and moderator system and other auxiliary systems, is the 
most vital structure of any nuclear power plant. The containment structure is required to 
contain the radioactivity release in the event of any postulated Design Basis Accident (DBA) 
so that the level of radiation in the external environment is within the acceptable limits. 
Table.4-10 provides the list of vital NPP civil structures which are considered for condition 
assessment by NDT techniques.  

For assessing the condition of reinforced concrete structure, degradation mechanism of 
concrete and reinforcement needs to be identified.  Table.4-11 provides the list of degradation 
mechanisms possible for reinforced concrete structures. Condition assessment of civil 
structure is performed using various NDT techniques for concrete and reinforcement. One of 
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the important NDT methods for concrete structure is UPV test. UPV test is performed on all 
the concrete structures to assess the concrete integrity.     

The (Table.4-11) provides the assessment programme for main plant civil structures of NPP. 
All the defects are characterized using UPV test. These tests are carried out after every 5 
years for assessment of performance of the concrete structures of each NPP. 

Table.4-11.  Condition Assessment Programme for Civil Structures of Indian 
NPPs 

SI. No. Items/Components Identification of Modes of 
Degradation 

1 ICWall - Surface cracks in
concrete

- Spalling of concrete

- Corrosion of
reinforcement steel

2 OC Wall - Corrosion of
reinforcement steel

- Carbonation,
leaching & cracking
of concrete

3 Turbine Generator (TG) foundation, Component 
Cooling Water Pump House (CCWPH), Stack, 

D2O Upgrading Building, WM Plant, 
Demineralized (DM) Water Plant, Storm Water 

Pump House(SWPH) 

- Corrosion of
reinforcement steel

- Carbonation &
cracking of concrete

- Spalling of concrete

4 Condenser Pit Area - Corrosion of
reinforcement steel

- Carbonation &
cracking of concrete

- Spalling of concrete

e) USA

1) Keywords: RCC, Crack detection, MIRA, B-Scan, SAFT

ORNL comparatively evaluated the ability of a number of NDE techniques to generate an 
image of the volume of 6.5 ft × 5 ft × 10 ft concrete specimens fabricated at the Florida 
Department of Transportation (FDOT) NDE Validation Facility in Gainesville, Florida. 
These test blocks were fabricated to test the ability of various NDE methods to characterize 
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various placements and sizes of rebar as well as simulated cracking and non-consolidation 
flaws. The first version of the ultrasonic linear array device, MIRA [version 1], was one of 7 
different NDE equipment used to characterize the specimens. This work deals with the ability 
of this equipment to determine subsurface characterizations such as reinforcing steel relative 
size, concrete thickness, irregularities, and inclusions using Kirchhoff-based migration 
techniques. The ability of individual SAFT B-Scan cross sections resulting from self-
contained scans are compared with various processing, analysis, and interpretation methods 
using the various features fabricated in the specimens for validation. The performance is 
detailed, especially with respect to the limitations and implications for evaluation of a thicker, 
more heavily reinforced concrete structures [210].  

2) Keywords: Steel-concrete composite, Honeycomb, Void, Ultrasonic Guided Wave, High
Frequency, Attenuation

An ultrasonic guided method is proposed to detect honeycombs and voids around cross tie 
bars by using the tie bar as the waveguide. Guided wave dispersion curves were analyzed for 
the two-layer system (tie bar embedded in concrete). The high order longitudinal mode L(0,8) 
is selected as the working mode due to its lowest attenuation. Ultrasonic attenuation was 
measured on three specimens: a naked bar, a bar embedded in mortar and a bar in concrete. 
Material damping coefficients of the steel bar were calibrated on the naked bar. Three tie bars 
with different bonding conditions in concrete (solid, with honeycomb and void) were tested at 
early age, 7 days and 110 days. The experimental results demonstrated that ultrasonic guided 
wave attenuation can be used to identify internal defect and evaluate the tie bar/concrete 
bonding condition at both early and late ages [229]. 

4.8. Under-Water Applications of Ultrasonic Testing for Concrete 

Structures 

Below the waterline, deterioration of concrete is identified by the presence of cracks, spalls 
and cavities. The major reason of deterioration of concrete is the chemical processes that 
occur in marine environment. Magnesium ions in seawater salt attack concrete by reacting 
with calcium. Sulphate solutions react with tri-calcium aluminate hydrate, which is a normal 
constituent of concrete, forming calcium sulfo-aluminate hydrate. This reaction is 
accompanied by a substantial expansion and causes cracking and spalling of underwater 
concrete structures. Sometimes deterioration is produced by chemical reaction with the 
concrete mass such as the reaction of high alkali cement with minerals in certain aggregates 
[138]. 

