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1 Introduction 

1.1 Description:  

State-of-the-art report summarizing available data and information on non-destructive 
testing methods and technologies for application to nuclear power plant safety-related 
concrete structures. Recommended research for future development or refinement of 
existing methods with specific reference to nuclear power plant concrete structures is 
addressed. 

1.2 Statement of Work 

Inspection of nuclear power plant concrete structures presents challenges different 
from conventional civil engineering structures in that wall thicknesses can be 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. 

The overall objective of this activity is to provide a report that presents the state-of-the 
art of non-destructive testing methods and technologies with respect to inspection of 
thick, heavily-reinforced nuclear power plant concrete cross-sections with respect to:  

• (1) locating steel reinforcement and identification of its cover 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 summary provides information and commentary on the method´s capability to 
assess occurrence of concrete degradation in the form of alkali-silica reactions or 
sulfate attack, and possible damage due to elevated temperature or irradiation 
exposures should be provided. 

1.3 Definition of research need 

As part of the assessment the various methods should be described and categorized 
according to their approach (e.g., acoustic/elastic wave), their applicability/capability 
ranked with respect to the areas of interest identified above, and limitations noted. 
Examples demonstrating applications of the various methods or technologies are to 
be utilized as part of the description and evaluation of the methods and technologies 
and to indicate their capabilities/limitations. Research recommendations are to be 
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provided with respect to short-term (i.e., methods have been successfully utilized), 
medium-term (i.e., methods having good potential but require development), and 
long-term (i.e., methods that require basic research to assess their applicability to 
nuclear power plant concrete structures). To the extent possible, recommendations 
and resource requirements to investigate methods or technologies having high 
potential relative to inspection and assessment of the five areas noted above should 
be provided.  

Most NDE methods were developed for civil structures, such as bridges, roads, 
houses, which have limited thickness and size but are partly standardized. For thick 
concrete structures: dams, bunkers, sluices, foundations, etc. the situation is 
completely different. 

1.4 About the Content 

The main part of the state-of-the-art report is divided into 6 major sections (see 
above), each dedicated to the tasks defined in the statement of work. An introduction 
gives an overwiew about the scope of the work and a summary concludes the report. 

In each of the task-related sections the corresponding literature is listed. A 
comprehensive report describes the NDE methods and their range of application and 
points out the main references. Furthermore it highlights the main statements that 
could be found in the most relevant publications. In each of these chapters 
recommendations are given about the applicability or limitations of the respective 
methods. 

The selection of the best suited testing method or combination of methods depends 
strongly on the type of construction, on the materials and also on the accessibility. 
Before a method can be selected, it is necessary to gather as much information as 
possible. The influencing parameters and the information needed before any 
measurement are provided in tables in the summary section of this report. These 
tables summarize the experiences, outcomes and results of the various case studies, 
measurement campaigns, experiments, which are cited in the comprehensive 
technical sections of this report. Indications (short-, medium, and long term) of the 
time requirements and short discussions related to research needs for the individual 
testing methods are also provided. 
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2 Locating steel reinforcement and identification of    
its cover depth  

2.1 Introduction  

Magnetic and inductive methods are well established and devices became available 
on the market since the 1980ies.  

Several international conferences on NDT in civil-engineering in the 1990ies showed 
techniques including cover depth measurement and bar-sizing in one step, digital data 
assessment, imaging etc. For most of these techniques it remains unclear if or how 
they have been adopted in newly developed devices. Some technologies such as the 
magnetic flux leakage (MFL)-technique for both cover depth and bar-sizing have not 
been developed further. 

The limiting factor of magnetic methods is the limited depth range. Some case studies 
investigated radar for cover depth measurement, e.g. at bored piles for depths of 
more than 10 cm. Radar has been applied as a method for a very precise localization 
of rebars and tendon ducts in a multi layer system in a case study.  

The combination of radar and magnetic methods is a very powerful tool for cover 
depth, rebar location and bar-sizing. Strategies, how to apply both methods in 
combination and software for data assessment and imaging of both methods are of 
great interest for further development.  

2.2 State of the art and existing guidelines and 
recommendations 

British Standard [BS1881-204, 2012] gives “recommendations and describes the 
principles of operation of electromagnetic devices that may be used for estimating the 
position, depth and size of reinforcement buried in concrete”. Devices detecting non-
ferromagnetic metal objects are outside the scope of this standard. Two physical 
principles are described: 

• Eddy-current effects: “Instruments working on this principle operate at 
frequencies above 1 kHz and are thus sensitive to the presence of any 
conducting metal in the vicinity of the search head.” 

•    Magnetic induction: “With covermeters using magnetic induction, a 
multicoil search head is used with a lower operating frequency than the 
eddy current type of device (typically below 90 Hz). … Such instruments are 
less sensitive to non-magnetic materials than those using the eddy current 
principle”. 

To distinguish inductive methods according to their excitation frequency is substantial 
to their ability to detect certain materials. Devices using the eddy-current-effect (high 
excitation frequency) will detect conductive materials, i.e. copper or titan-anodes used 
in cathotic-protection systems. Devices using the ferromagnetic-effect (low excitation 
frequency) will be able to detect conductive materials but will not find non-
ferromagnetic materials. 
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[BS 1881-204, 1988] requires an accuracy “within +/- 5% or +/- 2 mm, whichever is 
greater”. That means an accuracy of +/- 2 mm for measured concrete cover of less 
than 40 mm. Requirements for an accuracy for devices to measure the concrete cover 
are given in Germany in a guideline from Deutscher Betonverein (DBV, German 
Society for Concrete and Construction Technology) [DBV, 2002, 2011]. It is written 
there because in Germany no standard exists concerning the localization of steel 
reinforcement or the measurement of cover depth. But the need for NDT-methods for 
a precise measurement of cover depth occurs from requirements of standards 
concerning 

• Durability of concrete structures 

• Fire protection 

To assure the durability of concrete structures Eurocode requires minimum cover 
depth depending on the exposure class of a structure. To assure an accurate 
measurement of cover depth regulations such as [DBV, 2002, 2011] give 
requirements for the precision of a method without specifying a certain method: 
maximum deviation +/- 1 mm up to 40 mm and +/- 2 mm up to 60 mm cover 
depth. [DBV, 2002, 2011] refers to the guideline B2 from DGZfP (German Society for 
non-destructive testing) which provides basic knowledge about the physical 
background of several methods and additional knowledge how to apply the method 
appropriately. 

Some of the older standard books such as [Malhotra and Carino, 2004] and [Diem, 
1982] give very limited technical information about magnetic or inductive methods. 
The “ZfPBau-Kompendium” from BAM describes four different methods (DC field - 
magnetic force; DC field – stray field; alternating field; eddy-current) and their 
limitations. 

Especially in Germany in the late 1980ies more publications about concrete cover 
measurement can be found in professional journals (i.e. [Schaab et al., 1989], 
[Deichsel and Krell, 1987]). This effect has been launched by the German Standard 
DIN 1045 from 1988 and its focus on durability (with respect to cover measurement) 
and the first Symposium on NDT in civil-engineering (ZfPBau Symposium 1985 in 
Berlin at BAM). At this conference experiences with different cover meters were 
published [Danßmann, 1985], as well as new ideas from research were presented 
([Dobmann et al., 1985], (cover measurement and bar-sizing in one step). Also 
alternatives for the detection of rebars in highly reinforced areas such as induction-
thermography were presented [Hillemeier, 1985]. Induction-thermography and radar 
have also been introduced in [Schaab et al., 1989]. 

The results and the accuracies (from +/- 1 to +/- 4 mm) given in [Deichsel and Krell, 
1987] were obtained from mainly analog devices with a scale and a pointer display. 
These accuracies are quite the same as from days of newly developed devices at the 
beginning of the 1960ies ([Zelger, 1961], +/- 3 mm). Giving practical explanations and 
the main influences for the user of each method [Schaab et al., 1989], deviations were 
quantified for the different devices and uncertainty of the measurements resulting 
from the personnel performing the measurement were provided.  

Experiences with the next generation of cover meters and devices for rebar detection 
– mainly digital and with a lot more features such as data recording, statistics, alarm 
function, imaging – are published in [Flohrer, 2003] and [Flohrer, 2004]. In both 
publications are examples for the use of radar for cover depth measurement. Along 
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the rough surface of bored piles with a concrete cover of more than 10 cm – which is 
beyond the application limit of most inductive magnetic methods – the concrete cover 
has been measured successfully. A combination of a covermeter with a radar-system 
for the improvement of the radar-application has been introduced ten years before 
[Pöpel and Flohrer, 1995].  

The article to be found with the most profound information about inductive and 
magnetic field methods is [Gaydecki et al., 2007]. In its main chapter “Theoretical 
considerations” are: 

•   “Principle of the impedance change of a coil carrying an AC current when a 
metal target is positioned within the flux of the radiating magnetic field” 

Relation between the laws of Ampère, Biot-Savart, Faraday and Lenz 

•    Consideration of permeability and conductivity: 
- change of impedance Z and Q (ratio of the input energy necessary to 
maintain the oscillation divided by the energy lost due to resistance) which is 
a very important parameter for magnetic sensors 
- Explanation why ferromagnetic objects induce current (Is) in the original 
sensor as the current I0 (in contradiction to the law of Lenz)  
This chapter explains in a very profound way the physical basics how 
permeable and conductive objects can be distinguished allowing even the 
detection of corrosion products such as Fe2O3 (permeable but not 
conductive). 

•    Provision of range limitations and its equations 
“The B0-field produced by a a coil falls in intensity  in proportion the inverse 
cube power of the depth z.” 
“The re-radiated magnetic field Bt for a spherical target as measured at the 
coil is proportional to the inverse sixth power of depth.” 

•    Considerations about the excitation frequency.  
f > 1 MHz will rather produce electromagnetic (eddy-current) effects than 
magnetic effects 

•    Comparisons with ultrasonic methods: 
Very detailed quantification of the coefficient of attenuation for ultrasonics 
(US) in case of  

      - Raleigh scattering 

      - Stochastic scattering 

      - Diffuse scattering 

•    Comparison with X-ray methods 

•    Comparisons with radar and microwave methods 
Great ability for imaging using synthetic aperture focusing technique (SAFT) 
(migration); states insensitivity to effects of corrosion (which contradicts [Lai  
et al., 2011]) 
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Main topic in chapter “DC magnetic methods” is: [Gaydecki et al., 2007] 

•   Precise description of the FerroScan-device FS10 (we consider the  
FerroScan more as an AC method with low frequent excitation) 

Main topics in chapter “AC magnetic and types of sensor” are: [Gaydecki et al., 2007] 

•   Explanation and wiring diagram of Q sensor (low Q-value => conductive 
object; high value => permeable object) 

•   off-resonance sensor, heterodyne (beat frequency oscillator) sensor (BFO) 

•   Pulsed eddy current (PEC) systems (explanation and wiring diagram) 
Referring to the MIT-system to evaluate the placement of metal dowel bars in 
concrete pavements [US dept, 2005] 

•   Transmit-Receive sensors (explanation and wiring diagram) 

Chapter 5 of [Gaydecki et al., 2007] “Inductive scan imaging systems in practice” 
presents results of a laboratory-based inductive scanner discriminating between good 
and corroded steel using heterodyne sensor. The results can be imaged. 

Chapter 6 of [Gaydecki et al., 2007] gives detailed equations for depth and 
diameter estimation using a simple power fit for depth. Also layer separation is 
described using a polynominal curve-fitting algorithm-regression [Quek et al., 2002]. 

The chapter “Emerging technologies” refers to a 2D scanner system based entirely on 
solid state technology.  

[Gaydecki et al., 2007] is of great interest for a better understanding - of physical 
basics (that are very rarely published in such a broadness and understandable way) - 
sensor technology (that is normally not presented from producers), imaging 
enhancement, processing, analysis and interpretation. But for most of these 
technologies it remains unclear how they are adopted in current devices available on 
the market.  

This applies also for a technology using eddy current determining concrete cover and 
bar diameter in one measurement [Ricken et al., 1995] presented at NDT-CE 1995. At 
the same conference four further contributions on that matter were presented. All 
contributions are listed below: 

•   [Ricken et al., 1995] report about eddy current sensors with a permanent 
excitation which allows calculating concrete cover and diameter from the 
complex impedance. A new sensor with a coil and an optical position detector 
allowing high definition scanning with imaging of the results was presented. A 
locus diagram with the real part of Z on the x-axis and the imaginary part of Z 
on the y-axis with concrete cover curves dependent on the diameter are 
presented. A regression function for a parameter m (ratio between changes of 
imaginary and real part of Z) has been defined. It has been shown that m is 
linearly connected with the diameter. 

•  [Alldred et al., 1995] present a method to determine the bar diameter 
scanning a rebar sideways across the centre-line of the bar noting the 
position of the maximum signal strength. On both sides of the rebar the 
position is marked at which the signal strength has reduced to half that 
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maximum. Further details are given in an article summarizing six methods for 
bar-sizing [Alldred, 2012]. 

•  [Hentschel et al., 1995] present a magnetic flux leakage (MFL) technique 
developed at Fraunhofer IZFP Saarbrücken that measures and evaluates 
amplitude-locus curve of the magnetic field with the help of a permanent 
magnet yoke. Recording curves with a typical maximum and minimum can be 
interpreted  

    - using the peak-separation (peak-to-peak-distance on the x-axis) as a function 
of the distance 
-  using peak-to-peak-amplitude (Max – Min) as a function of magnetization, 
bar diameter and distance (concrete cover). 
Developing a neural net approach after “training” an average error in 
diameter of 4 % (one steel bar) and 7 % (0, 1, 2, 3 steel bars) could be 
quantified (maximum errors: 19% and 31 %). 

 
•  [Pöpel and Flohrer, 1995] report about the development of combined radar 

and cover meter sensor called “CM-Radar” from HOCHTIEF construction 
company. The assemblage and synchronization of cover meter and radar 
antenna combines the advantage of both methods. Through evaluation it is 
possible to discriminate base metals and non-magnetic (precious) metals. The 
results are presented in radargrams added with a dashed line to mark the 
position of the rebar near the surface. So both – the position of the rebars near 
the surface and the tendon ducts in greater depth – can be displayed. 

•  [Gaydecki et al., 2007] present an early stage of 2D scanning system, but it 
concentrates more on system design and techniques for data visualization. 
Later results are presented in [Gaydecki et al., 2007]. 

Beside the concrete cover, the knowledge about the diameter is of great 
importance. Bar-sizing is present in many articles. As mentioned above [Gaydecki et 
al., 2007] gives in Chapter 6.2 detailed equations for depth and diameter 
estimation using a simple power fit for depth. A very basic article presenting six 
bar-sizing methods which are found wide spread over many articles is contained in 
[Alldred, 1995a]. These six methods are described below: 

•  Method 1: Spacer - Differences; first presented in [Gupta and Tam, 1983] 
“A non-metallic spacer of known thickness is placed between surface of the 
concrete and the measuring face of the cover meter search probe.” A first list 
from readings of the concrete cover is created placing the probe right above 
the rebar and changing the diameters in the device from “8 mm” to “32 mm”. A 
second list is created by repeating these measurements with the spacer in 
between. Then the difference of the reading from “8 mm” with / without spacer 
is calculated. This is repeated for each diameter up to “32 mm”. Only for the 
appropriate diameter the difference will be the same as the thickness of the 
spacer. This method has been adopted from BS 1881-204 (Appendix A) [BS 
1881-204, 1988]. The standard says: “An accuracy of > 20% can be achieved 
for both bar size and indicated cover.” 

•  Method 2: Spacer - Ratio; first presented in [Alldred, 1993] 
In addition to method 1 the ratio of the signals spaced and direct readings is 
calculated and recorded over the “distance-to-centre of bar” value. This relation 
is nearly independent from the bar diameter and has to be done only one time 
for the sensor. At the position of the rebar with unknown cover/diameter the 
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ratio of spaced reading/direct reading (without spacer) is measured (e.g. 
0,009). The graph – established before – delivers a distance-to-centre of the 
bar value (e.g. 38 mm). For each diameter (starting with “8” to “32”) the direct 
reading is displayed in a graph with the related distance-to-centre value minus 
radius (of the rebar). With the graphs shown in [Alldred, 1995a] it is easy to 
understand. 

•   Method 3: Orthogonal - Iterative; first presented in [Tam et al., 1977] 
“Two measurements of signal strength are taken, first with the probe axis 
aligned parallel to the bar, and then with the probe rotated by 90°. Two graphs 
are then used for each orientation, both containing a family of curves of cover 
versus signal strength for every bar diameter. 

•   Method 4: Orthogonal - Ratio; first presented in [Alldred, 1995b] 
As presented in method 2 the ratio of signal strength orthogonal / parallel is 
calculated. “The ratio depends strongly upon the diameter, but is essentially 
independent of cover. 

•   Method 5: Traverse Profile; first presented in [Alldred et al., 1995] 
“The search probe is scanned sideways in a traverse across the centre-line of 
the bar. A note is taken of the (maximum) signal strength when the probe is 
directly over the bar. The concrete surface is marked at the points either side 
at which the signal strength is reduced to half that maximum. The distance 
between these two points is the “width at half-height”. This “profile width” can 
be shown to be a function of the distance from the surface of the concrete to 
the centre of the bar. This “distance to centre” can be read off a signal graph of 
distance versus width.” Then the application is according to method 2. 

•   Method 6: Decay Time Constant; first presented in [Alldred, 1996]  
This method uses the pulse-induction eddy-current metal-detection technique. 
The electronic unit measures the decay time-constant of the signal., “which is a 
function of bar diameter and steel conductivity but independent from cover.” 
“This technique cannot be applied to high-tensile reinforcement, because for 
magnetic steel, the decay time constant is essentially independent of 
diameter.” 

Fig. 1 taken from [Alldred, 1995a] (Table 1) gives a good overview about the six 
described techniques. 
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Fig. 1: Comparison of bar-sizing techniques [Alldred, 1995] 

As alternative to the magnetic or inductive methods described previously the following 
techniques are presented: (the references to all the different overview articles dealing 
with NDT are not given here) 

• Radar (e.g. [Pöpel and Flohrer, 1995], [Flohrer, 2003], [Flohrer, 2004], 
[Gaydecki et al., 2007], [DGZfP, 2008], [Kind and Maierhofer, 2004]). In 
Germany radar is described in the guideline B10 from DGZfP [DGZfP, 2008]. 

• Induction thermography [Hillemeier, 1985], [Arndt et al., 2004] 

• Radiography by X-ray or γ-ray [Gaydecki et al., 2007], [Redmer et al., 2003] 

Applications of these methods are referred to in the following chapters. 

2.2.1 Fields of application 
The fields of application should be subdivided in  

•   applications with a need to localize steel reinforcement 

•   applications with a need to measure the cover depth 

•   applications with a need to specify a certain material or material condition 

 

Fields of application with a need to localize steel reinforcement: 

•    Setting anchors in RC members 
[Taffe et al., 2011a] describes training of test personnel in power plants. They 
have strong need to a very reliable detection of rebars – especially in multi 
layer RC members. A training program is described. The strategy how to mark 
the position of a rebar will be adopted in the Guideline B2 from DGZfP in the 
2013 revision ([DGZfP, 1990] from 1990). 
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•    Coring in case of strengthening RC structures (e.g. external tendon ducts) 
[Kind et al., 2009] presents radar results to mark reliable positions for later 
concrete core taking during strengthening a bridge. From both sides radar 
measurements were taken on a 50 cm thick beam of 3 layers (from each side) 
with a layer of 1) reinforcement near the surface, 2) tendon ducts along the 
beam axis and 3) short prestressed tendon ducts (to enlarge the shear 
stiffness). The position from each of the six layers was printed on a 1:1 
drawing that was fixed on the beam to find the most suitable position for 
coring. 
[Kind and Wöstmann, 2012] reports about the same testing task (coring in 
case of strengthening), but when the penetration depth of radar is exceeded. 
In this case ultrasonic echo measurement with a spacing of 2.5 cm has to be 
carried out. Ultrasonic measurements allow localizing rebars even beneath the 
second layer or in highly reinforced RC structures. The recording time of 
ultrasonics is approx. 10-times higher than radar for the same area. 

•    Reconstruction of the inner structure (e.g. for later static calculations) 
[Stoppel et al., 2011], [Taffe et al., 2011b], [Kurz et al., 2012] describe results 
of an on-site scanning systems that can be mounted on the structure non-
destructively by vacuum. The area of 0.5 x 1.0 m² will be tested by radar, 
ultrasonic and eddy-current. The imaging of the results delivers three 
congruent data cubes and sections that can be displayed at the appropriate 
depth. While eddy-current may reveal the rebars near the surface (including its 
cover colour-coded), radar will reveal tendon ducts down to depths as noted in 
[Taffe et al., 2012]. With ultrasound, tendon ducts in highly reinforced areas, 
depths invisible for radar, and the backwall up to 80 cm can be imaged. With 
this scanning system as-built-drawing can be verified or lost drawings can be 
reconstructed. 

To specify a certain material new hand-held devices so called “multi-detectors” (e.g. 
Bosch D-Tect, Hilti PS 38) have been developed. They allow quick location of rebars 
up to 10 cm (depending on the water-content of the concrete), depth estimation 
(beyond the requirements of [BS 1881-204, 1988] and DBV-Merkblatt [DBV, 2002, 
2011]) and a specification of the type of object to be detected as ferromagnetic, non-
ferromagnetic, non-metal object, or wiring (usually with 50-Hz-current). Details how 
different materials (permeable or conductive) can be descrimated are given in 
[Gaydecki et al., 2007] (see above). 

Also the material condition can be deduced. As mentioned above [Gaydecki et al., 
2007] provides the physical basics and gives results to discriminate good steel from 
corroded steel. 

Fields of application with a need to measure the cover depth: 

•    Minimum cover (including statistical assessment) of the first layer to assure 
and the durability. This is a standard testing task. Many articles quantify 
uncertainties and report about influence quantities that may affect the 
correctness of the results etc. (e.g. [Schaab et al., 1989], [Deichsel and Krell, 
1987], [Zelger, 1961], [Flohrer, 2003], [Flohrer, 2004], [Gaydecki et al., 2007]) 

•    Minimum cover (including statistical assessment) of the load bearing 
reinforcement layer to assure fire protection. The requirements for precision 
are the same as in the case of durability. In case of fire protection the rebars of 
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interest may be located behind the 1st layer. Limitations of the inductive 
methods concerning rebar congestion have to be taken into account. 

•    Statistical assessment of the cover depth of the load bearing reinforcement to 
calculate load bearing capacity. Statistical assessment of the measured cover 
depth to assure sufficient cover depth in the sense of Eurocode (5%-quantile) 
is regulated in [DBV, 2011]. 

As mentioned in the previous paragraph, British Standard [BS 1881-204, 1988] gives 
detailed information about applications for electromagnetic covermeters: 

a)  quality control, to ensure correct location and cover to reinforcing bars after 
concrete placement; 

b)   investigation of concrete members for which records are not available or need 
to be checked; 

c) Location of reinforcement as a preliminary to some other form of testing in 
which reinforcement should be avoided or its nature taken into account, e.g. 
extraction of cores, ultrasonic pulse velocity measurement or “near-to-
surface”-methods; 

d) location of buried ferromagnetic objects other than reinforcement, e.g. water 
pipes, steel joists, lighting conduits. 

2.3 Overview of Methods  

The following methods are considered to be standard methods: 

1.    Inductive method with low frequency excitation 

2.    Inductive method with high frequency excitation (eddy-current) 

3.    Radar (e.g. [Pöpel and Flohrer, 1995], [Flohrer, 2003], [Flohrer, 2004], 
[Gaydecki et al., 2007], [DGZfP, 2008], [Kind and Maierhofer, 2004]) 

These methods allow localization of reinforcement and the measurement of cover 
depth from the physical point of view, but they are only applied in very special cases: 

4.  Ultrasonic [Kind and Wöstmann, 2012] 

5.  Active thermography [Hillemeier, 1985], [Arndt et al., 2004] 

6.  Radiography (multi-angle technique) [Gaydecki et al., 2007], [Redmer et al., 
2003] 

7.  Magnetic Flux Leakage [Hentschel et al., 1995] 

2.4 Conclusions 

Magnetic and inductive methods are well established since the 1980ies when cover 
depth became an issue for durability and devices became available on the market. 
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Most publications concentrate on a very simple description of the physical basics 
often being very imprecise and not distinguishing the different effects (ferromagnetic 
and eddy-current) used by different excitation frequency. The very basic article from 
[Gaydecki 2007] gives the physical basics to understand both effects. Once available 
on the market the inner technology of the devices for cover depth measurement or 
bar-sizing remains secret with no basic information to be published. 

In the 1990ies at several international conferences on NDT in Civil-Engineering (NDT-
CE, Structural Faults & Repair) different techniques including cover depth 
measurement and bar-sizing in one step, digital data assessment, imaging etc. have 
been published. For most of these techniques it remains unclear if or how they have 
been adopted in newly developed devices. In some papers the authors assume which 
technology could be included in which device (e.g. [Alldred, 1995]). Some 
technologies such as the MFL-technique for both cover depth and bar-sizing 
([Hentschel, 1995]) seem not have been developed further. 

The limiting factor of magnetic methods in the limited depth range explained in 
[Gaydecki, 2007] : “The B-field produced by a coil falls in intensity in proportion to the 
inverse cube power of the depth z. …The re-radiated magnetic field Bt for a spherical 
target as measured at the coil is proportional to the inverse sixth power of depth.” Due 
to that fact, radar has been established as the most used alternative method 
(compared to induction thermography or X-ray). Some case studies ([Flohrer, 2004]) 
present radar for cover depth measurement, e.g. at bored piles for depths of more 
than 10 cm. [Kind, 2009] presents radar as a method for a very precise localization of 
rebars and tendon ducts in a multi layer system in case of bridge strengthening. 
Radar can be supported by the use of ultrasonics as presented in ([Kind, 2012]) for 
precise localization of the lateral position. [Streicher et al., 2010] furnish the proof that 
cover depth measurement is possible with an uncertainty of measurement of approx. 
2,5 mm in case of 50 mm cover depth. 

The combination of radar and magnetic methods – mentioned already in the 1980ies 
– is still a very powerful tool for cover depth, rebar location and bar-sizing. Separate 
devices exist; strategies how to apply both methods in combination and software for 
data assessment and imaging of both methods are of great interest for further 
development. It may be assumed that the product policy of producers will follow and 
products are under development. 

2.5 Research Needs  

The research needs are pointed out according to the methods mentioned in the 
previous paragraphs: 

1. Inductive method with low frequency excitation 

2. Inductive method with high frequency excitation (eddy-current) 

3. Radar  

4. Ultrasonic 

5. Active thermography 

6. Radiography (multi-angle technique) 

7. Magnetic Flux Leakage 
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For the already established methods (1, 2 commercial devices available) a 
comprehensive validation has to be carried out, the same applies to a limited extent 
for method 3. For 3, 4 and 7 research effort is strongly required for thick concrete 
members and/or reinforcement in greater depths. 5 and 6 are only applicable under 
very specific conditions. 5 is only applicable near the surface and 6 if accessability 
from both sides is given and if the thickness is limited. For 6 (e.g. Betatron) a 
minimum of 1 hour of application is needed for thicknesses >1m. 
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3 Locating tendon ducts and identification of the     
condition of the grout materials  

3.1 Introduction  

The investigation of post-tensioned reinforcement in terms of their location and 
grouting is one of the very important and fascinating testing problems for concrete 
structures. Several methods have been investigated to detect grouting faults in post-
tensioned tendons.  

NDT methods based on elastic wave propagation such as ultrasonic waves [IAEA 
2002], .[Abraham et al., 2002], [Patent, 2006]. [Krause et al., 2002], [Kroggel 2002], 
[Große et al., 2007] or impact echo [Colla et al, 1999], [Alver et al 2006], also in 
combination with laser interferrometry [Abraham et al., 2009] have proven to be 
successful for locating defects as grouting faults: The propagating elastic waves are 
almost 100% reflected when reaching the interface between a steel (tendon duct) and 
air (instead of grout). Promising results have been achieved through measurements 
applying dry coupling elastic shear (transversal) wave arrays [Samokrutov et al.], [Del 
la Haza et al, 2008], 

Much progress was achieved in the past two decades including multidisciplinary 
research and automation. This includes large area measuring. The progress of 
research and development bases on: 

• Measurement and evaluation of large scale test specimens applying 
automated equipment 

• Application to large scale post-tensioned test specimens   

• NDT-Data reconstruction calculation for visualisation of results  

• Modelling of elastic wave propagation for better understanding of effects. 

Radiography can detect corrosion in PT-tendons [Krause et al., 2008], but the safety 
concerns and high costs have limited the use [Show et al. 1997]. Scheel & Hillemeier 
(1997) and Walter et al. use remnant magnetism for detection of broken wires in 
tendon ducts. Acoustic emission has been used in some cases to report time and 
location of wire break [Yom et al. 2005]. Void detection has been analysed with 
ground penetrating radar (GPR) by [Conner et al. (2006) and Pollock et al. 2008]. 
Pollock et al (2008) have also reported about thermal imaging for void detection in a 
prestressed concrete bridge. The application of the methods is in an intermediate 
state between: practical application, validation, writing of recommendations and 
guidelines, even standards for certain methods, research for more reliable methods 
and development of automated methods for fast application. 

3.2 State of the art, existing guidelines and recommendations 

Several groups of experts have been working on this topic: ACI 228, COFREND, 
CONMOD, DGZfP (German Society for NDT), through its Technical Committee NDT-
CE with its subcommittees and recommendations for acoustic methods, impact-echo, 
radar, radiography, quality assurance, training and education [DGZfP, 2010], COST 
Materials Action 534, dealing with Impact-Echo. The material published by these 
groups is considered for the present text as far as possible. 
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Recommendation for non-destructive testing of tendon ducts is given in the following 
publications: 

Germany 

DGZfP Leaflet B4: Ultrasonic Echo for nondestructive testing of mineral materials and 
construction elements (in German: Ultraschallverfahren zur Zerstörungsfreien Prüfung 
mineralischer Baustoffe und Bauteile), 1999, update ongoing. 

DGZfP Leaflet B11: Application of the impact echo method to nondestructive testing 
of concrete construction elements (in German: Impakt-Echo-Verfahrens zur 
Zerstörungsfreien Prüfung von Betonbauteilen), available in the online shop under: 
http://www.dgzfp.de/ 

United Kingdom 
Highway advice notes: Design Manual for roads and bridges, Volume 3 Inspection 
and maintenance, Section 1 Inspection, Part 3: Post-tensioned concrete bridges, 
Planning organization and methods for carrying special inspections (1993), free 
download from: 

http://www.dft.gov.uk/ha/standards/dmrb/vol3/section1/ba5093.pdf 

EUROPE 
The European Commission is funding projects in its framework programs. Only few 
projects have focused on tendon duct detection in NPPs. Example is the project 
CONMOD, focusing on FEM combined with NDT for condition assessment and 
resulting in recommendations for seismic monitoring of the containment. CONMOD 
has demonstrated that defects or unknown detailing introduced during construction 
stage can cause more critical defects than classical ageing [CONMOD 2004]. 
CONMOD reported about changing humidity across the concrete containment and 
good results of ultrasonic testing in transmission mode indicating good bond between 
liner and concrete in the Swedish containment type (steel liner covered with concrete 
layers from both sides). 

3.2.1 Fields of application 
According to Naus (2007) and personnel information by Dr. Naus (2012), current 
NPPs use ungrouted prestressing tendons contained in conduits having diameters of 
127 mm or more, in the U.S. The tendons are oriented vertically (diagonally) and 
horizontally (hoop tendons) in the containment wall approximately in the middle axis 
of the containment wall (see Figure 3-1 and Figure 3-2). The containment wall 
consists of the external concrete layer up to 1,70 m (mostly between 1.0 m to 1.3 m) 
with an inner steel liner (¼”(6,3 mm) to 3/8“(9,5 mm)) [Naus, 2012]. 
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Figure 3-1. Appearance of the typical RC- and 
PT-concrete containment in the US-American 
nuclear industry 
Source: Strategic program Concrete (EPRI), 
http://mydocs.epri.com/docs/TI/frontPage_pdf/1
023473.Concrete.pdf  

Figure 3-2. Decommissioning of a  
nuclear plant, the containment shown  
in the picture is half deconstructed 
Source: http://www.nrc.gov/reading-rm/ 
photo-gallery/index.cfm?&cat=Nuclear_ 
Reactors, cited in 
www.de.wikipedia/containment 

 

In the past, post-tensioning tendons of 35 American NPP´s containments made of 
post-tensioned concrete were not grouted. This enables the owner to inspect the 
tendon systems and to exchange them if necessary. In future plants grouting may be 
utilized. This chapter presents the current state of the art in non-NPP-applications 
from laboratory testing and application to transport infrastructure. Publications about 
nondestructive testing and inspection capabilities in the nuclear industry are rare. In 
principle there are three fields of application for general civil engineering structures:  

• regular inspection post-tensioned structures,  
• quality assurance of repair,  
• quality assurance of new structures.  

Grouting faults are appearing in all applications of tendon ducts, and there are many 
structures with large areas of ungrouted ducts [FDoT, 2003], [Eichinger et al, 2000]. 
Examples of analysis of containments during or after demolition, as the authors know, 
are not available. The regular damage assessment of (prestressed or post-tensioned) 
bridges, which are planned to be demolished is a very important activity in this field 
[Vogel, 2002]. Following a technical report of the Concrete Society of the United 
Kingdom about 30 % of the post-tensioned concrete structures suffer from voids or 
have ungrouted tendons [Concrete Society, 2002]. 

Many developed countries are active in the field of NDT-research. For instance, in 
Germany application of advanced NDT is part of Maintenance of Engineering 
Structures (BMS, Bauwerk-Management System) of Bundesanstalt für Straßenwesen 
(BASt, Federal Highway Research Institute). All state owned bridges are regularly 
inspected following the standard DIN 1076 (inspection interval 3 years and 6 years 
(general inspection). If there are some abnormalities, which cannot be classified 
easily, a so called OSA (Objektbezogene Schadensanalyse, Structure related 
Damage Analysis) [BASt, 2010] is scheduled. In an OSA, NDT-CE-methods are 
applied by engineering offices or research institutes.  
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3.3 Overview of Methods  

In the following methods for the condition assessment of metallic tendon ducts are 
described and evaluated regarding their potential for the required investigations as 
described above. The information given here in the chapters 3.3 to 3.8 are based on a 
recently published review paper [Krause2012]. This was extended by recent research 
findings and experiences in this area with respect to the given tasks. 

Radiography with X-rays and Gamma-Radiation (see chapter 3.4) 

Methods with elastic (stress) waves, including impact-echo and ultrasonic 
methods (see chapter 3.5).  

There is a wide variety of techniques and variations that will be described in more 
detail in the following chapters. We divide mechanical wave methods into Impact-
Echo and Ultrasonic methods. Impact-Echo was the first mechanical wave method 
which was widely applied at concrete structures for testing the grouting of post-
tensioned tendon ducts.  

The analysis of echoes of low frequency ultrasound is especially qualified for tendon 
duct void detection, thus an extra chapter is dedicated to this method although it 
belongs to the family of stress waves. Thus section 3.6 is dedicated to this subject. 

Ultrasonic Methods (see chapter 3.7) 

The development of broadband low-frequency ultrasonic (US) transducers and 
imaging techniques since the 1990-ties, enable application of the ultrasonic-echo 
technique to concrete structures. The US-techniques include ultrasonic through 
transmission and ultrasonic echo. They are related to modeling and reconstruction 
techniques, which we can mention only briefly in this state of the art. 

Other methods (see chapter 3.8) 

Impulse radar, which can be used for plastic ducts (see chapter 3.8.1). 

Active infrared thermography (see chapter 3.8.2) 

3.4 Radiography with X- and Gamma-Radiation 

High energy electromagnetic waves have been already applied to civil engineering 
structures since the nineteen-thirties for investigating welded joints. It is obvious that 
the best state-of-the-art technical solutions are always applied to post-tensioned 
concrete structures in order to achieve a contrast between grouted and voided 
regions. Gamma - (γ) radiography is sometimes used as reference method in addition 
to mechanical waves. 