Normally in seawater, marine growth takes place on concrete surface. Acid generated by this 
growth also attacks concrete. Also, air and moisture that penetrate the concrete cover cause 
the reinforcing bars to corrode and the swelling of corroded parts can cause the surrounding 
concrete to crack and spall. The Exposure Classes for marine concrete structures 
in different standards are mentioned in Appendix A3 and codes of practice for design and 
specification of marine concrete structures are mentioned in Appendix A4.

Apart from underwater inspection of concrete for maintenance purposes, ultrasonic 
inspection is conducted for new loading conditions, modification or expansion of the 
existing structure and for new constructed structure to ensure that the structure built is 
based on 
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applicable specifications. When such structure is built, the underwater inspection is carried 
out as a requirement. The underwater inspection is required when catastrophic failure of 
concrete structure occurs for example earthquakes, ship collisions, hurricanes and heavy 
floods. 

The most thorough inspection of underwater concrete structures is performed after 
unwatering (or dewatering) the structure. Unwatering, however, is not always possible and 
even if technically possible, it is usually too expensive. This inspection is performed along 
the same guidelines as the inspection of traditional, above-the-water concrete structures. 

Underwater inspection may include the use of one or more divers or a Remotely Operated 
Vehicle (ROV). ROVs used for the types of inspections usually have video cameras, 
ultrasonic transducers and lights installed and are controlled from the surface with little 
participation of a diver. Such inspection can range from a relatively inexpensive system to a 
highly capable and expensive system. The advantage of using ROV systems is that ROVs can 
compensate for the inherent limitations of diver because ROVs can have very deep operating 
depths; long operating duration can repeatedly perform the same mission with no 
performance degradation and can be operated in locations where the water currents and tidal 
conditions make use of divers unsuitable. Disadvantages of using ROV systems are:  

a. ROV inspections are usually expensive because they require large support no matter what
depth of operation the mission requires. Such support consists of power generators, display
monitors, vehicle controllers, cables and spare parts.
b. ROVs are usually less flexible and less reliable.
c. ROV systems tend to have greater maintenance requirements than does the diver system.
d. Video cameras installed on ROVs may distort angles and dimensions and extent of
deterioration or damages when they are not referenced.

The underwater ultrasonic inspection of concrete involves typical ultrasonic equipment, 
though the test specimen is completely submerged in water. The water acts as a coupling 
agent, which aids in the transfer of a signal from the transducer to the structural material 
under testing. Immersion testing is usually performed in a laboratory on relatively small test 
specimens, but actually it is applied to in-situ large structures in the field.  It is possible to 
perform immersion testing on structures using a technique called ponding. This technique 
involves the creation of a layer of water or pond between the specimen and the transducer and 
thus is only applicable to the upper surface of structures or submerged sections of underwater 
structures. There are three types of levels of underwater inspection used to evaluate the 
marine structure. Not only do they are different in the extent of the work needed but also in 
techniques or means by which the task is to be conducted. In planning stage, the level of 
inspection employed for a specific method is specified. The three types of underwater 
inspection [138] are discussed as below: 

 Level I – General visual underwater inspection

 Level II – Close level underwater inspection

 Level III – Highly detailed underwater inspection
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1. Level I – General Visual or Routine Underwater Inspection

It is not required to clean the structure in this method while this level of inspection is
carried out and this makes this level of inspection the most rapid method among all other
inspection levels, but it is less efficient.

2. Level II – Close Level or Detail Underwater Inspection

Cleaning concrete surface prior to or during close level underwater inspection is needed
and this method is employed to detect and specify problems which are covered or hidden
by marine growth. Cleaning is usually applied for critical locations of the structure
because cleaning of the structure takes lots of time. This inspection is more detailed and
directed towards obtaining limited measurements of damaged or deteriorated areas that
may be hidden by marine growth. During this inspection, if there is an apparent damage
to the bridge or any problem is identified to the underwater structure which may
necessitate further investigation, Level III inspection should be carried out.

3. Level III – Highly Detailed Underwater Inspection

Not only is the level III underwater inspection employed to observe hidden damages or
damages that is about to happen but also to specify the homogeneity of the material.
Cleaning the surface of concrete structure or element before the beginning of the
inspection is a must process.

Ultrasonic technique is one of the techniques that are used in the highly detailed underwater 
inspection. It is used to detect and locate discontinuities or flaws and to measure thickness in 
concrete structures. Ultrasonic requires a clean bare surface for accurate results. As presented 
in (Fig.4-22(a)), the top head of the conventional ultrasonic transducer which is used in 
general field is connected to co-axial cable and thus cannot be used in under water condition 
since the connectors are not water proof. Hence, in order to be applied to underwater 
environment, the top head of conventional ultrasonic transducer is directly potted and 
connected with co-axial cable and is made waterproof by the urethane foam and then it is 
reclaimed. Fig.4-22(b) displays the ultrasonic transducer after reclamation [139]. 

 (a)   (b) 

Fig.4-22.  (a) Ultrasonic Sensor before Waterproof, (b) Ultrasonic Sensor after 
Waterproof [139] 
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There are two types of ultrasonic thickness measuring system available for use in underwater 
condition. One type is totally submersible and the diver must record or relay the 
measurements to the surface (Fig.4-23(a)). The second type has a waterproof transducer and 
cable which are carried below water while the electronics and display units remain on the 
surface (Fig.4-23(b)). These assemblies can also be placed inside a waterproof housing and 
be completely submerged [140]. 

(a)        (b) 
Fig.4-23.  (a) Waterproof Ultrasonic Thickness Measuring Device,         
(b) Waterproof Transducer for an Ultrasonic Thickness Measuring Device [140]

There have been immense applications of Ultrasonic technique for inspection of underwater 
civil structures such as platforms and pillars of bridges, sea-links and underwater tunnels for 
transportation. Countries like Malaysia, USA, Indonesia, India and Korea have made some 
development efforts to standardize ultrasonic inspection technique and instrumentation for 
underwater civil structures, as described in (Table.4-12). 

Table.4-12.  Worldwide Research carried out for the Inspection of Underwater 
Civil Structures 

No. Country Name or working of 
the system 

Key features 

1. England Offshore structures A review of the NDT techniques and 
equipment currently used in the North Sea 
area was presented. 

2. India UPV and SONAR ROVs were utilized for underwater 
inspection. 

UPV UPV method was utilized for underwater 
testing of concrete block. 

3. Indonesia Ultrasonic 
Tomography 

The dimension and TOF of concrete 
materials was evaluated using an immersed 
ultrasonic computed tomography imaging 
technique. 

4. Malaysia  Rayleigh waves The effect of water pressure to the 
ultrasonic transducers and propagation of 
ultrasonic waves has been studied. 
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5. South Korea UPV, RH and ANN The methods were utilized for the effective 
maintenance of underwater concrete 
structures. 

6. USA Freeze-thaw damage Experimental program was conducted for 
measuring distributed cracking in 
underwater concrete structures. 

UPV, RH and 
Magnetic rebar locator 

Three commercial instruments for testing 
concrete above water were modified for 
underwater use and evaluated in laboratory 
and field tests. 

a) England

Keywords: Test equipment, North Sea, Water-front structures, Divers, UT 

Regulations have been established by the governments of countries bordering the North Sea 
which require annual inspection of offshore structures. This has resulted in a much more 
intensive use of NDT for underwater inspection than currently exists in the United States. 
This report presents a review of the NDT techniques and equipment currently used in the 
North Sea area and discusses some of the research being conducted in the UK and Norway to 
improve the quality of under-water NDT inspection [256]. 

b) India

1) Keywords: ROVs, Visual inspection, UPV, SONAR

IIT-Madras, Chennai, TN incubated start-up, which provides underwater inspection using 
indigenously manufactured underwater robots, also called ROVs. They span the domains of 
marine robotics, advanced NDT and post-inspection analysis tools. Visual, UPV 
measurements for assessing concrete integrity, UT for metal structures, adequacy of Cathodic 
corrosion protection and acoustic (SONAR) sensors have been planned for integration in the 
next generation of robotic vehicles. Further, they manufacture ROVs with specialized design 
features such as modularity, compactness, portability and high degree of maneuver ability 
that makes them ideal for under-water inspection and survey applications [145].  

2) Keywords: UPV, TOF, A-Scan, B-Scan

NDT of concrete/ RCC is carried out using under-water UT in TR mode, for modern under-
water structures. Conventionally, UPV method is utilized to inspect any concrete structure. It 
has been proposed that ultrasonic imaging method is suitable to assess the concrete structure 
based-on the change in TOF and wave pattern in the B-Scan image, at the location of the 
defect. A concrete block with simulated defects has been inspected, using A-Scan 1-D data 
and 2-D B-Scan image mode, acquired with the help of ultrasonic imaging system developed 
by ED, BARC, Mumbai. It was concluded that there is a distinct change in the TOF, at the 
location of defects and also in the B-Scan image pattern, for the concrete blocks, submerged 
in water. It has been observed that at the place of discontinuities, TOF increases in a concrete 
structure in TR mode [189] 
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c) Indonesia