3.4.1 X-rays 
Radiography with X-rays was already carried out in the thirties of last century for 
testing steel structures [Bray 2000]. However to investigate tendon ducts in concrete 
structures, the penetration depth of the X-rays has to be large enough. This means 
energy of 320 keV and more for 20 cm thick concrete elements. For higher energy 
linear and circular accelerators are used with X-ray energy between 2 and 6 MeV.  

With linear accelerators, even thicker concrete elements can be tested with  
γ-radiography. Since the source can easily be switched on and off the application is 
somewhere easier than the handling of the radiation sources. Applications to concrete 
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bridges, which were around 1 m thick, are described in France [Duffay and Piccardi, 
1985], [Lanneau, 1993].  

3.4.2 Gamma-Radiation 
The application of γ-radiography is performed in several modifications. There are two 
typical types of sources: Iridium 192 (up to 38 cm concrete) and Cobalt 60 (typically 
up to 60 cm concrete). The sensors are films or imaging plates. Guidelines are 
published e.g. in Germany [DGZfP, 1990] and France [AFNOR, 2011] or by 
international bodies [IAEA, 2002].  

The capability of Cobalt 60 sources is demonstrated at specimens constructed at 
BAM and LCPC Lyon (Figures 3-3 to 3-5) ([Roenelle and Abraham, 2006], [Taffe et 
al., 2003], [Krause et al., 2008]).  

3.5 Echo Methods with mechanical waves 

The acoustic echo methods are divided into impact-echo and ultrasonic echo. Both 
can principally be used for point measurement. Equipment and evaluation software is 
available for this purpose furnished by different manufacturers. These methods are 
briefly described. Imaging methods are in the intermediate state between 
development and application. Several examples for testing specimens and post-
tensioned concrete structures are described. 

3.5.1 Impact-echo  
Impact-echo is a mechanical wave method based on analysis of the multiple 
reflections after a mechanical impact and their evaluation in the frequency mode after 
Fast Fourier Transform, FFT, of the time signal. In laboratory tests, the impact-echo 
method was applied to a concrete specimen containing grouted and ungrouted tendon 
ducts (diameter 41 mm), see Figure 3-3. 

Concerning the assessment of this method for tendon ducts opinions slightly differ. 
The method was standardised in USA in 1986 and there are manufacturers and 
publications who certify a good reliability for localizing grouting faults in tendon ducts 
by point evaluation [Sansalone and Streett, 1997], [Lin and Lin, 1997]. Other authors 
deduced after thorough studies that this is only possible applying imaging evaluation 
[Lausch et al., 2002], [Große et al., 2007]. One of the reasons is appearance of 
disturbing effects caused by the geometry of the specimen. In recent years, 
applications working with point evaluation for tendon ducts presented at international 
conferences became irrelevant, whereas numerous imaging results were presented 
[Wiggenhauser and Schickert, 2003], [Al Qadi and Washer, 2006].   

  
Figure 3-3. Result of Impact-Echo point measurement for a specimen (thickness 0.25 m) 
containing tendon ducts (diameter 41 mm) [Algernon, 2007] 
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There are impressive results for measurement and evaluation of large building 
elements with imaging impact echo ([Tinkey et al, 2005], [Abraham and Cote, 2002], 
[Colla et al, 1999], [Maierhofer et al, 2004]). Two examples of scanning devices are 
depicted in Figure 3-4 and Figure 3-5. The first is an application of an impact-echo 
system mounted on an automated pneumatic scanning system, the second is an 
impact echo scanning device with a rolling transducer assembly incorporating multiple 
sensors.  

 

 

 

Figure 3-4. Automated pneumatic scanning 
device with IE applied on a test specimen 
(after [Lausch et al, 2002]) 

Figure 3-5. Impact Echo scanning device   
with rolling transducer (after [Tinkey  
et al, 2005]) 

 

Also microphones are applied for non-contact measurement [Zhu and Popovics, 
2007].  Some examples are cited in the next sections. Laser interferometers are also 
under study having the advantage of being very large frequency band sensors 
([Abraham et al, 2009], [Abraham and Popovics, 2010]). Their main disadvantage is 
that they often require surface preparation. 

Another approach of evaluating Impact Echo data is in discussion since several years. 
It is based on the assumption of higher frequency modes after impact excitation. It is 
named Stack Imaging of Spectral Amplitudes Based on Impact-Echo (SIBIE [Ata et al, 
2007]).  

There are different approaches to explain the origin of multiple reflections after 
mechanical impact in concrete. The easiest explanation is the appearances of 
resonant multiple reflections at a plane reflector, which are analysed by Fourier 
transform techniques. But this method needs correction factors for different 
geometrical shape of concrete elements [Sansalone and Streett, 1997].  

Gibson and Popovics (2005) have analysed the multiple reflections after impact 
excitation as guided waves (Lamb waves). In slab like components the resonant wave 
is explained as a resonance of the mode S1 of a symmetric Lamb wave. Thus the 
calibration factor (ß=0.96) as introduced by Sansalone and Streett (1997) for the 
resonance frequency of slabs is not necessary.  

In the simplest way the wave velocity can be measured from a point of known 
thickness of the slab. When it is not possible, the velocity must be validated at cores, 
for example. If the elements have a differing geometry, other wave modes can occur 
(e.g. dilatational waves) and conversion factors must be applied. These factors 
depend on Poisson´s ratio. For surface waves other effects have to be considered. 
This has less importance for localizing grouting faults, thus these aspects are not 
discussed in detail in this overview. 
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The criteria for distinguishing between grouted and non-grouted tendon ducts are 
described differently in the literature. There are two main criteria: 

1.  Change in the multiple reflection frequency between concrete/air and 
concrete/steel interfaces.  

2.   Shift of the back wall echo frequency to lower frequency when the duct is 
ungrouted. 

3.5.2 Point and Linear Measurement and evaluation  
In reality the impact echo signal often is superimposed by disturbing signals caused 
by geometry. Additionally impact echo theory only works properly for plane reflectors. 
Cylindrical targets such as tendon ducts and even unstructured targets such as 
honeycombing can lead to different behaviour of multiple reflections. The clearness of 
the signals mainly depends on the ratio between depth and diameter of the target. 
Following [Sansalone and Streett, 1997], ducts can be measured until a ratio of 3, 
other authors describe the difficulties, but don’t consider it as realistic to deduce an 
exact limit ([Lausch et al, 2002], [Große et al, 2007]). 

3.5.3  Impact-Echo imaging 
In applying point-measuring methods in a way that several data points are collected 
along a line, imaging techniques can be used. This method is improved into a 
scanning test method to visualize test results as an Impact-Echogram, similar to a  
B-scan in ultrasonic pulse echo or a GPR radargram. The amplitude of the frequency 
power spectrum is displayed as colour coded or in greyscale over the position of the 
measurements and frequency like shown in Figure 3-6 ([Colla et al, 1999], [Große  
et al, 2007]).   

With automated testing in dense measurement grids Impact-Echo can provide very 
detailed images of the thickness of a concrete slab. When scanning is extended to a 
2-dimensional grid (Figure 3-6), IE-results can be shown as 3-D images as shown in 
Figure 3-7. 

 

      

 

 

Figure 3-6. Principle of Impact-echo Figure 3-7. Imaging of IE results of the Large 
imaging (BAM). Concrete Slab at BAM, Berlin. 
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Usually impact-echo imaging of ducts works indirectly. This is demonstrated in Figure 
3-8 and Figure 3-9, where the shift of the resonance frequency of the back wall signal 
is clearly visible. As mentioned above, several effects influence the shift of the back 
wall echo: diameter, grouting condition, stiffness, concrete cover, position in the 
concrete slab ([Lausch et al, 2002], [Wiggenhauser, 2003], [Grosse et al, 2007], see 
Figure 3-10).  

 

 
 

Figure 3-8. Impact echogram of concrete Figure 3-9. Specimen with three tendon 
specimen with tendon ducts (grouted ducts, different concrete cover and grouting 
and ungrouted without strands). condition [Lausch et al, 2002]. 

 
Figure 3-10. Impact echo imaging of tendon duct with artificial voids: a) plan, b) Impact 
echogramm (longitudinal section above duct, B-scan; backwall echo 6.16 kHz, shifted 
backwall echo around ducts., c) Depth section for shifted backwall echo (5.63 kHz) [Grosse  
et al, 2007]. 
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In a systematic study performed on a test specimen under laboratory condition it was 
shown that non-grouted and grouted areas can be indicated by impact echo imaging. 
This is demonstrated in Figure 3-10. The built in grouting faults are depicted in part a) 
of the figure. Part b) shows the impact-echo B-scan. The different shift of the back wall 
resonance below the duct is clearly visible. Apparently regions having a stronger shift 
correspond to voids in the tendon duct. Regarding the impact-echo c-scan in Figure 
3-10 c), the ungrouted areas are imaged in the correspondent depth section 
[Maierhofer et al, 2004], [Wiggenhauser et al, 2007]).  

Another approach to measure and image the shift of the back wall echo is to use a 
laser interferometer as a receiver. This was applied at a test slab with various tendon 
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ducts, - filled and empty - together with an empty thick steel pipe, which is only  
0.25 m thick. The source is maintained at a fix distance from the wall with a wheel so 
that the impact is reproducible. The presence of empty tendon duct sections was 
clearly seen on the C-SCAN at a frequency near the impact-echo thickness 
resonance frequency ([Abraham et al, 2010], [Abraham et al, 2010]). 

Experimental studies about void indications by the shift of back wall echo also were 
also performed applying the impact echo scanner described above (see Figure 3-5). 
An example is shown in Figure 3-11. It demonstrates that the back wall echo shows a 
smaller increase of apparent thickness over a well-grouted steel duct and a more 
significant increase of apparent thickness over empty and partially grouted ducts 
[Tinkey and Olson, 2008]. These experiments were carried out on concrete 
specimens with conduits but without strands. 

 

 
Figure 3-11. Result of impact echo scanning experiment of a specimen with a thickness of  
0.2 m. Vizualisation of actual thickness indicated corresponding to the colour scale [Tinkey 
and Olson, 2008]. 
 

On-site investigations with impact-echo on concrete structures up to a thickness of 
83 cm show, that the back wall of these concrete structures could be reliably 
detected. The localization of tendon ducts and the assessment of the grouting 
conditions at the tendon ducts of the bridges are often difficult. As shown at the 
example of results in Figure 3-12, the lateral position of tendon ducts could be 
determined by an apparent increase of the measured thickness of a slab of the 
structure during on-site measurements. 

In Figure 3-12, two images of an impact echo data set are shown as results of 
measurements on a deck of a box girder bridge. On the right side a B-scan projection 
is presented. The backside, which is partially not parallel to the surface, is clearly 
visible at a frequency of approximately 9 kHz. This frequency is equivalent to the 
thickness in the middle of the deck (approx. 24 cm). On the left side of this figure a C-
scan (slice parallel to the surface) in the depth of the backside is shown. The lateral 
positions of the tendon ducts are clearly visible from y = 3.7 m to y = 5.4 m as 
displacements of the backside reflection. A drainage pipe causes high intensity 
between the tendon ducts nos. 5 and 6. At these measurements the distance between 
the top of the deck, the measurement surface, and the tendons was not determinable. 
Otherwise the concrete cover of the tendons could be determined carrying out 
measurements on the bottom side of the deck. Here, wave reflections from the 
tendons were directly detected as well [Wiggenhauser et al, 2007].   
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Figure 3-12. Results of impact-echo-measurements on a bridge deck; left: C-scan parallel to 
the measurement surface at 8.6 kHz, right: projection of all B-scans parallel to the y-axis. 
[Wiggenhauser et al, 2007] 

3.5.4   Impact-echo data interpretation and research:  
the SIBIE procedure 

For a better evaluation of impact-echo data and in order to improve the method, an 
imaging technique has been applied to the data in the frequency domain. This 
procedure is named SIBIE (Stack Imaging of Spectral Amplitudes Based on Impact-
Echo) [Ohtsu and Watanabe, 2002]. SIBIE procedure is an improved alternative 
method to interpret impact echo data. It is an imaging technique applied to the impact-
echo data in frequency domain. 

In the procedure, first, a cross-section of concrete is divided into square elements. 
Then, resonance frequencies due to reflections at each element are computed. The 
travel distance from the input location to the output through the element is calculated 
for each square element.  

Following the developers of the method, there are two resonance frequencies due to 
reflections at each element: 

 f’2 = Cp/r2 and fR = Cp /R 

where Cp is the velocity of P-wave, r2 is the distance between an element and the 
output location, R is the total travel distance. Spectral amplitudes corresponding to 
these two resonance frequencies in the frequency spectrum are summed up at each 
mesh. Thus, reflection intensity is estimated as a stack image at each element. The 
minimum size of the square mesh ∆ for the SIBIE analysis should be approximately 
equal to Cp ∆t/2, where ∆t is the sampling time of a recorded wave.  

Following the authors, SIBIE has been successfully applied to void detection within 
tendon ducts as well as surface-crack depth identification ([Ata et al., 2007], [Alver 
and Ohtsu, 2007], [Alver et al, 2004]). In these papers results on locations of voids 
and depths of surface-cracks identified by SIBIE are described. One example of the 
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method is described below, following citation [Alver and Ohtsu, 2006]. It is the result 
of application of impact-echo method and SIBIE procedure to a concrete specimen 
with a metal-duct, presented in Figure 3-13. The frequency spectrum obtained by an 
impact-test of the specimen is shown in Figure 3-13 (a). The resonance frequency of 
the void fvoid is indicated with an arrow and is assigned as close to the calculated 
value [fvoid=Cp/2d], as possible. SIBIE analysis was carried out by using a frequency 
spectrum shown in Figure 3-13(a) and a result is shown in Figure 3-13 (b). Black 
colour of the high reflection zones is clearly observed in front of the void. Following 
the authors in this way it is demonstrated that SIBIE is able to identify such voids 
within tendon-ducts. 

Independent confirmation of these results has not been published yet. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-13. (a )Frequency response and (b) SIBIE result by impact test of a concrete 
specimen with metal duct. [Alver and Ohtsu, 2006] 
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3.6 Ultrasonic Echo  

3.6.1 Introduction, principle 
The mechanical wave methods are divided into impact-echo (chapter 3.5.1), and 
ultrasonic echo and ultrasonic through transmission. Both can be used for point 
measurement. Equipment and evaluation software is available for this purpose 
furnished by different manufacturers. These methods are briefly described.  

Since about 1995 imaging and reconstruction methods are being developed for 
measuring data, which are taken in a line or a measuring mesh (2D data acquisition). 
For both Impact-Echo and ultrasonic echo methods, large progress was achieved; 
examples are summarized in this text.  

3.6.2 Method description 
The frequency for ultrasonic echo measurement in concrete elements ranges from 20
kHz to 200 kHz. Compression-waves (longitudinal waves) as well as shear waves
(transverse waves) are applicable. For basics about ultrasonic low frequency echo
methods for reinforced concrete see e.g. [Schickert and Krause, 2010]. 

From the research work of the last 15 years it can be concluded that there are two
criteria for localizing grouting faults in tendon ducts: 
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1. In the magnitude representation air inclusions show significant higher reflection 
intensity (total reflection) than for grouted steel rebar or strands. This criterion results 
from different reflection coefficients at the interface between concrete/air and 
concrete/steel as noted since 1995 ([Krause et al, 1997], [Jansohn et al., 2002], 
[Krause et al., 2003], [Schickert, 2005].).  

2. The phase value or signal shape of the reflected signal between air filled areas and 
grouted steel tendons or strands changes, i.e has a difference of 180°. This criterion 
considers the phase difference between the reflections at the interface of steel/air 
(material with smaller acoustic impedance) in comparison to the reflection at 
concrete/steel (larger acoustic impedance). It recently was redeveloped and applied 
as a part of acoustical imaging [Mayer et al, 2008 and 2008b]. Up to now, this criterion 
is only developed for a few types of tendon ducts. Plastic tendon ducts were not 
considered so far. The systematic automated application and research on site 
conditions are subjects of current research and a development project [Krause et al, 
2011]. 

3. A third effect is known from several measurement results at tendon ducts: in 
several cases reflected signals are appearing in the SAFT-B-scans (Synthetic 
Aperture Focusing Technique) corresponding to the depth of the bottom side of the 
tendon duct. In completely voided areas the reflection happens always at the topside 
of the duct (smallest concrete cover relative to the measuring surface) [Krause et al, 
2011].  

Especially in older post-tensioned structures it may happen that the duct is correctly 
grouted but the mortar was shrinking during hardening and will cause small 
delamination between duct and grouting mortar. This means that such a duct would 
show the same ultrasonic reflection properties as a completely voided duct. 
Experiences with opened ducts show that the shrinking process is not always uniform. 
For example light rust films may partially cause bonding between the duct and the 
grouting mortar. However it should be noted that high ultrasonic back scatter intensity 
of ducts does not inevitably indicate poor grouting conditions. Up to now the main aim 
of the method is to indicate suspicious areas. For the final assessment minor 
destructive opening of the tendon ducts seems useful.   

3.6.3 Ultrasonic Point Measurement and evaluation 
Tendon ducts can clearly be recognised as reflectors in single reflection curves. This 
follows from the fact that reflection coefficients at steel tendons as well as at air 
inclusions have large values (Rsteel = 60% and Rair = 100%; idealized for planar and 
thick reflectors). Since modern ultrasonic echo equipment is capable to measure back 
wall reflections in concrete for up to 0.5 m or 1.50 m depending on the site conditions, 
tendon ducts having a diameter of 40 mm or more result in a clear echo, when they 
have typical concrete covers between 50 mm and 150 mm. Of course the position of 
the probes has to be directly above the duct and the wave propagation must not be 
shielded by reinforcing bars. 

One example of indicating an artificial compaction fault around a duct is presented in 
Figure 3-14. Ultrasonic pulse echo with interpretation of ultrasonic echo time curve (A-
scan) mea-sured above a compaction fault, hence the concrete cover is reduced 
(left); right: reflection at steel. P-wave transducers were applied in T/R mode 
(transmitter and receiver separated but close together) [Taffe et al, 2008]. 
 

page 32 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

 
Figure 3-14. Ultrasonic pulse echo with interpretation of ultrasonic echo time curve (A-scan) 
mea-sured above a compaction fault, hence the concrete cover is reduced (left); right: 
reflection at steel [Taffe et al, 2008] 

 

3.6.4  Linear Measurement and 2D representation of the data  
When several measuring points are combined into a line, the results are normally 
represented in a cross section or longitudinal section (also called ultrasonic B-scan), 
respectively. In these line-(B)-scans the magnitude of the reflection is represented in 
grey values or false colours. From this, low and high contrast reflecting areas can be 
indicated [Krause et al, 1997].   