Keywords: TR mode, Microcontroller, Tomography, TOF, UPV 

The dimension and TOF of concrete materials configuration were evaluated using an 
immersed ultrasonic computed tomography imaging technique. The concrete materials were 
immersed into water bath. Two immersed ultrasonic transducer devices were used with a 
centre frequency of 1 MHz. Both were placed in T-R mode across the object facing each 
other in the line of sight. A microcontroller was used to control the tomography process 
involving translation and rotation movement, computer interfacing, TOF of ultrasonic pulses 
data acquisition and data recording. During the tomography scanning, a sinogram set of 
transmitted frequency at different positions and views were collected. An image 
reconstruction based on summation convolved filtered back-projection was performed. The 
results showed that all samples can be determined and bounded at its holes. Based on the 
image profile, its dimension has an average deviation of 6% with standard gauge 
measurement. The tomography image represented the value of TOF and pulse velocity of 
concrete. These values were compared with those values measured using ASTM C597-02 
[28] standard method and a linear correlation of 98.51% was obtained [144].

d) Malaysia

Keywords: Surface waves, Piezo-ceramic sensor, Wavelet transform, Crack detection 

The effect of water pressure to the ultrasonic transducers and propagation of ultrasonic waves 
used for SHM have been studied. Plain concrete beams were casted with different notch sizes 
to simulate the cracks in the specimens. Surface (Rayleigh) waves were transmitted and 
received using Gel-Coupled Piezo-ceramic sensor (GCP). Discrete wavelet transform was 
adopted to decompose the wave signal into several levels with multiple frequency bands. The 
frequencies of the decomposed levels were classified into low, medium and high frequency 
bands. Root Mean Square Deviation Damage Index (RMSD-DI) was selected to analyze the 
wave data. The results showed that ultrasonic waves were affected by the water pressure and 
improved the signal amplitude. Finally, the medium frequency band was found more 
sensitive to the crack than low and high frequency band for ultrasonic inspection of 
underwater civil structures [141].  

e) South Korea

Keywords: UPV, Rebound hardness, ANN 

Two kinds of NDE techniques (rebound hardness and UPV methods) were investigated for 
the effective maintenance of underwater concrete structures. A new methodology to estimate 
the underwater concrete strengths more effectively, named ”ANN – based concrete strength 
estimation with the combination of rebound hardness and UPV methods” was proposed and 
verified throughout a series of experimental works [146]. 

f) USA

1) Keywords: Freeze-thaw damage, Salt scaling damage, UPV

Experimental program was conducted to evaluate ultrasonic techniques for measuring
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distributed cracking in underwater concrete structures. Distributed cracking is micro-cracking 
and other high porosity regions which generally precede large cracks. An investigation of 
distributed cracking yields information on weaknesses in the material which may ultimately 
lead to major cracking and failure, but also can be used to evaluate distress mechanisms 
which do not necessarily result in large cracks. Distributed cracking in concrete was induced 
by freeze-thaw cycling and salt-scaling. Ultrasonic tests were used to measure changes in 
attenuation, UPV and peak frequency of the ultrasonic waves due to the distributed damage. 
The ultrasonic measurements were correlated with damage observed using optical 
microscopy. It was found that UPV was not very sensitive to changes caused by distributed 
micro-cracking. The change in signal amplitude (a measure of ultrasonic attenuation) on the 
other hand was quite sensitive to changes caused by micro-cracking, although the 
measurements showed considerable scatter. The peak frequency of the ultrasonic signal was 
also quite sensitive to the condition of the concrete. These results can be considered for 
evaluation of concrete structures, in the field [142]. 

2) Keywords: Waterfront facilities, Schmidt hammer, Rebar location, UT

Three commercially available instruments for testing concrete above water were successfully 
modified for underwater use and evaluated in laboratory and field tests. One of the three 
instruments was a magnetic rebar locator that locates rebar in concrete structures and 
measures the amount of concrete cover over the rebar. Another instrument was a Schmidt 
hammer that evaluates the surface hardness of the concrete and obtains a general condition 
assessment. The third instrument evaluated was ultrasonic test equipment that estimates 
compressive strength, detects cracks, and provides a general condition rating of the concrete 
based on sound velocity measurements. Laboratory and field tests did not reveal any 
problems with the fundamental operation of each instrument after they were modified. There 
was a 23% shift in the output data for the Schmidt hammer as a result of the modifications, 

but this shift can be eliminated by designing it for underwater use. The modifications did not 
affect the data from the other two instruments and all of the instruments were easily operated 
by a diver [143].  