Analysing the pulse shape and estimating the value of the reflected pulse in ultrasonic 
B-scans is rarely possible in practical application. The signal from the reflecting pulse 
is overlaid by backscatter effects of concrete (structural noise) so that the phase jump 
between two different locations of the probe normally is not visible clearly enough for a 
reliable assessment of grouting condition. One example is depicted in Figure 3-15. 
Reflection signals from a grouted and ungrouted area of a tendon duct in a 
prefabricated road bridge (diameter 80 mm concrete cover: 100 mm to 200 mm) 
[Sodeikat and Dauberschmidt, 2008].  

 
Figure 3-15. Reflection signals from a grouted and ungrouted area of a tendon duct in a 
prefabricated road bridge (diameter 80 mm concrete cover: 100 mm to 200 mm) [Sodeikat 
and Dauberschmidt, 2008]. 
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3.6.5 Linear and 2D Measurement followed by Imaging with data 
reconstruction calculation (magnitude evaluation) 

3.6.5.1 Examples in the laboratory 
The examples described in the two previous sections are limited to few applications. 
The most impressive success in the last years was achieved applying linear and 2D 
measurements with successive reconstruction. This imaging is performed using 
reconstruction calculation with SAFT-Synthetic Aperture Focusing Technique. Here 
2D and 3D applications in the heuristic time shifting approach [Schickert et al, 2003] 
as well as Fast Fourier transform [Mayer et al, 2008] are applied. 

 

  

 

 

 

Figure 3-16. Sectional view of the two-hole 
test specimen (dimensions in mm) [Schickert 
2005]. 

 Figure 3-17. SAFT reconstructions, depth  
corrected using reference reflectors (top) 
and noise statistics (down) [Schickert 2005]. 

 

The capability for imaging holes with linear measuring and 2D-reconstruction is 
demonstrated in Figure 3-16 and Figure 3-17. Applying broadband transducers, 
excitation with rectangular pulses is guided along the known position of a tendon duct, 
and the data are registered with high repetition frequency. When applying commercial 
equipment development together with statistical analyzing methods, the localization of 
air inclusions is possible [Schickert 2005]. Figure 3-16 and Figure 3-17 present a 
result obtained at a borehole, which is partially filled with cement. Statistical 
evaluation is used to define a noise threshold. Then, the reflection magnitude 
indicates the filling degree of the duct. 

For shear waves, dry contact transducers (Kozlov, 2006) are applied. With an adapter 
they are mounted into large scanners, which are controlled from a notebook PC to 
measure surfaces up to 40 m2 non-stop. No coupling agent is necessary (Figure 
3-18). For automated measuring the p-wave (i.e. pressure, primary or longitudinal 
waves) transducers were coupled with water (Figure 3-19).  
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Figure 3-20. Construction plan of test specimen BAM.NB.FBS.1, containing artificial voids in a 
tendon duct and styrodur balls. The location of the void in the duct was localized using  
γ-radiography. Rectangle: Area of pressure wave measurement MFPA Weimar (Figure 3-21); 
Arrows: area of presented shear wave measurement BAM (Figure 3-22). 

   
Figure 3-18. 2D scanner working with linear Figure 3-19. Ultrasonic measuring head 
drives and a pneumatic system to press the for pressure waves mounted in a 2D 
point contact transducers without coupling scanner working in pulse echo mode 
agent (at BAM Berlin). with water coupling (at MFPA Weimar). 
 

Comparative tests were performed in the frame of the research group FOR 384. 
Figure 3-20 presents a test specimen with 80 mm tendon ducts containing 12 
reinforcing wires (diameter 12 mm; side view Figure 3-21a).  

Figure 3-21a) and Figure 3-22 show the experimental results for ultrasonic 
measurement and SAFT-reconstruction. In figure 27a) the shear wave measurements 
(ultrasonic frequency 55 kHz) are presented with 3D-SAFT reconstruction imaging 
([Krause et al, 2003], [Krause et al, 2006]). In this case a longitudinal section parallel 
to the duct is presented (ultrasonic SAFT B-scan parallel x). In Figure 3-22 the results 
of linear SAFT reconstruction of p-wave measurement are depicted (center frequency 
200 kHz of transmitting pulse). The increase in ultrasonic reflection magnitude 
appears at x = 800 mm in both measuring curves and corresponds to the change of 
grouting conditions. 

A second feature in Figure 3-21a) corresponds to the depth of reflecting signals from 
the interior of tendon ducts. As can be seen in Figure 3-21b), the tendon duct has an 
air inclusion at the bottom side, which was produced unintentionally during the 
grouting process, being bedded on the opposite side. The reflection line at z = 
380 mm is obviously related to the existence of the air inclusion, but the measured 
depth doesn’t exactly correspond to a direct reflection at the air inclusion.  
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Figure 3-21a). Result of imaging tendon duct in specimen 
FBS1with shear waves: B-scan above the tendon duct from  
3D-SAFT reconstruction. Polarization axis parallel x. 

Figure 3-21b). Side view 
of tendon duct on FBS1 
(photograph). 

 

     
Figure 3-22. Result of imaging tendon duct in specimen FBS1 with pressure waves: B-scan 
above the tendon duct from 2D-SAFT reconstruction [Krause et al, 2008]. 
 

The effect of a second signal for well grouted ducts measured with shear waves was 
also observed in practical applications at post tensioned concrete bridges [Krause et 
al., 2011]. The effect is not yet completely understood. It depends on the way the 
ultrasonic waves pass the grouting mortar and steel wires and/or propagate along the 
interface around the tendon duct (concrete/steel sheet/grouting mortar). An 
explanation with help of 3D modelling calculation including EFIT (Elastodynamic 
Finite Integration Technique) is still under investigation [Krause et al., 2008], [Krause 
et al., 2012]. 

3.6.6 Reconstruction calculation using phase evaluation 
A qualitative distinction between steel and air reflections in concrete becomes 
possible, when the phase values of the ultrasonic signals are considered in the SAFT 
reconstruction calculation. This result was achieved within the frame of the research 
group FOR 384 ([Mayer et al., 2006], [Patent, 2006]). A first study describes the 
method capability [Mayer et al., 2008]. In the following, two examples are presented. 
The first was carried out at the Large Concrete Slab, which was designed and 
constructed at BAM in order to realize typical testing tasks for the comparison of 
different NDT methods and their validation [Taffe et al., 2003]. 
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One part of this concrete slab contains 11 tendon 
ducts in the diameter range from 40 mm to 120 mm 
having concrete cover between 80 mm and 200 mm 
with artificial grouting faults. The grouting was 
performed similar to industrial application (pressure 
grouting). The geometry of tendon D3 is depicted in 
Figure 3-23. It has a concrete cover of 115 mm. It is 
a steel bar in a duct having a diameter of 35 mm. 
The experiments were carried out using a 55 kHz dry 
point contact transducer working with an automated 
scanner.  

Figure 3-24 shows the results of ultrasonic imaging 
experiments of the tendon D3 in comparison with the plan of artificial grouting faults 
(shaded in Figure 3-24a))). Their location was verified applying γ-radiography. Figure 
3-24c) depicts the magnitude of ultrasonic reflection intensity as longitudinal section 
along the tendon duct (ultrasonic B-scan). There is no significant change in reflection 
intensity at ungrouted areas. 

 

 

 

 

 
Figure 3-24. Results for tendon duct D3 in LCL: a) Sketch of the specimen with desired grouting 
faults; c) Result of scanning with 55 kHz shear waves, polarization parallel to the ducts: 
magnitude representation in a B-scan of  3D-SAFT reconstruction; e) Phase values of reflecting 
pulses around the maximum of each reflector calculated from FT-SAFT reconstruction. [Krause 
et al., 2008] 

 

Otherwise the phase evaluation shown in Figure 3-24e) shows a very clear difference 
between air filled and well grouted areas. The colour coded image indicates a shift of 
the phase value of 180º between grouted and ungrouted areas. 

This means that the phase evaluation clearly indicated the difference between air 
filled and grouted areas, and allows distinguishing between reflection at air and 
reflection at steel. This is not possible from the intensity representation in this case.  

 
Figure 3-23. Geometry and 
concrete cover for tendon D3 in 
LCS 
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Figure 3-25. Ultrasonic imaging of artificial grouting faults and polystyrene balls by means of 
3D-SAFT phase evaluation (depth sections = C-scans). The upper parts of the figures show 
the magnitude and the lower part the phase value of the reflected pulse, respectively. Left: 
depth section of the top side of the tendon duct (z = 270 mm); Right: Depth section in the 
depth of styrodur balls (z = 206 mm). Significant phase value difference between reflection at 
air inclusions / styrodur and steel. [Krause et al., 2008] 
 

The second example concerns the specimen containing artificial grouting faults and 
polystyrene balls (Figure 3-20). The phase evaluation demonstrates the capability to 
characterise even small air inclusions. Figure 3-25 (left) shows the C-scan (depth 
section) in the depth corresponding to of the top side of the tendon duct (z = 270 mm), 
whereas Figure 3-25 (right) shows the plane of the polystyrene balls (z = 206 mm). All 
balls in the diameter range from 120 mm to 30 mm are imaged. The phase difference 
between air inclusions (α = 0 to 45°) and steel (α = -130°) is significant. 

3.6.7 Ultrasonic Echo with Linear Array 
In order to accelerate the ultrasonic data acquisition, a linear array was developed in 
co-operation between BAM and ACSYS ([Kozlov et al, 2006] [Bishko et al 2008], 
[Krause et al, 2008]). It consists of 10 lines of 4 dry contact shear wave transducers 
each working with an ultrasonic frequency of 50 kHz. The distance of the lines is 
35 mm in the present modification. The transducers and the electronics are mounted 
into a handheld box easily to be applied at concrete surfaces (Figure 3-26a). The ten 
lines are switched as a multistatic array which means one line acts as transmitter and 
all others as receiver, then, the second line is the transmitter, and so forth as shown in 
figure Figure 3-26b). The data transfer is organized in the way that the whole data set 
is measured and stored in less than 1 second per location.  

The data measured along a line can be combined to one data set and is evaluated 
with fast FT-SAFT reconstruction calculation. Together with 3D imaging technique the 
scatterers and reflectors in the volume of interest can quickly be analyzed on site with 
cross and longitudinal sections as well as depth sections and phase evaluation 
(corresponding to ultrasonic B- and C-scans). 
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Figure 3-26a). Linear array with dry contact 
transducers (Kozlov et al., 2008) 

Figure 3-26b). Principle of data 
acquisition (Wiggenhauser et al., 2009) 

 
In Figure 3-27, one practical application is presented as example. The aim was to 
verify if and where are tendon ducts inside of a cross girder, which is 60 cm thick. The 
data were measured along a line (length 1.16 m) with a step width of 2 cm (orientation 
of the array perpendicular to the measuring line). The result of the  
3D-FT-SAFT reconstruction is shown in Figure 3-27: the cuboid at the right (a) 
represents the reconstructed volume (surface: 0.40 m x 1.26 m, depth: 0.70 m). The 
other parts of the graph represent the different sections, which can be interactively 
adjusted by three planes. The measuring system with linear SAFT reconstruction also 
is distributed and applied as commercial equipment [Kozlov et al, 2006]; [Bishko et al., 
2008].  

There are numerous reports on practical application of the Linear Scanner system 
with evaluation software for magnitude representation [De la Haza et al, 2008],. Here 
several 2D-SAFT evaluations of the array positioning perpendicular to the tendons are 
combined to one representation showing the reflection magnitude of the tendon duct.  
 

 

Figure 3-27. Result of measurement at a cross girder measured with linear array and 3D 
imaging with FTSAFT: a) Cuboid of the reconstructed volume, three plains are selectable for 
the different sections: b) Depth section (C-scan), c) Cross section (B-scan parallel x),  
d) Longitudinal section (B-scan parallel y), [Krause et al., 2008]. 
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3.7 Ultrasonic Transmission 

Ultrasonic through transmission is frequently applied in order to measure (determine) 
the elastic parameters of building materials. From ultrasonic velocity of pressure 
waves and shear waves the elasticity moduls and Poisson’s ratio can be calculated. 

The distribution of ultrasonic velocity in a building element may give basic information 
about its integral homogeneity and integrity. The velocity is influenced by the 
composition of the material as well as by heterogeneities, voids, deteriorated areas, 
and moisture. By measuring the distribution of the velocity such areas can be 
localized and classified.  

There are several possibilities of ultrasonic through transmission tests. The simplest 
one is measuring the direct transit time with ultrasonic transmitters positioned directly 
opposite to the receiver. Other methods are adapted from the crosshole sonic logging 
method, where two transducers are positioned step by step along lines at both sides 
of the building element [Olson and Hollema, 2003], [Binda et al, 2001]. Thus e.g. the 
velocity distribution in the wall can be roughly deduced. These methods are restricted 
for the application of coplanar surfaces. 

A more sophisticated method is the calculation of the velocity distribution by means of 
tomographic calculation, based on an inversion applying the so called Radon-
transformations. From this, generally an accurate image of the velocity distribution 
inside the investigated object can be deduced and imaged in corresponding slices. 
This method is widely used in metal and plastic investigation as well as medical 
application [Wüstenberg et al, 2008]. In building engineering this technique was 
recently developed for masonry (bricks and natural stones) [Wendrich et al., 2006]. 
Typical ray path examples are depicted in Figure 3-28a) and 28b) for 4-sided and  
2-sided access. In the latter also diffraction is taken into account. A principal difficulty 
for tomographic reconstruction in through transmission arrangement is that voids are 
regions of quasi zero transmission (c is nearly equal to zero). The convergence 
criterion of the algorithm is less distinct in this case. 
 

 

                            Receivers 
 

Figure 3-28a) Ray path scheme for  
4-sided access of transducers, 
[Martin et al., 2001] 

Figure 3-28b) Ray path scheme for 2-sided 
access with void (application for masonry), 
[Wendrich et al., 2006] 

 

For concrete, ultrasonic tomography is not used often. One example is detecting voids 
and honeycombing in concrete columns in the frequency range 100 kHz to  
200 kHz [Schickert, 2004]. 

For prestressed concrete structures, tomographic surveys of different concrete beams 
are described in the British Advice Notes [Forde, 2006]. Examples are shown, where 

Transmitter locations 
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voiding in ducts is clearly detected by ultrasonic tomography and verified by impact-
echo. 

An application at a concrete bridge girder is described in [Martin et al., 2001]. Two test 
beams were examined: a 10 m long beam at the Transport Research Laboratory 
(TRL), Crowthorne, UK and a short test beam constructed at Stanger Science and 
Environment, Elstree, UK. The ducts were 40 mm in diameter in the first test and 100-
mm diameter in the second one.  

An example of a result of a beam from the second test is shown in Figure 3-29. The 
beam is 750 mm deep (the plan of the beam is given at the lower part of Figure 3-29). 
The measuring field is 400 mm wide with grid locations at 100 mm spacing - using all 
four faces. A voiding is indicated by a low velocity. Apparent areas of low velocity in 
the corners are due to the reduced number of transit paths producing unreliable 
results. It has to be noted that edge effects or errors occur when there is a corner or 
low density of transmission/reception rays in a model. Edge effects or errors are 
highlighted in the cross-sections. The method is somewhat 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 
is the required distances between testing stations. This therefore significantly 
increases the testing time. 

 
Figure 3-29. Tomographic Survey of a cross-section of a concrete beam  
(after [Martin et al, 2001]) 

3.8 Other methods 

3.8.1 Radar for plastic ducts 
For analysing steel tendon ducts radar is not possible because of the shielding of 
electromagnetic waves. In contrast it is possible to apply Radar in case of post 
tensioned structures using tendon ducts made of plastic.  

Radar Antennas in the frequency range of 500 MHz, 900 MHz and 1.5 GHz were 
used to test specimens containing plastic tendon ducts of 90 mm and 63 mm diameter 
in beams made from concrete with maximum aggregate size of 20 mm [Forde, 2006]. 
The voided part of the duct (concrete cover 230 mm) is imaged showing a time of 
flight of t = 4 ns (Figure 3-30). Otherwise the reinforcing bars put in the specimen 
(spacing 20 mm) cause quite intense reflection of Radar pulses, which might hinder 
the image of the voided duct. Theoretical calculations lead to the conclusion that the 
perpendicular polarisation is more sensitive to the imaging of the voided plastic duct 
than the parallel orientation.  
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Figure 3-30. Indication of voided plastic duct by means of 900 GHZ antenna (test specimen) 
 

Ground-penetrating radar (GPR) inspection was conducted on fourteen concrete 
specimens by [Pollock et al, 2008]. Based on the GPR surveys conducted in this 
study, it is apparent that the detection of simulated voids within grouted ducts 
embedded in concrete is possible with a 1.5 GHz GPR system. Although none of the 
post-tensioning strands and simulated air voids within the grouted steel ducts was 
detectable, simulated voids within plastic ducts were generally detectable in GPR 
images. In another study [Conner et al, 2006], GPR was successfully used as a local 
inspection technique to precisely locate simulated voids as small as 1.5 in. (thick) 
adjacent to post-tensioning strands in grouted HDPE (High Density Polyethylene) 
ducts embedded in concrete slabs at depths of 5 to 20 centimeters.  

3.8.2   Active Thermography 
Thermal imaging can be used to detect simulated air voids within grouted post-
tensioning ducts, thus locating areas where the post-tensioning steel strands are 
vulnerable to corrosion. [Pollock et al, 2008] prepared specimens with voids. For the 
thermal imaging inspections, six concrete specimens were constructed to simulate the 
walls of post-tensioned box girder bridges. The most important deduction taken from 
these inspections was that ducts and simulated voids were better detectable in the 20 
cm thick specimens than in the 30 cm thick specimens. Inspections revealed the 
majority of the simulated voids in the former case, while, only one thicker specimen 
inspection indicated the presence of simulated voids (out of four voids in two ducts). 
Also, ducts were much clearer and visible in the thermal images of the thinner 
specimens. 

[Rieck and Hillemeier, (2003] used transient thermography to monitor the grouting of 
steel ducts. All voids in the ducts could be detected using the heat of hydration of the 
cement lime inside the ducts. Even voids in tendons with a concrete cover of 12 cm 
could be detected at an early stage. Applying thermal impulse heating and IR imaging 
for the same specimen, the voids in the tendon ducts could be localized up to a 
concrete cover of 7 cm. 

Another heating source was used by [Brachelet and al., 2009], which consisted in 
induction heating, with a magnetic field. The analysis of both magnitude and phase on 
thermal images has shown that it is possible to identify the ungrouted areas (Figure 
3-31). The major drawback remains the relative slowness of the procedure. Further 
studies should focus on the design of the inductor and the heating time optimization. 

page 42 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

 

 
Figure 3-31. Phase image of the beam without (left) and with (right) defect, at 0.78 mHz  
(after [Brachelet and al., 2009]) 
 

Up to now, transient IR thermography for localizing grouting faults was mainly 
developed in the laboratory, but very little on site application is reported. The contact-
free aspect of this method is very attractive, when rapid measurements are desired. 
Although this method is very powerful for testing materials such as steel and carbon 
fibre laminates, the maximum penetration depth in concrete seems to be limited to 
only about 100 mm.  

3.8.3 Impulse response  
The Impulse response method allows to indicate suspicious changes in the response 
of a structure to an impulse, but it is not suitable for a precise description of the 
condition of tendon ducts. Experiences have shown that an evaluation regarding the 
movements can indicate certain particularities but cannot characterise their causes. 
Application is known to be useful for foundation slabs. 

3.9 Conclusions  

Most applications concerning non-destructive testing of tendon ducts deal with metal 
ducts. Because of the shielding of electromagnetic waves of metal surfaces, GPR is 
principally not applicable for this task. It can however be used in a first step, to locate 
the ducts on which other methods are applied. 

Radiography still plays an important role for NDT of post tensioned concrete bridges 
because of the capability of penetrating thick concrete elements up to 1 m.  

Principally the method requires that the building element is accessible from both 
sides. Using radioactive radiation sources the thickness is limited to about 0.7 m, 
applying linear accelerators (or betatrons) even a thickness up to 1 m is feasible with 
a acceptable expenditure of time.  

The first applicable ultrasonic wave (also referred to as elastic or mechanical waves) 
method applied for this purpose was Impact Echo. The first version of Impact-Echo, 
developed at the end of 1980s, involves equipment which is not too complex and 
rather easy to use. Impact-Echo was widely applied in the 1990s and had the 
advantage of dry coupling on concrete surfaces. Even though evaluation in the 
frequency domain works best for planar slabs, the method was also applied for post 
tensioned structures with more complicated geometry. Since mid-1990s, several 
commercial equipments came into the market and numerous applications were 
reported with partially verified results. 

Basic research on this method at the beginning in the 1990s showed that the 
geometry of building elements affects the signals recorded. Based on principles of 
multiple reflections at tendon ducts, other concepts such as back wall frequency shift 
and influence of stiffness were thoroughly investigated. The originally affirmed 
reduction of Impact-Echo frequency to its half in case of metallic reflection could never 
be confirmed for grouted tendon ducts.  

page 43 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

The principle of impact echo imaging deduced from 2-D measurements was 
developed and produced representations in analogy to ultrasonic evaluation (B-scan 
or Impact-Echogram according to longitudinal or cross section, respectively; C-scan 
according to depth section). However technical disputes on how to characterize the 
condition of tendon ducts remain. 

Due to the advances in 2-dimensional Impact-Echo measurement, partly as a result of 
automated scanning systems used since 2003, the point measurement evaluation for 
tendon duct characterisation has become less common. At the same time modelling 
of wave propagation gained importance for interpreting the data and clarifying the 
results. For the theoretical background of Impact-Echo the aspect of Lamb waves 
published in 2005 was very important.  

SIBIE (Stack Imaging of Spectral Amplitudes) is a new analysis scheme for impact 
echo based on spatial summation of the first and second harmonics. However 
applications of SIBIE to characterize tendon ducts in practical applications have not 
yet been reported. 

The ultrasonic echo technique for evaluation of concrete elements has been 
developed in 3 phases: 

In the 1990s broadband transducers in the appropriate frequency range (around  
100 kHz) were developed. Simultaneously Synthetic Aperture techniques for imaging 
and modelling via Elastodynamic Finite Integration Techniques (EFIT) were 
developed and first applications on structures took place. Contactless measurement 
with laser interferometer was also used.  

With the development of dry contact shear wave transducers before 2000, large areas 
could be measured much faster than before. This development also facilitated the 
construction of automated scanners for large structure evaluation. Also new 
reconstruction programs and modelling of wave propagation helped further 
advancement and application of ultrasonic imaging. Several types of multistatic 
measuring equipment were developed and commercial NDT-testing of post tensioned 
concrete members began.  

Since 2005, when the phase evaluation of the reflected signal was integrated in 
reconstruction calculation, the evaluation of testing results became more reliable. 
Validation and development of commercially available scanning systems in recent 
years has drawn a lot of attention. 

More precise measuring capacities give rise to new questions. For example it is not 
yet completely understood how elastic waves penetrate or circulate around tendon 
ducts depending on their inner condition. Another point is the possibility to investigate 
the condition of tendon ducts in the second or third layer. The research work in such 
areas has only begun. 

Nevertheless the potential of the method is rather promising leading to further 
research and development of equipment. The capability seems to be limited only by 
poor surface conditions or dense reinforcing layers. 

Impact-Echo and ultrasonic echo field measurements have revealed very impressive 
results. Since dry contact transducers are also available for ultrasonic measurement 
in the appropriate frequency range, ultrasonic echo is sometimes advantageous 
because it can provide a better spatial resolution.  

The use of ultrasonic through transmission method for inspection of tendon ducts has 
not been documented since 2002. One difficulty could be that air filled areas 
correspond to very low velocity whereas algorithms for through transmission are more 
precise for regions with higher wave speed. 
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Radar measurements (for plastic ducts only) and transient IR thermography (mainly 
used on laboratory) are alternative solutions. The contact-free aspect of IR 
thermography is very attractive, when rapid measurements are desired. However, the 
penetration depth (in the case of dense reinforcements) and the slow time response 
for thermography put practical limits for onsite measurements.  

In order to advance reliable application of all testing methods three points seem to be 
useful:  

• Precise description of the methods and quantitative assessment of their 
potentials and limitations. Controlled test sites and setting benchmarks have 
been developed for this purpose. 

• Educating and developing training courses for NDT engineers.  

• Persuading owners and stakeholders that NDT can reduce the lifetime costs 
through quality assurance. 

The activities of RILEM TC INR-207 were part of these actions. Next step may be to 
update existing and work out new standards. All this may encourage more producers, 
developers and engineering offices to come into the market with new equipment, 
software and offers. 

Methods description 
Radiography applying X- and Gamma Radiation is the oldest method to investigate 
the interior of steel and concrete structures. They still play an important role for NDT 
of post tensioned concrete bridges because of the capability of penetrating thick 
concrete elements up to 1 m. When digital imaging plates instead of films are used 
these methods have become much more sensitive during the last decade.  

Principally the method requires that the building element is accessible from both 
sides. Using radioactive radiation sources the thickness is limited to about 0.7 m. If 
betatrons are applied, even a thickness up to 1 m is feasible, but this requires ca. 1 h 
exposure time (following manufacturer’s data). 

Impact Echo:  

Commercially available point measurement systems are not useful for the 
investigation of the condition of tendon ducts. With 2D scanning and imaging 
technique successful experiments have been conducted several times at test 
specimens and traffic infrastructure buildings. 

Impact Echo with SIBIE-evaluation (Stack Imaging of Spectral Amplitudes) is an 
analysis scheme for impact echo based on the spatial summation of the first and 
second harmonics. However a successful SIBIE evaluation of on-site measurements 
to characterize tendon ducts has not yet been reported.  

Ultrasonic Echo: 
Relevant applications are known only for dry contact transducers. The Transmitter/ 
Receiver array-Measurement (A1220) device is commercially available and applicable 
in several cases, but only for low reinforcement content. 

Several successful application examples are known in the range of thicknesses up to 
1.70 m (depth of tendon 0.7 m) for scanning measurements, 3 D evaluation and 
phase evaluation. Also here the prerequisite is that the structure is not heavily 
reinforced. 
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Linear Array (MIRA):  
This device is commercially available. Several tests for the investigation of tendon 
ducts have been carried out and were successful if the tendon ducts are not too deep 
within the structure and as long as the concrete is not heavily reinforced. 

Research applications with scanning linear array (including phase evaluation) are 
known with results comparable to results gained with a scanning system with  
3D-evaluation. Practical experiences exist for thickness range up to 0.5 m. 

Ultrasonic through transmission: 
No practical results showing the internal structure of tendon ducts have been gained 
so far. The most recent publication of an application at tendon ducts dates back to the 
year 2001 

3.10 Research needs 

Nondestructive testing was not regularly applied to NPP in the past. The conditions of 
the structural parts in NPPs were not considered in the past for the estimation of the 
remaining in-service period. Main criterion was the pay-off-period of the NPP 
construction costs [Naus 2009]. NDT in civil engineering (CE) was mainly focused on 
civil engineering structures with different failure modes, partly different degradation 
factors and less dense reinforcement than in containments. The bond between steel 
liners and concrete is also not a commonly used construction method in CE. Further 
research will focus on the following bullet points 

3.10.1 Short-term research needs 
Short term research needs for those methods, which have been successfully utilized 
for other objects (mainly post-tensioned bridges). Investigations should answer the 
question and allow a reliable estimation, if the particular method would be applicable 
in the thickness range of 1 m to 1,70m. 

Radiography 

Radiography with linear accelerators. With betatrons and advanced film techniques it 
might be possible to improve the performance in the 1 m thickness range (e.g. double 
film technique)  

Impact-echo (IE) 
This method shows some successful result imaging, but up to now only in research 
applications. Good results can be achieved up to 30 cm thickness.  

Research should consider the construction of test specimen with included ca. 25 cm 
tendon ducts. The question should be investigated whether disturbing effects of 
rebars (up to 58 mm) occur. 

Ultasonic echo 

Commercially available imaging with a linear array should be tested in comprehensive 
experiments at new specimen (see impact echo above). It should be adapted for new 
dimensions of tendon ducts and test specimen of more than 1 m thickness. These 
elements should feature large diameter tendon ducts and heavy reinforcement. 

Research needs include the improvement of the ultrasonic echo imaging technique 
with SAFT including phase evaluation. Tests should be carried out at specimens ca. 
25 cm ducts (as described for IE). 
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Special evaluation with back propagation and RTM (reverse time migration). An 
analysis for thick rebars has to be included in the research effort. 

For modeling of ultrasonic pulses in concrete (via EFIT) the optimal pulse frequency 
and band width has to be found. 

Adapting non contact measuring systems (Laser for ultrasound, microphones for IE) 
and scanning systems. Improvement through on-site evaluations.  

3.10.2  Medium-term research needs 
This section addresses methods having good potential but require further 
development. 

Radiography 

For the use of betatrons only the thickness range between 1m and 1.7 m can be 
realistically considered. However testing and adaptation of linear accelerators is a 
realistic research target for medium-term research initiatives, but requires time and 
effort. 

Ultrasonic echo 
Development of transducers with adapted focusing range. 

Development of large surface automated equipment. 

Adapting the size and area of synthetic aperture. 

Considering mode conversion between long- and shear wave mode for reconstruction 
calculation in order to ameliorate the signal to noise ratio in concrete. 

3.10.3  Long-term research needs 
Long-term research needs comprise methods that require basic research to evaluate 
their capabilities for an application to nuclear power plant concrete structures.  

A new vision considers air coupled ultrasound application with new types of nano 
sensors. But this method is not likely to be brought into practical application in the 
shorter range. A lot of basic fundamental research has to be carried out here.  
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4 Detection of cracking, voids, delamination, and 
honeycombing in concrete structures 

4.1 Introduction 

Defects in concrete structures caused by physical or chemical damage processes 
may influence the durability of the structure significantly.  

Defect detection in reinforced concrete structures by means of non-destructive testing 
has made a significant step forward during the last decades, although they have been 
rarely applied to NPPs. None the less, most methods for defect detection may be 
used in refined special inspection of NPPs to support visual inspections. Table 4-1 
gives an overview about typical defects in RC/PT concrete structures and the most 
appropriate methods to detect these possible defects.  

Effective in-service condition assessment of a structure requires knowledge of the 
expected type of degradation, where it can be expected to occur, and application of 
appropriate methods for detecting and characterizing the degradation. Degradation is 
considered to be any phenomenon that decreases a structure’s load-carrying 
capacity, limits its ability to contain a fluid medium, or reduces its service life.  
Degradation detection is the first and most important step in the condition assessment 
process.  [Naus 2007] 

4.2 State of the art  

4.2.1 Fields of application 
Typical defects in reinforced and post-tensioned concrete structures divide into the 
following groups: 

• Cracks (near or deep surface-parallel cracks, surface opening cracks, inner 
irregular cracks) 

• Other voids 
 
Cracks are the predominant group of defects in RC and PT- structures. Cracks and 
crack-like defects may occur vertical (flexural or tension cracks reaching to the 
surface, hidden cracks in the inner structure or reaching the back wall/ liner interface), 
horizontal (parallel to the surface near surface or relatively deep below the surface), 
diagonal (shear cracks) or irregular (e.g. due to material destruction) to the surface. In 
case of impact, cracks develop centric around the impacted area. Fatigue cracks 
propagate in the section with the lowest material fatigue resistance compared to the 
applied cyclic load.  

Cause analysis is essential for the evolution/ identification of the crack type and thus 
for the most appropriate choice of the nondestructive testing method. Material 
degradation due to alkali silica reaction, sulfate attack, delayed ettringite formation or 
irradiation may result in irregular cracks due to concrete microstructure changes, 
while penetrating chlorides or carbonation depassivate the steel reinforcement or 
possibly the inner layer of steel liners and usually cause cracks parallel to the 
reinforcement location. 
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Bond defects in the sense of this report mean debonding of thin layers from massive 
substructure. The bond defect may occur due to external environmental or service 
loading or because of durability problems made of the same (concrete repair) or of 
different (strengthening) materials, e.g. of an adhesive that is joining the two layers or 
having a different age. The presented methods for detection do not distinguish 
between metallic, magnetic and non-magnetic mineral layers. The bond defect is 
detected from the surface with the thin layer.  

Delamination in the sense of this report means cracks that are parallel to the 
investigated surface in deeper sections of the structure (e.g. for ultrasonic methods 
deeper than one wavelength) within the concrete. Delamination is usually caused by 
reinforcement corrosion or may arise due to displacements. NDT was mainly used to 
investigate delamination in the traffic infrastructure (road, bridge). Delamination due to 
corrosion occurs typically in the level of the first layer of reinforcement that was 
exposed to penetrating deicing salts, due the combination of humidity and chlorides. 
Water penetration follows low execution quality, i.e. low durability of the cover layer or 
higher frequency of loading in terms of load cycles or number at low tension strength 
of the concrete. In NPPs, deep cracks parallel to the surface may occur due to 
changes in the pre-stress of the tendons. 

An example for delamination occurred in 2009 and 2011 in the NPP Crystal River 
(US, Florida). The deep crack, parallel to the concrete surface, was caused due to 
lowering the stress in some prestressing tendons for cutting a hole into the 
containment wall (42 inch =106,7 cm) for replacement of two huge steam generators 
(Danielson, 2010). Additional cracks were occurring during the repair works while 
prestressing about 200 cables again in 2011 (nuclearstreet.com 2011). Because of 
the lack of data, this report covers information from transport infrastructure, only. 

Other voids in the scope of this overview include honeycombs, embedded 
nonmetallic or metallic elements (e.g. anchors), loss of bond between steel liners and 
concrete, humid areas (e.g. leakage of the cooling system), cavities (e.g. 
inhomogeneities cause during construction) and corrosion of the inner reinforcement 
or post-tensioning wires). Honeycombs mean all voids in insufficient compacted 
concrete due to insufficient mixing or failing to process the fresh concrete with high 
quality. 

The final CONMOD-project report [CONMOD 2005) considers NDE of pipe wall 
entries, ASR expansion, bond loss between liner and concrete in containments of 
NPPs. 

Additionally in Table 4-1, a common categorization of defects and related appropriate 
methods is presented based on an idea in the EU-funded project Sustainable bridges 
(SB-ICA 2007). Relative to the original Table 4-1, methods have been altered here 
focusing on assumed applicability to the needs of NPPs containments and related 
structures. Any applicable method is dependent on the conditions in the structure 
such as moisture content, density of reinforcement, concrete composition and quality, 
salt content and other characteristics of the applied materials. 

The general method utilized is visual inspection of RC-structures. In case of doubts, 
non-destructive testing is applied either during regular main inspections or during 
called-in special inspections. 

4.2.2 Overview of methods 
There is little information accessible about defect detection during inspection 
procedures and application of NDT to concrete liners in NPPs. That’s why the state of 
the art includes the latest outcome of non-destructive testing at non-NPP-concrete 
elements and structures in laboratory and in the field. 
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- Ultrasonic methods (see chapter 4.4.1.1) 

Ultrasonic transducers generate different types of waves in a structure, dependent on 
the main parameters of sensors and the tested material as well as – in some cases- 
on the geometry of the tested element. Ultrasonic transducers emit acoustic waves 
that propagate in the material as mechanical (elastic) waves. Inhomogeneities reflect 
partially the wave or change the wave characteristics. The received signal contains 
information about anomalies inside the tested object in the changed wave 
characteristics. According to the parameters of the sensors, ultrasonic methods divide 
into passive (e.g. acoustic emission using only receivers) and active methods 
(transducer-receiver units). US-methods may be carried out in transmission, echo or 
tomographic mode depending on the positioning of the sensors.   

- Impact echo (see chapter 4.4.2) 

Impact echo enables inspectors to detect cracks parallel to the surface. Impact echo 
is also used for thickness evaluation/ confirmation.  