4.9.  Different Types of Reinforcement in the Civil Structures 

Recently, Glass Fibre Reinforced Gypsum (GFRG) structures and Textile Reinforced 
Concrete (TRC) structures are also gaining popularity because, the corrosion damage and the 
subsequent high maintenance costs have been the major challenges with the steel reinforced 
concrete. The ever increasing environmental pollution and the rise in emission levels have 
caused serious damage to the lives of millions and millions of people have a major share in 
contributing to this environmental degradation. Therefore, very soon builders, architects and 
designers will be compelled to obsolete construction technologies which are energy intensive 
and that cause a significant rise in pollution levels. Ferro-cement is a construction technology 
that is cost effective, energy efficient and environmentally sound and more appropriate than 
conventional technology products for some of the modern civil structures. The brief 
discussion on the newly developed reinforced concretes has been made in the following 
section. 
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1. GFRG Civil Structures:

Research at Civil Engineering Department of IITM, Chennai, TN has developed 
environment-friendly houses at low cost using pre-fabricated panels, made from waste 
Gypsum. GFRG panel is a relatively new building material which has gained importance 
in the construction sector across the globe. These panels, with the advantage of rapidity, 
sustainability and affordability, have been identified as a potential material to meet the 
increasing demand of housing. GFRG panels, filled with Reinforced Concrete (RC), are 
used in the construction of various structural members such as walls, slabs, staircases, 
parapet walls, etc. The ’GFRG demo building‘, was constructed by IITM, Chennai within 
a month using GFRG panels, which were originally designed by M/S Rapid Building 
systems, Australia.  The IITM research group extended the application of this product to 
the entire building system – including floors, roof, staircases, thus significantly reducing 
the construction cost and time to construct RCC houses. GFRG houses are fire resistant 
up to 1000°C, earthquake resistant, naturally cooled up to 4°C, eco-friendly, water 
resistant and economical. Gypsum is a nontoxic material, which is a waste product of 
fertilizer industry and it is used to make the panels economical and Eco-friendly. Glass 
fiber is used as reinforcing agent which enhances the strength of the panels. Eventually 
the usage of cement is reduced. One cement industry alone accounts for 5% increase in 
CO2 emission. By using GFRG panels cement usage is reduced and thereby reducing 
environmental pollution. Thus, GFRG is the alternate construction material of future 
houses [108]. 

FACT - RCF Building products Ltd (FRBL) has set up a state-of-the-art plant at Kochi, 
India for the manufacturing of Gypsum based building products like load bearing walls 
and wall plaster. Gypsum plaster or Plaster of Paris is produced by heating gypsum to 
about 300°F (150°C). Plasterers often use gypsum to simulate the appearance of surfaces 
of wood, stone, or metal, on movie and theatrical sets for example [109]. 

2. TRC Structures:

TRC is a newly developed composite material that is being utilized in the construction 
industry, across the globe. It comprises of fine-grained high quality cementitious matrix 
and nonmetallic alkali-resistant textile as reinforcement. The reinforcing textile can be of 
alkali resistant glass, carbon, polypropylene, aramid etc, which are economically and/or 
functionally superior to classical steel reinforcement concrete in many applications. The 
textile made of treated coir, bamboo, jute, etc. are also the potential materials for textile 
reinforcement. High corrosion resistance of non-metallic fibers and low self-weight of 
textile allows production of lightweight and thin-walled civil engineering components. 
With excellent material properties, freedom from corrosion, lightness and flexibility, 
textile reinforcements have the potential to transform the construction industry. Another 
significant characteristic of TRC is its enhanced environmental performance as it requires 
approximately 60% less concrete than steel RCC. TRC is one of the major focus areas of 
CSIR-Structural Engineering Research Centre (CSIR-SERC), Chennai, India [252]. 
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3. Ferro-Concrete Structures:

Ferro-cement (also called Ferro-concrete) is the composite of Ferro (Iron) and cement 
(cement mortar). It can be considered as a type of thin walled reinforced concrete 
construction in which small-diameter wire meshes are used uniformly throughout the 
cross-section instead of discretely placed reinforcing bars and in which Portland cement 
mortar is used instead of concrete. In Ferro-cement, wire-meshes are filled-in with cement 
mortar. Using Ferro-cement, a variety of structural elements such as, foundations, walls, 
floors, roofs, shells, odd geometry structures etc. can be fabricated. They are thin walled, 
lightweight, durable and have high degree of impermeability. It combines the properties 
of thin sections and high strength of steel. In addition it needs no formwork or shuttering 
for casting [110]. Ferro-concrete has a history of more than 170 years. The idea of 
impregnating closely spaced wire meshes with rich cement mortar is similar to the Kood 
type of age-old method of walling. In Kood system, bamboo and reeds are tied closely 
together and filled in with a mix of mud and cow dung as a matrix.  It is used in rural 
areas of India. Hence Ferro-cement may be called as a modified form of Kood with 
standardized raw materials, engineering method of construction and reliable structural 
properties. Here the mesh is used in place of bamboo and reeds, and cement mortar 
instead of mud. Ferro-cement in the form of mesh-reinforced cement mortar was used in 
Europe by Mr. J. L. Lambot in France. He constructed a Ferro-cement rowing boat in 
1848, in which reinforcement was in the form of flexible woven wire mat and small size 
bars. Ferro-cement Technology is not new in India and it is already known to the 
engineers and architects. However it is not being considered as an alternative, due to 
various factors. RCC is the preferred option as it is widely adopted, practiced and 
documented through IS codes and others standards. In 2020 in the monsoon, when the 
Uttarakhand (India) cloud burst which caused unprecedented devastation to life, property 
and the environment, a huge potential application was there for Ferro-cement construction 
in providing a lightweight, eco friendly and sustainable building option. One of the main 
points raised after the Uttarakhand monsoon tragedy was that the heavy nature of 
buildings which were not suited to the soft hilly terrain of the Himalayan region. Ferro-
cement can reduce the self weight of the structure itself by about 25% or even more 
depending upon design and other such considerations, while providing the required 
structural strength without compromising on safety and stability of the structure. Ferro-
cement structures by virtue of their higher tensile strength, simplicity in giving any round 
shapes and lower self weight as compared to conventional RCC structures can better 
endure earth quakes, storms, winds, rain and other such natural events which can cause 
harm as well as  loss of life in worst case to the occupant so the buildings. One of the 
major factors is the lack of the IS code of practice for Ferro-cement [106]. 

5. REMARKS AND DISCUSSION

While inspecting concrete and RCC structures, various technologies have been utilized. 
Specific types of flaws such as cracks, voids and other imperfections are mostly detected by 
using UPV method mentioned in IS-13311-1:1992 [49] Indian standard.  This standard 
covers the object, principle, apparatus and test procedure of UPV test method. In addition, 
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influence of test conditions and some general guidance on the interpretation of test results are 
also provided. However, it is quite often the case that access to concrete structures is limited 
to a single side, making traditional UP technique difficult. Also, traditional ultrasonic UPV 
technique does not provide depth information and location of the internal flaws. The UPV 
method is successfully used in T-R mode to mainly detect flaws in concrete, it cannot 
characterize the material. The ultrasonic pulse echo technique enables users to detect flaws 
even when access is limited to a single side. From review, it is observed that the conventional 
method of inspection of concrete using ultrasonics is evolving rapidly. At present instead of 
measuring the UPV and then estimating the health of concrete, structural auditors utilize 
tomography i.e. ultrasonic imaging which provides the internal details and thus the health of 
concrete. Tomography utilizes the array of transducers which provides the multiple scans at a 
time and those multiple scans are reconstructed using techniques like SAFT, SAFT-C, RTM, 
TFM and Iterative Kaczmarz method. The utility of embedded sensors inside the concrete is 
also increasingly popular which are used to predict the concrete strength at early ages. In 
pulse-echo mode, signal filtering is required because of the scattering of transmitted pulses 
that lead to disturbing phenomena such as attenuation and structural noise which is captured 
by transducers in the form of unwanted signals. These unwanted signals or artefacts get 
superimposed with the useful signals received from the discontinuities. Air coupled 
transducers are also used now-a-days for inspection of concrete structures but require high 
frequency signals to detect small size discontinuities. So far, various modifications have been 
made in the basic UPV technique, but still, it is unable to detect the small size cracks due to a 
damage mechanism occurs in the concrete structure at an early age. To measure the small size 
cracks, the frequency of the detecting ultrasonic waves needs to be increased which increases 
the attenuation due to the non-homogeneous nature of concrete. Such sensitivity to the 
frequency of the detecting ultrasonic waves induces a lack of the precision of the UPV 
technique for the early age detection of the damage. AI techniques such as Artificial Neural 
Networks (ANN) are utilized to solve complex problems through the construction of a 
computational model that simulate the human brain. This computational technique helps to 
generate models inspired by the neural structure of intelligent organisms and they acquire 
knowledge through the experience. Through the ANN it is possible to correlate known 
parameters of input, as cement type, density of concrete, age, relation w/c, temperature of 
cure and UPV, with the control parameters (strength of concrete). 