- Ground penetration radar (see chapter 4.4.3) 

Ground penetrating radar is not the preferred method for crack and void detection. 
None the less, the method has some potential for detection of water filled cracks or for 
larger hollows inside massive concrete. 
- Active thermography (see chapter 4.4.4) 

Transient thermography is widely applied in engineering processes. So it is obvious to 
apply it for concrete structures. There are encouraging results, but it seems that its 
application is restricted to the near surface region because of the relatively small 
penetration depth of the heating pulses in concrete. It will be briefly discussed  
(see 4.4.4). 

- Fibre optic sensors (see 4.4.5)  
FOS (Fiber optic sensors made of glass fibres) are increasingly implemented in 
structures during design. Braggs grating has the potential for early alert when 
attached to surfaces of existing structures. New generations of POF (Polymeric 
optical fibres made of polymers) are under development to act e.g. as humidity 
sensors.  Advantage is the electromagnetic tolerance. 

- Laser shearography (see chapter 4.4.6) 

- Pattern recognition (see chapter 4.4.7) 

- Electrical resistivity (see chapter 4.4.8) 
- Automation for data acquisition (see chapter 4.4.9)  

Automated scanning allows the data acquisition of a high number of data with precise 
geometrical correlation, which is the precondition of data fusion. Besides fixed 
scanners, moving devices were developed within the last decade. 

- Data processing (see chapter 4.4.10) is required for enhanced imaging of NDT-
data. Much better resolution was reached after using a SAFT algorithm, data 
reconstruction and data fusion of data from different measurements.The Synthetic 
Aperture Focussing Technique is first applied to further data analysis of ultrasonic 
echo data from concrete structures, see i.e. [Schickert, 2003].  

Data processing by data reconstruction 
Measured data from radar measurements result in reflection hyperbolas from internal 
reinforcement or defects (cavities, misplaced or deformed anchors). The 
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reconstruction of radar data returns signals to the real geometry, e.g. to a circle 
instead of a hyperbola. 

Data processing by data fusion 
Data fusion allows a summing of selected data from different measurements, as radar 
measurements with different polarization or from different echo-methods as 
ultrasonic-echo, impact echo and ground penetration radar. 
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The Table 4-1 gives an overview on which methods are to be preferably applied to 
defect detection. 
Table 4-1. Methods to detect typical defects in reinforced concrete structures, data acquisition 
and analysis tools (in alphabetic order) 

Testing methods 

Cracks Other voids 
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Visual inspection ●     ○* ○*      
Acoustic emission         ●    ● 
Active infrared 
thermography   ○ ● ○    ○ ○ ○  
Electromagnetic 
methods             
Electric potential 
measurements            ● 
Electric resistance 
measurements            ● 
Fibre optic sensor ○       ○**     
Geodetic 
measurements              
Impact echo   ●          
Laser based 
methods ● ○ ○  ○ ○  ○     
Photogrammetry  ●       ○     
Radiographic 
methods         ○ ● ○  
Ultrasonic (US) 
methods ● ● ● ● ● ○  ○  ○ ○  
US- Lamb waves             
US- Phased array   ●  ○ ○       
US- Low 
frequency single 
sensors 

   ●         

Radar methods         ○ ● ● ○ 
Automated data 
acquisition 
(scanning) 

Ultrasound, Ground penetration radar, impact echo, eddy current, 
potential field measurement, humidity, temperature, photography 

Data fusion Radar data with different polarisation, US, IE and radar-echo data, radar 
data with thermographic data 

SAFT  Synthetic Aperture Focussing Technique) Ultrasonic-echo data 
● Preferred method for detection 

○ possible but not primarily applied method 

* if surface opening cracks 

** only if surface opening crack and in a monitored area 
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Standardized methods and well introduced methods for inspections of steel liners are not 
included in the table above (ET, UT, MT, AT, RT, PT). 

4.3 Existing guidelines and recommendations 

4.3.1 Existing standards and guidelines 
Regular visual inspection in general follows national rules or rules of the owners. U.S.- 
NPPs follows the inspection rules as required in subsection IWE of ASME Section XI 
for steel containments and steel liners and subsection IWL of ASME Section XI for 
reinforced and post-tensioned concrete containments as endorsed by 10 CFR 50.55a 
(Naus 2008). 

The application of non-destructive testing follows either national standards (ASTM, 
DIN, BS a.s.o.) or recommendations issued by infrastructure owners, international 
organizations (RILEM, UIC, ECCS) or recommendations from multi-national projects 
(Sustainable Bridges, SAMCO, CHEF).  

Some example guidelines that include recommendations about non-destructive 
testing are the  

British Highway Advice Notes, Design Manual for roads and bridges, Volume 3 
Inspection and maintenance, Section 1 Inspection, Part 3: Post-tensioned concrete 
bridges, Planning organization and methods for carrying out special inspections 
(1993), free download from: 

http://www.dft.gov.uk/ha/standards/dmrb/vol3/section1/ba5093.pdf 

British Highway Advice Notes present case studies and latest research results for use 
during special inspections of Highway infrastructure. The rail infrastructure manager 
Network Rail refers also to Highway Advice Notes [Sustainable Bridges 2007]. 

German Society for Non-Destructive Testing: Leaflets about Nondestructive testing 
in Civil engineering for Ultrasonic Methods Merkblatt B04 [DGZfP 1999], for Radar 
methods Merkblatt B10 [DGZfP 2008] and for Impact-echo Merkblatt B11 [DGZfP 
2011]. 

Multinational cooperative projects (as Sustainable Bridges, RUFUS) or organizations 
(RILEM) have published recommendations to guide practitioners during defect 
detection (cracks, voids, imperfections).  

RuFUS (Reuse of Foundations for Urban Sites) FP6, EU project: A Best Practice 
Handbook, result of a research project in framework programme FP5, IHS BRE press, 
[Butcher et al 2006]. 

Sustainable Bridges (EU-project in the framework programme FP6): SB-ICA: 
Guideline for inspection and condition assessment (Helmerich et al 2007) 

RILEM (world organisation of materials testing institutes in civil engineering): 
According to the RILEM-report Special techniques and enhanced methods are non-
standard approaches to either standard or non-standard problems. There are several 
reasons for methods being non-standard such as cost, being still under development 
or lack of qualified specialists. Enhanced methods are expansions and/or 
combinations of common methods whereas special techniques include methods 
newly developed or existing methods applied to new applications. Enhancements 
often concern data processing and imaging, thanks to increasing possibilities for 
computations.  
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4.4 Methods for defect detection 

Cracks in RC and PT concrete structures affect the bearing capacity, durability and 
functionality. There are various possible causes for crack formation. For example: 
shrinkage and creep of concrete, external load (corrosion, settlement, traffic load 
cycles, environmental load, impact) or internal stresses (e.g. corrosion of 
reinforcement, reduction of prestressing, temperature differences) may cause through 
cracking of the component or only partial internal or near surface cracking. The 
geometrical shape and the direction of cracks often give a strong indication on their 
causes. Different causes may require different methods for their investigation.  

In the past, there were different initial research projects on the application of non-
destructive testing to crack detection [Mielentz et al. 2001], [Friese et al., 2011], 
[Inaudi 2002], [Taffe 2012]. 

The width of surface cracks can be easily measured with simple gauges as crack 
comparators used during regular visual inspection. For the more detailed evaluation, 
the crack depth, the crack orientation and especially the recognition of separating 
cracks is of great interest. Separating cracks penetrate the whole cross section and 
thus influence both, the load carrying capacity and the durability of the structure. 

Special difficulties arise from the contamination of cracks (contact areas), seepage of 
water into the crack or reinforcement. Transfer of mechanical waves through 
reinforcement connecting the two crack surfaces cause more difficulties during the 
measurements or even prevent the acquisition of reliable measurement results. 

The same methods as for crack detection may be used for the detection of other voids 
as honeycombing, cavities, moisture (humidity) with other focus and data processing 
features. Thus the methods are described once. None the less a team of testing 
specialists and structural engineers should decide about the choice of the most 
appropriate method based on the individual defect type and the kind of doubts about 
the integrity of the structure. 

Level of interpretation 
The level of interpretation depends strongly on the condition in the tested elements 
and is individual for any structure. Furthermore, many factors (e.g. human factor, type 
of measurement device or environmental factors) can influence the resulting data. 
None the less, validation of a method in round robin tests or on accredited test sites 
(e.g. BAM Technical Safety Site in Horstwalde) enables validation of methods and 
finally establishing methods for the measurement, their accuracy, and to reduce the 
influencing factors to a minimum. Appropriate data analysis tools and imaging 
techniques allow following and further specifying the type of defect. 

Accuracy/Uncertainty and reliability of results 
Detailed information about the accuracy of the methods can be rarely found in the 
literature. Material quality, ageing and degradation level of the individual structure 
characterize the material properties and influence finally the uncertainty and the 
reliability of the results, even if the method is validated for high accuracy. The 
accuracy of measurement methods are often described from concrete test blocks in 
laboratory with artificial defects. Only few publications describe practical experiences 
with NDT made in field measurements (see e.g. [Gucunski et al. 2009], [Streicher et 
al. 2006] [Davis 2003].  
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4.4.1 Ultrasonic methods 
4.4.1.1 Ultrasonic-echo measurement with SAFT data processing  
In concrete engineering the low frequency ultrasonic echo (US) method with an 
additional application of the SAFT (Synthetic Aperture Focusing Technique) algorithm 
is an effective technique to investigate defects in concrete structures. Automated 
scanning systems fixed to the surface with mounted transmitter-receiver probe have 
been used for carrying out measurements on large selected surface areas of the 
building component with precise geometrical correlation. The US measurement data 
was recorded and afterwards processed with the SAFT algorithm. Cracks have been 
investigated with a modified SAFT algorithm in connection with this method [Mielentz 
et al., 2001], [Hosseini et al. 2008], [Krause et al. 2004]. Friese et al. (2011) have 
carried out an extensive project about the effectiveness of deep injection including 
crack length estimation by means of ultrasonic echo measurements. Figure 4-1 
presents the laboratory test specimen and Figure 4-2 presents the test setup for 
measurement. The measurement results were compared to modelled images by Uni 
Kassel (see Figure 4-3and Figure 4-4). 

 

Figure 4-1. Laboratory test specimen QSR6a 
with crack [Friese et al, 2011]. 

 

Figure 4-2. Test setup for the 
measurements 
 

 

Figure 4-3. Model of US-wave distribution if 
vertical cracks reach the surface (by K. Mayer, 
TU Kassel), [Friese et al, 2011]. 

 

Figure 4-4. Model of a crack after effective 
deep injection (by K. Mayer, TU Kassel) 
[Friese et al, 2011]. 

 
 

Ultrasonic sensor 
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4.4.1.2 Diffracted Waves, Transient Elastic Waves, Frequency Response     
Function und Impact Echo 

The determination of the crack depth with diffracted waves is described in several 
contributions. To achieve this, different wave forms and the mode conversion at the 
tip of the crack are used [Ohtsu, 2008], [Aggelisk and Shiotani 2006], [Liu, 2001], 
[Kroggel 1994], [Luo, 1993].  

4.4.1.3 US bond control of near-surface nonmetallic layers 
Most bond controlling methods use electromagnetic properties of thin bonded layers 
as they are metals. In case of separated layers in mineral-based structural elements 
these established bond-tester do not work. The detection of the loss of bond between 
non-magnetic materials allows low-frequency transversal US-waves with a center 
frequency around 50 kHz. This is a good frequency range to control the bond 
between a thin surface layer with a massive concrete substructure applicable to near 
surface cracks parallel to the surface or other near surface delamination. The bonded 
layer must be thin compared to the relative large wavelength, i.e. the detectable layer 
thickness depends on the chosen frequency. In local debonded areas, a guided wave 
is generated. The changes in the received echo allow for imaging of the data in color-
coded images. The accuracy is mainly dependent on the  

• relation between frequency dependent wavelength and debonded layer and  

• on the step width during the automated surface scanning, as well as of  

• possible additional cover layer thickness above the debonded layer (surface 
protection systems) [Helmerich and Milmann 2008]. 

 

Figure 4-5.Color-coded image from ultrasonic data recorded during ultrasonic scanning of 
CFRP-layers with artificial bond defects in the laboratory [Helmerich et al. 2012]. 
 

  
Figure 4-6. Application of the US-bond-defect scanning in the field (left) and presentation of 
the color-coded image (right), [Helmerich et al. 2012]. 
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4.4.1.4 US-Phased array 
The so-called phased array technique has been used by Ribay (2009), Paris et al 
(2003) and Paris et al. (2006) to investigate cracks in concrete containment in NPPs, 
parallel to the surface (delamination) in a depth range of 200 to 500 mm with a typical 
frequency between 50 and 300 kHz. The data obtained with the phased array is 
processed with a Synthetic Aperture Focussing Technique (SAFT)- algorithm. Paris et 
al. used mock-up calibration blocks with a known artificial crack. Mono-elements, multi 
probes and phased arrays were compared. 

Mielentz (2007) reports about advantages of non-destructive testing in local areas 
inside of massive concrete with shaped beam forming US-phased array applications 
(see Figure 4-7 and 4-8). Surface waves are recorded on the opposite side of the 
specimen (transmission mode) by means of a laser-vibrometer. Mielentz (2007) uses 
frequencies between 50 and 200 kHz and the simulation program EFIT for modelling 
the beam forming of the phased array.  

 

 

 

Figure 4-7. Application of the travel-time controlled US-
phased array with data acquisition using a laser based 
sampling [Mielentz et al.2007]. 

Figure 4-8. Laser 
Ultrasonic echo data 
acquisition to measure 
sound distribution from 
the surface of a 
specimen. [Mielentz et al. 
2007]. 
 

   
Figure 4-9. 3D point source synthesis-modelling to focus the beam of ultrasonic waves 
emitted from an array. [Mielentz et al., 2007]. 
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The travel-time controlled US-phased array technique eliminates the disturbing 
surrounding noise, e.g. from reflections from other wave forms. With this technique, 
the beam field of an ultrasonic array can be focused and deflected into different 
locations. In parallel simulations were performed using the point source sythesis, see 
Figure 4-9.3. In echo mode and with scanning data of a selected measurement field, 
cracks can be displayed in color-coded images. The method is well introduced for 
steel structures but not finally approved for application to concrete structures. 

4.4.1.5 Lamb waves 
For the investigation of slab-like large structures the use of lamb waves has been 
proven to be beneficial. The wave propagation as well as the interaction of the lamb 
waves with various defects has been investigated. Among others one subject of 
investigation was the use of this wave form for the detection of cracks [Yang, 2009], 
[Kotyaew, 2006]. 

4.4.1.6 Rayleigh waves  
Based on the interaction between crack and rayleigh wave it is possible to determine 
the crack depth by sonic logging, wave propagation, spectral parameters and signal 
amplitude [Hevin, 1997], [Jovall et al., 2003]. [Jovall et al., 2003] report about FE-
calculations for selecting critical cross sections in the NPP concrete containment. The 
CONMOD-project is closely connected to a Swedish NPP with a prestressed concrete 
containment and with steel liner embedded in concrete 25 cm from the inner surface. 
In the identified critical regions, periodic NDT is carried out to identify changes in the 
condition to identify the remaining safety margins. Measurements show P-
(Compression) wave echoes and R-(Raleigh) wave dispersion. In their final report the 
project reports about the success of multichanel analysis of surface waves (MASW) 
[CONMOD 2005]. 

4.4.1.7 Diffracted waves, transient elastic waves, frequency response function       
and Impact Echo 

The determination of the crack depth with diffracted waves is described in several 
contributions. To achieve this, different wave forms and the mode conversion at the 
tip of the crack are used [Ohtsu, 2008], [Aggelisk and Shiotani 2006], [Liu, 2001], 
[Kroggle 1994], [Luo, 1993].  

4.4.1.8 Acoustic emission 
Active crack formation and crack propagation are often monitored with acoustic 
emission. In contrast to the active ultrasound methods here only passive receivers are 
applied. Usually these sensors are broadband sensors with a center frequency of 80 
kHz (typical frequency emitted by cracking concrete). These probes can recognize 
emissions from active propagating cracks, which are caused by changes in the 
microstructure. An array of sensors is required to locate cracks based on the hit 
analysis [Ohtsu, 2009], [Uddin, 2006]. 

CONMOD reports about an overdesign pressure test to activate existing cracks to 
grow for their detection/ location by means of passive acoustic sensors (ADVITAM) on 
the inner and outer containment surfaces (20 each). The sound print obtain from US-
sensors was basis for a crack map [CONMOD 2005]. 
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4.4.2 Impact-echo 
The impact echo method is based on mechanical excitation of the surface. The 
calculation of the vertical crack depth can be made by an analysis of the time lag 
between the arrivals of the waves at both sides of the crack. For large area 
application of the impact echo method, new image-guided tools, using the surface and 
volume rendering technique, are described [Krüger and Grosse 2006], [Yeh and Liu, 
2009]. Impact-echo (IE) seems to be the method with most profound research and 
applications dealing with delamination (crack parallel to the surface, deep inside the 
concrete structure) and thickness measurements. Basics are given e.g. by 
[Sansalone, 1997], but the state-of-the art has been developed a lot further than 1997. 
Practical investigations have proven that location of defects is not as easy as 
described in basic literature. [Grosse et al., 2007] give an overview about the state-of-
art and state of research that has been worked out in a seven year German national 
project “Forschergruppe 384” (2007). The strength of IE is not in single-point 
measurements but in measurements along a line or a grid comparable to US or GPR. 
Therefore different devices for automated data collection have been developed or 
reused, see chapter 0.  

A limitation for the classification with real data is that results in the frequency domain 
are often not as clear as presented in Figure 4-10 from [Shokoui, 2009]. Especially 
reflections in lower depth produce flexural modes with lower frequencies covering 
higher frequencies. Conditions shown in Figure 4-10 correspond to: 

• Good condition with clear detection of the backwall frequency (fT) 

• Fair condition with clear detection of backwall frequency and frequency of the 
delaminated layer 

• Poor condition with clear detection only of the frequency of the delaminated 
layer 

• Serious condition with dominating lower frequencies than the backwall. 
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Figure 4-10. Condition assessment grades with respect to the degree of delamination [Shokoui 
2009] for IE data in the frequency domain. 
 