Several researchers have started to extend the capabilities of ultrasonic monitoring by using 
more sensitive data evaluation techniques.  This includes Coda Wave Interferometry (CWI) 
or nonlinear acoustic features. CWI is a very efficient tool for quantifying tiny mechanical 
changes in concrete. Several laboratory experiments have been published in recent years 
showing that ultrasonic monitoring combined with these newly developed sensitive feature 
extraction techniques are very sensitive to stress, temperature, moisture, cracking and any 
material changes in general, even if they are minute or local. The simplicity with which this 
method can be implemented, its high sensitivity, and the limited quantity of instrumentation 
needed, favours its use for the in-situ monitoring of civil engineering structures. A first 
prototype of a 5-channel ultrasound measurement system utilizing CWI based on a Raspberry 
Pi was developed by BAM, Germany. This prototype, called the W-Box due to its initial 
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design, was further developed and improved over the years and is now being used by the 
research unit “CoDA” funded by the German Research Foundation (DFG) to investigate the 
changes in ultrasonic signals using embedded ultrasonic transducers in reinforced concrete 
structures in order to detect changes and damage. Within the project, the system was 
extended to connect to up to 75 ultrasonic transducers, options for temperature and humidity 
measurements were included, automatic data upload and remote control were introduced and 
the system was made more resistant to environmental effects such as rain or high humidity.  

For underwater concrete structures, sometimes inconsistent results have been observed for the 
UPV tests despite significant damage. Such observation is common for the NDT inspection 
of cracks related to the Alkali Silica Reaction (ASR) in underwater concrete structures. This 
inconsistency of the results might be due to filled cracks with ASR gel. This effect is so-
called the bridge effect. Indeed, when the crack interfaces are filled by the ASR gel, 
ultrasonic waves with higher frequencies are required in order to detect the cracking effects. 
Scientists in ORNL are working on the design and development of instruments which can 
examine the meter-thick, heavily reinforced concrete common in nuclear power plants. 
Presently available instruments are unable to image such a meter thick concrete structures 
and also the amount of reinforcement present in the NPPs makes it hard to see through with 
any type of present technology. ORNL is also working with the University of Tennessee to 
build a test wall that develops ASR within months, rather than years, to better understand the 
mechanisms of ASR and fine tune the ultrasonic linear arrays to detect it. This work can be 
applied to all sorts of concrete structures, including bridges, stadiums and dams.  

In view of the above discussion, it has been observed that large number of research 
laboratories around the world have good interest in the design and development of newer 
techniques, newer instrumentation for inspection/viewing of concrete structures using 
ultrasonic techniques and newer reinforce materials. Selection of suitable ultrasonic 
instrumentation, proper transducer, implementation of automation and use of supplementary 
techniques like Thermography and Magnetic assemblies for locating the steel rebars, make an 
impact on the effectiveness of ultrasonic flaw detection for the concrete/RCC structures. 
Routine inspection of civil engineering structures is carried out for large residential buildings, 
civil engineering bridges, big platforms and roads. Ultrasonic inspection technique is 
prominently applied for the critical structures of Nuclear Power Plants, oil-rig platforms, 
railway industry and launching structures in defense and space. 
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APPENDIX 

A1. List of the British Standards Relevant to Concrete Cube Testing 

A1.1 Fresh Concrete:  

 BS EN 12350-1:2009 Sampling  

 BS EN 12350-2:2009 Testing Fresh Concrete, Slump Test  

 BS EN 206-1:2000 Concrete - Specification, Performance, Production and Conformity  

A 1.2 Hard Concrete:  

 BS EN 12390-1:2000 Shape, Dimensions and other Requirements for Specimens and 
Moulds 

 BS EN 12390-2:2009 Making and Curing Specimens for Strength Test  

 BS EN 12390-3:2009 Compression Strength of Test Specimens  

 BS EN 12390-4:2009 Compression Strength Specification of Test Machines  

A2. List of Indian Standards Applicable to Concrete Cube Testing 

IS: 456-2000: Plain and Reinforced Concrete – Code of Practice. BIS, New Delhi 

IS:  10086-1982: Specification for Moulds for use in Testing of Cement and Concrete, BIS. 

IS: 14858-2000: Compression Testing Machine used for testing of Concrete and Mortar 
Requirements, BIS. 

IS: 516-1959: Method of Tests for Strength of Concrete, BIS. 
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A3. Exposure Classes for Marine Concrete Structures in Different Standards 

Country Standard/ 
design code 

Exposure class Description 

USA ACI 318 
(2008) 

C0: Negligible 

C1: Moderate 

C2: Severe 

Concrete dry and protected from 
moisture 
Concrete exposed to moisture, no 
external source of chlorides 
Concrete exposed to moisture, 
and an external source of 
chlorides 

India IS 456 (2000) III: Severe 

IV: Very severe 

V: Extreme 

Concrete completely immersed 
in seawater 
Concrete exposed to coastal 
environment 
Concrete exposed to seawater 
spray 
Surface of members in tidal zone 

Canada CSA A23.1/ 
23.2 (2009) 

C-XL
Exposure to chlorides: C-1 

C-2
C-3

Extreme chloride 
With or without freeze thaw 
With freeze thaw 
Continuously submerged 
concrete exposed to chlorides 
but no freeze thaw 

Europe EN 206-1 
(2013) 

XS1: Exposed to 
airborne salt but not 
in direct contact with 

seawater 
XS2: Permanently 

submerged 
XS3: Tidal, splash and 

spray zone 

Surfaces near to or on the coast 

Parts of marine structures 

Parts of marine structures 

Australia AS 3600 
(2009) 

B-1: Near coastal
B-2: Coastal

B-2: Seawater
C: Seawater

1-50 km from coastline
Up to 1 km from coastline
excluding tidal and splash
zone
Permanently submerged
Tidal and splash zones
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A4. Codes of Practice for Design and Specification of Marine Concrete 
Structures [50] 

A4.1 BS 6349 and Euro codes 

The BS 6349 Maritime works suite of codes provides guidance for a wide range of marine 
structures, including all the typical materials used in their construction. Guidance on the 
loads/actions to be used in the design of marine structures is given in BS 6349-1-2. Annexure 
A of BS 6349-Part 2:2010 provides Ultimate Limit State (ULS) and Serviceability Limit 
State (SLS) partial factors, combination factors and combination formulae for the unique load 
types experienced by marine structures, as these are not given in the Eurocode EN 1990 
series for structural design. Once the design values of the actions have been determined, the 
ULS and SLS are analyzed according to the EN 1990 suite as applicable to the material type. 
For concrete structures, EN 1992 is applicable. 

BS 6349-1-4:2013 provides guidance on materials for marine structures and the requirements 
for plain and reinforced concrete members. It gives prescriptive recommendations for 
durability with reference to the exposure class and design life and includes following 
parameters: 

 Permissible binder types

 Minimum binder contents

 Maximum water/binder ratios

 Minimum concrete cover to the reinforcing steel

 Maximum crack widths

These recommendations provide the most comprehensive prescriptive design methodology 
since they provide guidance on using different cement blends. The code does also allow the 
usage of performance-based design methodologies, but it does not provide much guidance on 
this. 

A4.2 USA Standards 

Various US authorities, such as the American Concrete Institute (ACI), U.S. Army Corps of 
Engineers and the Naval Facilities Engineering Command, have published guidelines and 
specifications for marine structures, but there is no US equivalent to BS 6349. ACI 318-05, 
Building Code Requirements for Structural Concrete and ACI 357R-84, Guide for the Design 
and Construction of Fixed Offshore Concrete Structures, provide prescriptive requirements 
for concrete durability. ACI 357R-84 is more focused on marine structures and stipulates 
appropriate prescriptive requirements. 

A4.3 Australian Standards 

Australian codes applicable to marine structures are AS 4997 Guidelines for the Design of 
Maritime Structures, AS 3600 Concrete Structures and AS 1379 Specification and Supply of 
Concrete. The code requirements are prescriptive and they only provide requirements for 25-
year design life. For longer design life, it is recommended that additional measures are to be 
used, such as corrosion-resistant reinforcement or penetrability-reduction of coatings or 
additives. 
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A4.4 Japanese Guidelines 

The Japan Society of Civil Engineers (JSCE) Guidelines for Design and Guidelines for 
Concrete, Standard Specifications for Concrete Structures-2007, Materials and Construction 
contains some prescriptive requirements based on the exposure class, but they are otherwise 
performance based. The guides provide the basis for a more rational durability design in 
which the most economical concrete mix can be determined. 

A4.5 South African Standards 

The South African standards for concrete design (SANS 10100-1:2000, The Structural Use of 
Concrete, Part 1: Design and SANS 10100-2:2014, The Structural Use of Concrete, Part 2: 
Materials and Execution of Work) provide some prescriptive requirements for marine 
structures. The SANRAL constructs many road bridges in close proximity to the coast, which 
therefore experience marine environment conditions. It is essential to achieve long service 
life and reduce life cycle costs for bridges and SANRAL has developed its own hybrid 
specifications for concrete bridge design. It is based on the durability index tests developed 
by the Universities of Cape Town and the Witwatersrand and it prescribes values of the 
performance indicators required for the exposure classes defined by the Eurocodes, for both 
chloride- and carbonation induced corrosion. 
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