One limitation of IE is the influence of geometry effects that might lead to 
misinterpretation. IE measurement should be carried out in a dense grid when applied 
at smaller concrete members or near the edge of a structure. Another limitation is that 
voids in a depth less than 10 cm cause flexural reflections with deep frequencies that 
avoid the depth estimation. Other researchers have dealt with that problem and give 
an approach to overcome that limitation (Shokoui 2009). The systems are expert 
systems that require an NDT-expert so that the ease of use is limited. Also automated 
software for data analysis in combination with scanning systems does not exist but 
are under development. Accuracy is very high in the limited area of investigation. But 
to ensure accuracy a correct sound speed has to be considered. Due to the high 
reproducibility of results of automated IE devices (automated impact, precise 
measuring grid) a high precision is provided. 

Most applications for automated detection are designed for a measuring grid from 5 to 
10 cm. This gives reliable information about a void with the choice of 3-D-imaging but 
with limited speed for large bridge decks. Beside scanning systems for the 
investigation of horizontal surfaces up to 40 m², self driving systems like BetoScan or 
the the NDT-Stepper from BAM have been developed (see chapter 0). 

4.4.3  Ground penetrating radar 
Ground penetrating radar (GPR) uses electromagnetic waves to investigate the 
subsurface. GPR is an appropriate tool to locate reinforcement, honeycombs or 
cavities in echo-mode in civil engineering structures. The frequency range of the 
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antennas in concrete engineering is between 900 MHz and 2,6 GHz. The denser the 
reinforcement the more the near surface layer shadows the deeper reinforcement or 
deeper voids. Radar has also the potential to detect water filled cracks, since the 
signal of the electromagnetic wave depends on the dielectric properties of the 
substructure as dielectric permittivity (ε) and electrical conductivity (σ). Salt and water 
content influence the dielectric properties. In case of an interface between two 
materials with different dielectric properties, part of the signal is reflected to the 
surface (to the receiving antenna. 

During radar measurement the crack (fracture) is detected indirectly. Typically, data 
collected with each detection method (e.g., travel times) must be inverted to yield 
estimates of local material properties (e.g., velocities). Normally, these material 
properties are not fracture properties (e.g., fracture density). Instead, the fracture 
properties must be indirectly deduced from the material properties (Rhazi et a. 2004). 
Rhazi et al. report about laboratory tests for water filled crack detection in a thick 
concrete block 3 x 3 x 4 m, Figure 4-11. 

 

 
 

Figure 4-11. Investigation of a 2 mm crack in a block 3 x 3 x 4 m with radar  
measurement. Source: Rhazi et al. 2004. 

4.4.4  Active thermography 
In difference to passive thermography, active infrared thermography (IR) is based on 
active heating of structures´ surface. Active thermography is also referred to as 
impulse-thermography. A heating impulse (radiator, flash light or sunlight) heats the 
surface of the structure to be investigated. The heat distributes in the massive 
concrete regularly unless the properties of the material change [Maierhofer et al. 
2006]. Changes may occur due to reinforcement (faster heat propagation), cavities, 
honey combing or delamination near surface or in deeper sections of the concrete. In 
these regions the defects occur in the thermograph as faster or slower cooling down. 
The cooling down process is recorded by a thermo camera over a period of time that 
depends on the conditions on site. The maximum of the surface temperature on the 
surveyed surface is reached at different time slots. Thus, in any pixel of the 
thermogram, in the recorded cooling down curve a maximum temperature is selected.  

Figure 4-12 presents a special thermo-scanner for automated thermographic 
measurements. Figure 4-13 presents results from Figure 4-12 showing less of bond 
between CFRP and concrete. The cooling down curves for a detective area, a non-
damaged area, and the difference between the two is presented in Figure 4-14. The 
phase image of a close up of an area exhibiting bond loss is shown in Figure 4-15.  
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Figure 4-12. Automated thermographic 
measurement of a CFRP-strengthend concrete 
beam. Heating with 7 flashlights, record of the 
cooling down: 30 min. [Helmerich et al. 2007]. 

 
Figure 4-13. Thermographic image 
visualizes of loss of bond between 
CFRP and concrete with increased 
contrast. [Helmerich et al. 2007]. 
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Figure 4-14. Difference curve of the cooling 
down curve from defect and non-damaged 
area. The maximum of the curves is selected 
for all pixels. [Helmerich et al. 2007]. 

 
Figure 4-15. Phase image of a detail 
with small bond loss (~1 cm2 ) for 
better visualization. [Helmerich et al. 
2007]. 
 

Alternative applications use vehicles with an on board heating unit to create the 
artificial temperature gradient and the thermo camera (Figure 4-16a). The 
thermogram of a road section with delamination is presented in Figure 4-16b [Maser, 
2008]. 
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(a) Vehicle with onboard heating unit and 
thermocamera or GPR data collection. 

 
(b) Road surface with debonding/ 
delaminations. 

Figure 4-16:  Active thermographic measurements of a road surface [Maser 2008.] 

4.4.5  Fibre optic sensors 
Fibre optic sensors are well suited for the measurement of expansions or 
deformations. They are one of the established tools in Structural Health Monitoring 
(SHM). It is possible to embed the fibres in the concrete member during the 
construction phase. The optical signals can be transmitted over long distances and 
they are not susceptible towards electro-magnetic disturbances. Cracking of the 
concrete causes local strains in the fibre optic sensor. The reflected part of the light is 
a measure for the location of the developing crack. The method is applicable to 
monitoring with early warnings. (Inaudi 2002), (Habel et al. 2003)], (Leon and Cruz, 
2006). 

4.4.6 Laser shearography 
This method has already been applied in portable measurement devices for the 
detection of cracks in bridges. The surface under investigation is illuminated with 
coherent light. The resulting speckle pattern is then analysed [Livingston, 2006]. 

4.4.7 Pattern recognition 
A camera records a surface with a pattern. The change of the pattern and the analysis 
of the direction of the pixel movement allows early identify of defects as developing 
cracks.  

4.4.8 Electrical resistivity  
The electrical resistivity method has been applied to recognise different current flow, if 
a crack is present in a concrete specimen. However this method is only suitable for 
use in the laboratory. Under realistic conditions it is not possible to differentiate the 
influence of the crack from the influence of varying material parameters (e.g. 
moisture) [Lataste, 2004]. 

4.4.9 Automation of data acquisition 
Automated systems follow two philosophies: The scanning system is fixed to the 
surface and the sensor is moved along an x-, y- coordinate plane. The other 
alternative is a self-moving system with fixed sensors. Automation is appropriate for 
all NDT methods applied from only one side (echo mode). 
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4.4.9.1 Scanning systems fixed to the structure with moving sensors  
NDT-data acquisition for visualization of inner cracks and other voids needs precise 
geometrical correlation and repeatability of measurements. Only in this case, the data 
from different methods can be fused to get higher evidence of the accuracy. The 
current scanning device, constructed recently at BAM, can be easily attached to a flat 
surface by means of vacuum feet [Schaurich, 2012]. Figure 4-17 and Figure 4-18 
present examples of automated scanner devices. 

 

 
Figure 4-17. Automated measurements with 
the potential to elongation of the measured 
field along the bridge length [Streicher et al. 
2006]. 

 
Figure 4-18. One-Square-Meter scanner 
attached to the structure by vacuum (no 
skrews) from an underbridge unit 
constructed by Schaurich [Helmerich et al. 
2012]. 

  

4.4.9.2 Moving systems equipped with sensors  
The scanners mentioned above require a frame that makes them inflexible for large 
scale investigation. Alternatively, scanning systems may move to the area in question. 
As described by [Streicher et al., 2006], BAM developed a so-called stepper that was 
designed for data collection along a line on horizontal surfaces (Figure 4-19). It can be 
used for automated Radar, US or IE-echo testing with a flexible step width. The 
automatic moving device allows a spacing between two measuring point from 0.5 to 
12 cm with a speed up to 1,0 m/min, depending on the NDT-method and on the task 
to answer [Stoppel et al. 2007]. This device is suitable for data collection and later 
data analysis of IE data [Shokoui, 2009]. It allows high accuracy and precision of the 
results because of automated impact. Modifications of the scanner (E-stepper, 
[Reichling et al. 2009]) allow a maximum speed of 2.2 m/min with a potential speed up 
to 5 m/min depending on the number of measuring points per metre. Each measuring 
point of IE or US requires 4 to 5 seconds. Figure 4-20 to Figure 4-22 present 
examples of other moving systems equipped with sensors. 
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Figure 4-19. Modified BAM-stepper:  
“E-Stepper” [Reichling et al. 2009].  
 

 
Figure 4-20. BetoScan Robot System [Stoppel 
2007]. 

 
Figure 4-21. Automotive vehicle “RAVON” 
designed for off road use with the potential 
being a robot platform for US application as 
suggested in [Gebhardt et al., 2006] 

 
Figure 4-22. Stepper for point-wise collection 
of US and IE-data along a line [Streicher et 
al., 2006]. 
 

4.4.10   Data processing 
The images representing the collected datasets improve significantly if the data is 
postprocessed by reconstruction algorithm, by fusion of data from different 
measurements (US-echo, Radar-echo and impact echo) or from radar data collected 
with different polarizations. 

4.4.10.1 SAFT 
Using SAFT the signal-to-noise ratio of the results can be improved increasing the 
quality of the imaging of the results. This has been applied to test specimens with 
implemented honey combing (Figure 4-23a). Results for US were published by 
[Krause et al., 2003]. As shown in Figure 4-23b defects become visible either directly 
(right side “Honeycombing”) or indirectly (left side “Shading from honeycombing”). 
These results show the potential of US used in the manner of measuring transit times. 
Though it has not been applied in this case to delaminations it should be possible 
from the technical point of view. Like other methods with automated data collection in 
a dense measuring grid it is limited due to long measuring times and processing for 
reconstruction calculation. 

page 71 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

 
(a) 

 
(b) 

Figure 4-23. (a) Location of the section (dashed line) with results imaged in (b)  
 

4.4.10.2 Data reconstruction 
Reconstruction returns data to their original geometry, e.g. hyperbolas from radar-
echo measurement above reinforcement are transferred to the original point of 
reflection from the upper surface of the rebar. Like other methods with automated 
data collection in a dense measuring grid it is limited due to long measuring times and 
processing for reconstruction calculation.  

4.4.10.3 Data fusion 
Data fusion of NDT-data integrates data from different NDT-measurements into one 
data-set allowing a better distinction between elements and/or defects inside a civil 
engineering element. Usually data for data fusion is collected with automated 
equipment to get a good geometrical correlation between data from different methods. 
In the past, 3D-data sets represented Echo-methods using GPR, ultrasonic-echo and 
impact-echo [Streicher et al.2008].  

4.4.10.4 Spectrogram 
[Schubert et al., 2006] presented a new evaluation procedure for IE-Data based on 
spectrograms. The key idea of the IESA technique (Impact-Echo Signature Analysis) 
is to use time-frequency representations (spectrograms) of impact-echo waveforms as 
acoustic fingerprints of the specimen at individual measuring points, Figure 4-24. 
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Figure 4-24. Time-frequency representations spectrograms of three impact echo wave forms 
obtained by continuous wavelet transform (real part only). The spectrograms can serve as 
sensitive acoustic finger prints indicating defects (here grouting conditions of tendon ducts, 
[Schubert et al. 2006]). 
 
4.4.10.5 Scalogram 
Most research work has been done in data analysis of IE data. Shokoui (2009] gives 
an overview of different methods of data analysis with respect to delamination 
detection. Basic information about theory and results of Short Time Fourier Transform 
(STFT), Continuous Wavelet Transforms (CWT) and Descrete Wavelet Transforms 
(DWT) are given. The strength of these techniques is that results can be presented in 
so called scalograms (Definition: “Scalogram” according to [Shokoui and Gucunski, 
2008] is a qualitative picture of energy-time-frequency distribution of the signal) that 
reveal information about the frequency over time).  

4.4.10.6 Hilbert Huang Transformation 
Algernon (2007) first applied the Hilbert-Huang transform to analyse impact-echo data 
collected on a scanned concrete specimen surface. 
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Figure 4-25. Hilbert-Huang Transformation of Impact-echo data acc. to [Algernon, 2006] 
 

Algernon describes data analysis for non-stationary impact-echo data with Hilbert-
Huang-Transform (HHT). The scheme is shown in Figure 4-25. The strength of the 
method is that it becomes possible to identify short transient signals within the data as 
well as frequency fluctuations, which remain hidden for other methods. In addition to 
that, the selective IMF (Intrinsic Mode Functions) combination allows a way of filtering. 
Though the HHT has been applied to real data this application is limited of automated 
data analysis that has not been developed. [Algernon, 2006] also admits that HHT 
has to be applied carefully, as a theoretical performance evaluation is only partly 
possible. 

4.5 Conclusions 

Table 4-2 presents a summary of testing methods for defect detection in concrete 
structures. 
Table 4-2. Summary of testing methods for defects in concrete structures 

Method Purpose/application Advantages Limitations 
Low frequency  
US-echo with single 
shear wave 
transducer-receiver 
unit 

Near surface 
delminations  

Recordability of 
near surface 
delaminations 

In case of multiple 
layers the current 
techniques cannot 
distinguish the 
layers 

Low frequency US-
echo array with shear 
wave transducers 

Thickness estimation, 
deep delaminations 
parallel to the surface 

Location of 
thickness and 
deep 
delaminations 

Concrete surface 
must be accessible, 
influence of dense 
reinforcement 
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Method Purpose/application Advantages Limitations 
High frequency US- Steel liner thickness Method allows Only applicable, if 
echo  estimation, e.g.  for estimation of the liner is 

the remaining accessible from the 
cross section steel surface 
after corrosion 

US-Phased with shear Localisation of 3D-datasets Not applicable to 
wave transducer array irregular or diagonal allow for colour net cracking (ASR, 

cracks  coded imaging AAR, late ettringite 
(contour plots) formation) 

Lamb Waves Localization of vertical Analysis of the Not established, 
surface cracks travel time further research for 

concrete required 

Rayleigh waves Localization of surface Applicable for Not applicable to   
cracks first crack multiple cracks 

detection 

Impact-echo Thickness estimation, Feasibility Not for near-surface 
deep delaminations proved for road delamination/debon
parallel to the surface infrastructure ding 

Radar (ground Detection of cavities, Digital Influence of 
penetration radar- water filled cracks documentation, humidity and salts 
GPR) depth on dielectric 

information parameters 

Acoustic emission Ultrasound received Well detectable Minimum of 4 US 
during active crack and localizable receivers, 
growth  areas of complicated 

cracking analysis due to 
multiple crack 
growth 

Active thermography Defect detection in the Documentation Time consuming 
interior of a structure of digital images preheating and 
(metal or void for cracks and recording of the 
inclusions, near other voids cooling down 
surface delaminations) parallel to the process 

surface 

Fibre optic sensors Identification of Early detection POF is under 

Polymer optic fibres surface crack 
formation, if below 

of fracture, 
monitoring 

research for its 
potential to monitor 

externally fixed Bragg possible additional 
grating FOS  FOS and POF 

have potential 

parameters (pH, 
humidity) 

for monitoring 
cracking 

Laser shearography Vizualization of Digital Investigation of the 
surface cracks and documentation accessible side only 
deformation 

Pattern recognition Vizualization of Digital Investigation of the 
surface cracks and documentation accessible side only 
deformation 

Photogrammetry Vizualization of Digital Investigation of the 
surface cracks documentation accessible side only 
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The presented defect detection methods were developed in the laboratory and for civil 
engineering applications. For the transfer of these experiences to NPP containment 
and other elements´ testing, inspection reports should be analysed regarding the 
predominant defect types. Then, field studies will give more precise evidence  

 

• of the occurrence of the cited defects in NPP-containments 

• about the applicability of the given methods in NPP-environment for the most 
typical defects 

• about the validation of methods under dense reinforcement conditions 

• about the accuracy of the methods for the typical defect detection 

4.6 Research needs 

4.6.1 Short-term 
• Analysis of inspection records for selection of most typical defects in 

containments and related NPP-structures 

• Design of a mock-up for the typical NPP-containments with typical artificial 
defects (vertical cracks surface, near surface crack, irregular crack or deep 
delamination, honeycombing) 

• Validation of current methods with available equipment using the Mock-up in 
Round Robin tests. 

4.6.2 Medium-term 
• Identification of gaps in methodologies for measurements and for equipment  

• Objective is to cover larger areas with faster measurements 

• Support optimised equipment 

• Enhance data analysis using data fusion and  

4.6.3 Long-term 
-  Planning challenge in design by embedding optical and acoustic (active and    

passive) sensors during construction. 
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5 Detection of inclusions of different materials or 
voids adjacent to the concrete side of the 
containment liner  

5.1 Introduction  

Several cases have been reported (e. g. [NRC., 2010] [NRC., 2004] [Dunn et al., 
2011] [Dunn et al., NRC]), where local inclusions in the concrete directly adjacent to a 
steel liner have caused significant corrosion, Figure 5-1. These materials include, but 
are not limited to, pieces of wood or working gloves. A schematic of the scenario is 
given in Figure 5-2. In several cases the thickness of the steel liner was significantly 
reduced, leading to expensive repair demands.  

It has been stated, that an early stage (before corrosion occurs) NDT detection 
technique would be of great benefit. 

 

  

Figure 5-1. Beaver Valley Unit 1, 2009. Left: Paint blister hiding I a 2.5*1 cm² corrosion 
penetration in the liner. Right: Piece of wood (10*15*5 cm³) behind steel liner. From: First 
Energy, “BV1 Containment Liner Plate Hole,” CR 09-57762, Akron, Ohio: FirstEnergy 
Corporation, June 4, 2009, cited in [Dunn et al., 2011].   
 

 
Figure 5-2. Schematic of a reinforced containment cross-section showing embedded foreign 
material. From: [Dunn et al., NRC].   
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Boundary conditions for assessing the current capabilities of NDT to detect inclusions 
on the concrete side of a liner are:  

• Minimum target size is 5*5*1 cm³ (length*width*depth) or even smaller. 

• Distance less than 0.5 cm to the steel liner (Figure 5-3).  

• Target material organic (textile, leather, wood) or air (void). 

•  High moisture content.  

Remark 1: if the target is directly in contact with the liner, it might have a similar 
response as a void or a delamination discussed in section 4. But as the target size is 
small, physical contrast (for organic material) is less and damage potential is high, the 
issue is treated separately in this section. 

Remark 2: if the corrosion process has already started, the target zone might be 
identified by the methods described in section 6. Note that these methods are in most 
cases not capable of identifying the reason for corrosion. However, these parts of the 
liner have to be rehabilitated anyway, resulting in opening the liner and thus allowing 
visual inspection. 

 

 
Figure 5-3. Sketch of target geometry for inclusions/void near a steel liner. 

5.2 State of the art and existing guidelines and 
recommendations 

The authors are not aware of any systematic attempt to detect the anomalies 
discussed here by NDT in an early stage (post construction/pre corrosion). Specific 
NDT guidelines or recommendations apparently do not exist. 
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5.3 Applicable NDT-Methods 

Applicable NDT methods can be derived from the recommendations and experiences 
stated in chapter 4. The optimal choice and the setting of measurement parameters 
depend on the desired detection limit (size and depth of an inclusion to be detected) 
and the condition of the steel liner. Four different scenarios may be of interest (Figure 
5-4). 

 

a)  b)  

c)  d)  
Figure 5-4. Scenarios for NDT detection of an inclusion behind a steel liner. a) Concrete 
layer between inclusion and liner. b) Direct contact. c) Early stage liner corrosion.  
d) Significant thickness loss of liner due to corrosion.  
 

a)Concrete layer between liner and inclusion (Figure 5-4 a): 

The geometry in this case is in general similar to a void in concrete. As density is 
higher that a true air filled void, the scenario is similar to honeycombing, but limited to 
a very small volume. Ultrasonic echo techniques might be applicable, but a very 
narrow measurement grid would be required. In theory, measurements can be 
performed from both sides. However, measurements from the far (concrete) side 
might be affected by rebar and other elements inside the concrete as well as by 
scattering due to aggregates along the relative far distance. Additional limitations (e. 
g. resolution limits due to small thickness) apply.  

b)Direct contact between inclusion and liner (Figure 5-4 b): 

This scenario resembles an incomplete delamination. Ultrasonic echo and surface 
wave techniques as well as impact echo might be applicable, but would require a very 
dense measurement grid. As there might be some support to the steel liner by the 
inclusion itself or some cement lime, the anomalies can be expected to be smaller 
than with complete, air filled delaminations.  

page 86 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

c)Early stage liner corrosion (Figure 5-4 c): 

Corrosion activity of steel objects in concrete (as rebar) can be detected by 
electrochemical potential techniques. However, this can’t be applied here, as the steel 
liner will form an equipotential area without any possibility to detect electrochemical 
activities behind (even if the liner itself is affected). 

d)Significant liner thickness loss (Figure 5-4 d): 

In this case the affected areas may be identified by ultrasonic echo or eddy current 
techniques determining the remaining thickness of the steel liner. These techniques 
are applied in NPPs on regular basis in a standardized manner for inspection of 
various metallic components of the reactor vessel and other elements. Application to 
thickness measurement of steel liners of concrete structures is mentioned in [Naus et 
al., 2010]. The ultrasonic echo method for thickness measurement is standardized in 
the U.S. e. g. by ASTM 797-10 [ASTM, E797]. In other countries different standards 
may apply. 

For more information on corrosion affecting concrete/steel liners refer to chapter 6. 

5.3.1 Application  
The authors of this study are not aware of any reported systematic study or 
application. Examples of the methods discussed above can be found in chapter 4. 

5.4 Conclusions  

Several cases have been reported, where inclusions of foreign material have caused 
severe corrosion with partially complete thickness loss of the steel liner. So far there 
have been no systematic studies on early stage detection of these inclusions by NDT. 
However, these inclusions might be detectable by ultrasonic echo and other 
techniques described above. Depending on the details of the scenario the contrast to 
undisturbed parts of the structure might be less than with voids or delaminations. The 
size of inclusions is small. Thus the probability of detection is limited. 

5.5 Research Needs  

To assess the ability of the techniques mentioned above to detect inclusions of 
anomalous material properties it is recommended to perform a series of test at full 
scale mockups, including all scenarios described in Figure 5-4. In a first phase 
existing techniques should be assessed. Further research and development has to be 
discussed after evaluating the results. 
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6 Methods capable of identification of corrosion 
occurrence on the concrete side of the 
containment liner 

6.1 Introduction  

The electrochemical testing method of potential mapping has been well established in 
the field of concrete repair and an ASTM standard is available [ASTM876]. It has to 
be kept in mind that this standard applies to conditions of concrete bridges and car 
parks with active corrosion from chloride-induced corrosion, which creates significant 
gradients in the measured potentials. Corrosion occurrence in power plants may be 
very different from that. Therefore it is necessary to inspect where preconditions of 
corrosions my occur and what is the reason for their appearance: 

•  Anodic iron dissolution has to be possible.  

•  Electric conductivity of reinforcement is given.  

•   Eectrolytic conductivity of concrete is given  
(e.g. water, humidity > 85 … 90 % r.h.). 

•   Oxygen in concrete may be available, which is normally given except for water 
saturated concrete. 

•   Potential differences occur due to differences in ventilation or local 
depassivation, which is given in most cases. 

 
These preconditions help to identify areas of high risk of corrosion. Limiting the areas 
of possible corrosion may help to apply classical ultrasonic techniques to measure the 
loss of thickness from the steel side of the metal liner. 
In case of access only from the concrete side research would be needed to apply 
voltmeters with a much higher resistance than voltmeters for classical potential 
mapping. In addition simulation could help to find out if measurable gradients of the 
potentials may occur at the concrete surface. For both R+D would be necessary.  
 

6.2 References 

ASTM C876-91 Standard Test Method for Half-Cell Potentials of uncoated 
Reinforcing Steel in Concrete 
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7 Description of Laser Induced Breakdown 
Spectroscopy (LIBS)  

7.1 Introduction 

Laser Induced Breakdown Spectroscopy (LIBS) is a combination of high energy laser 
ablation leading to plasma formation and optical emission spectroscopy. 

LIBS can be applied on optically accessible surfaces of gases, liquids or solids. A 
pulsed laser is used to evaporate a small amount of the sample surface. The initiated 
plasma radiation is then analysed by measuring an optical spectrum. For quantitative 
results a calibration is necessary. LIBS is the only technology which can detect all 
chemical species in all environments. It can measure directly on the sample surface 
without any extensive sample preparation. The LIBS investigation is a multi-element 
method, i.e., within one measurement information about major and minor (trace) 
elements is obtained. The LIBS technique has been investigated in the last two 
decades for application in process control, waste sorting, and geological, 
archaeological and medical applications [Miziolek et al, 2006, Noll, 2012]. 

The main advantage of LIBS application in the investigation of building materials is 
the direct measurement on the surface of the solid sample. Ingress profiles of harmful 
ions are available by scanning the cross section of cores. The necessary diameter of 
the cores depends on heterogeneity of the material. The results are obtained directly 
after the measurement. The set-up is suitable for automated and on-site 
measurements. Within one measurement major elements (Ca, Si, Al, Mg, Fe) and 
minor elements (Cl, S, Na, K) are evaluated. The spatial resolution of measurements 
is in the range of some micrometer up to one millimetre. Due to a statistical number of 
measurements (up to 100 measurements per second or more) the heterogeneity of 
the material is taken into account and influences of sampling are excluded. By moving 
the sample in a plane perpendicular to the laser beam or scanning the surface by the 
laser, the spatial distribution of elements is obtained. 

This chapter describes the potential and applications of LIBS for the investigation of 
building materials. The first section comments on the fundamental aspects, illustrates 
a typical measurement set-up and summarizes the basic principles. The second 
section exemplifies the special precautions for LIBS application on heterogeneous 
building materials such as mortar and concrete. The capability to assess occurrence 
of concrete degradation in the form of carbonation, freeze-thaw cycles, alkali-silica 
reactions or sulfate attack, and possible detection of damage due to elevated 
temperature or irradiation exposures is given in section four. The potential of a 
portable LIBS device for on-site testing and on-site quality control of repair work is 
given in section five. The section closes with a comment on limitations of the method 
and reliability of results. 
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7.2 LIBS Fundamentals and Measurement 

 
Figure 7-1. Typical LIBS set-up [Wiggenhauser et al., 1999]. 

 

A typical LIBS set-up used for the investigation of building materials is shown in figure 
7-1. The radiation of a pulsed NdYAG-laser (λ = 1064 nm, pulse rate 10 Hz, energy 
per pulse 100 mJ to 400 mJ, pulse duration = 10 ns) is focused to an area of one 
square millimetre to evaporate a small amount of the surface under investigation 
(some micrograms). Due to the high power density in the focus area plasma ignites 
and radiates for some microseconds. The plasma radiation is guided to a 
spectrometer system, which breaks the radiation into its spectral components. At the 
exit slit of the spectrometer the light intensities are detected by a CCD-camera. The 
focal length of the lens is 500 mm to minimize the influence of surface roughness. The 
volume around the plasma can be purged with air or helium to remove dust and 
enhance the results for the detection of some elements. The detection of chlorine and 
sulphur is more sensitive if helium is used as a process gas. 

The sample under investigation can be moved in a plane perpendicular to the laser 
beam to measure the spatial distribution of elements on the surface. 

The CCD detects light intensities in dependence of wavelength. Each element has 
typical lines in the spectrum caused by the inner structure of the atoms electron 
configuration. There are databases available which give the wavelength position of 
these lines [Ralchenko et al., 2008]. Thus an assignment of peaks to elements is 
possible. The intensity of the radiation at a single peak contains information about the 
relative content of this element in the evaporated volume. There are different types of 
detectors from single peak detectors (photo diodes or channeltrons), different types of 
CCD cameras and complex echelle spectrometers. The choice of the detector is in 
close relation to the number of elements to be detected, the limit of detection and the 
financial budget. 
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Figure 7-2: Left: Plasma ignition on a hardened cement paste surface.  
Right: Concrete sample with traces of LIBS measurement. 

 

Figure 7-2 (on the right) shows a concrete specimen with traces of LIBS 
measurements. The specimen was scanned in lines with a two-millimetre distance 
and a resolution of one measurement per millimetre for each line. Due to the 
measurement the heterogeneity of the material is recorded and results can be 
correlated to the cement content. The scanning of the 28 mm by 41 mm specimen 
takes some minutes and the results are obtained directly after the measurement. 

The possible output of the measurement is the distribution of a specific element on 
the surface under investigation or, if the measurements are averaged per line, a 
gradient of element content. 

Due to the multi-element ability of the method the measurement of trace elements as 
well as the differentiation between cement and aggregates is possible. As a result the 
content of the trace element can be given in correlation to the cement content. The 
LIBS measurement displays statistical information about the specimen and brings out 
the heterogeneity of the building material. 

During one measurement information for more than one element is available. With a 
more complex detector (echelle spectrometer) up to 40 lines can be detected 
simultaneously.  

The LIBS set-up can be made portable. First experiences are given below. 

The data evaluation needs some normalization procedures to eliminate interferences 
like fluctuations of pulse energy, surface properties or dust in the beam path. There 
are programs which allow fast and automated data evaluation in only a few minutes. 
Nevertheless nowadays a well-skilled engineer is necessary to carry out LIBS 
measurements. 
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7.3 Heterogeneity, absorption and ablation 

Cement is a mineral, finely ground, hydraulic binder which is used to make concrete 
and mortar. Depending on the specific application, different types of cement are used 
on the basis of their composition. 

Concrete and mortar concrete are materials which are also known as the five-
component system and consist of bonding agents, aggregates and water, as well as 
concrete additives which in turn break down into conditioners and admixtures.  

One of the major differences between concrete and uniform materials, such as metals 
or liquids, therefore lies in the heterogeneity, of the construction material.  

This heterogeneous composition also gives rise to different physical and chemical 
surface properties for the laser excitation. The particle size is a determining factor, 
primarily in terms of nanometres and millimetres. 

The incident light energy is absorbed by the construction material in such a short time 
that the excitation cannot be distributed over the solid but is instead converted to heat 
at an explosive rate in the irradiation zone only.  

The sudden rise in temperature and the plasma expansion generate a secondary 
shock wave which is absorbed and muted to a sonic pressure wave on penetrating 
the solid and brings about an erosion of the material. At the same time, the materials 
combined in the multi-component concrete construction material have different 
ablation and evaporation rates. 

 

  
Figure 7-3. Visualisation of ablation crater in hardened cement paste (left) in 
comparison to the cement mortar with aggregates up to 2 mm in size (right), 
measured with a confocal laser scanning microscope. 

 

The matrix surrounding a cement of conventional strength is heavily eroded while the 
stone particles are subject to far less erosion. Figure 7-3 shows the ablation crater in 
the hardened cement paste in comparison to the cement mortar with stone particles 
up to 2 mm in size. 

Views taken with the scanning electron microscope clearly show that the high plasma 
temperatures also cause the mineralogical structures on the crater walls to melt. The 
different ablation action of the material components does not on its own yield any 
adequate distinction of the vaporised parts within the focal spot. 
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In order to go one step further to this stage there was a need for differentiators based 
on the specific elements which make up the composition of the concrete components. 
This spawned the idea of differentiating the excited proportion of solid particles by a 
specific set of criteria suitable for evaluating the radiation between the matrix and the 
stone. 

Four fundamental options were found in terms of differentiation criteria specific to the 
process: 

• The ratio of intensity of calcium to oxygen 

• The ternary relationship between the intensity levels of the elements, namely 
silicon, aluminium and calcium 

• The distribution of hydrogen on the dried sample surface 

• Cluster-analysis for automatic separation of concrete parts 

The calcium to oxygen ratio compares the normalised intensities of both elements in 
one spectrum. A raised Ca/O ratio can justify the assumption of a high vaporised 
proportion of binder in the focal spot. By contrast, low Ca/O ratios indicate a high 
proportion of grain. 

This criterion can also be applied with calcareous aggregate. The specific calcium 
fraction is similar to that in cement but there is a higher proportion of oxygen in these 
stones which brings the Ca/O ratio below the cement level.  

This allows a clear separation between binder matrix and mineral aggregate. 

The intensity ratios of selected stones to cement particles in quantitative terms show 
that the ternary relationship between the Si, Ca and Al fractions provides a suitable 
indicator for differentiation. Mapping these elements shows their concentrations and 
thus yields the second differentiation criterion. Silicon and aluminium remain stable, 
even if solvent is applied to the solid matter, and the amount of dissolved calcium is 
negligible in relation to the total concentration, therefore this ternary relationship is 
retained between the elements.  

The distribution of the elements in hydrogen provided a third basis for the 
differentiation criterion. The intensity distribution of the hydrogen line H@656.3 nm 
over the surface allows a clear differentiation of structures. The mineral aggregates 
with low H fractions separate from the concentrations of hydrogen in the binder 
matrix. This differentiation is made possible by the chemically and physically bonded 
cement stone water, with noteworthy examples of this being the hydration phases. 

7.4 Application for specific testing problems 

Chlorine – deterioration of reinforced concrete 
The strength and durability of buildings made of reinforced and pre-stressed concrete 
are conditional upon the measures taken to prevent the steel embedded in the 
concrete from being corroded, e.g. maintain passivity due to the high of the 
cementitious material adjust to the reinforcement. This protective mechanism can be 
undone by two processes. One of these processes is the migration of chlorine ions. 
Regulations have been in place for some years to set minimum levels for the direct 
addition of chlorine compounds to freshly mixed concrete. Nowadays it is chloride 
contamination which is more likely to be the source of major damage, having arisen 
as a result of retroactive ion penetration, especially through de-icing agents. The 

page 94 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

bonding agent, the pore channels and the moisture in the building materials affect the 
transfer, diffusion and attachment of the dissolved chlorides. 

The chlorine concentration in the cement or concrete can be determined by consulting 
the emission line at 837.6 nm in the  vis ible  s pe ctrum [Wilsch et al., 2005]. Other CI 
lines are available in theory but do not deliver the required sensitivity in practice for 
the quantity of material requiring detection. Alternatively, as corroborated by the latest 
findings in sub atmospheric pressures, adequate results can be achieved with the 
VUV emission line at 134.7 nm. 

The chlorine line 837.6 nm needs to be classified as outside the sensitive range, 
despite the use of process gases like helium and argon. Substantial increases in the 
element quantity bring about only minor changes in the normalised intensity. 
Constant, reproducible measurement conditions are therefore essential.  

Nevertheless, it was possible to reliably detect concentrations of 0.1 M%/cement and 
above in the repeat measurements below the legally specified corrosion-inducing 
chloride content of 0.4 and 0.5 M% related to the cement mass. This level can be 
classified as fair and acceptable for building practice purposes. 

It is now possible, on the basis of this distribution, to show the specific Cl gradient 
plotted against the depth and its distribution in the building material with heavily 
shaded parts indicating high chlorine concentrations. 

Sulphur-concrete corrosion 
The chemical action of sulphur in the form of sulphates or sulfides attacks concrete 
surfaces causing damage to, or breakdown of, the cement matrix. Considerable 
bulking is a potential problem with sulphates, e.g. due to the volume increase through 
ettringite formation, hence the feared destruction of the cement structure.  

One fact of particular note in the case of sulphides is the corrosive action of the 
sulphuric acid on sewage and waste water treatment buildings.  

The detection of sulphur by means of LIBS proves challenging insofar as, firstly, 
sulphur is already used in the bonding agent as a sulphate transporter and, secondly, 
there are precious few emission lines for sulphur identification in the visible range. 
One line which has proved suitable is the S line at 921.30 nm [Weritz, 2007]. 

The zones where sulphuric acid penetrates a concrete test piece can be shown with 
LIBS imaging. It is evident that the sulphur is mainly absorbed at the edges. Exact 
localisation of the areas contaminated by sulphur helps to assess the depth to which 
excavation of concrete is necessary. 

Alkali metals - alkali silica reaction 
The term alkali silica reaction is used to describe the process whereby the siliceous 
minerals in some aggregates react with the soluble alkaline pore fluid elements 
(potassium, sodium) to form a calcium alkali silicate gel which is eager to absorb 
water. In unfavourable conditions the volume of this gel increases to such an extent 
over time that the pressure gives rise to localised swelling. This pressure exceeds the 
tensile strength of the concrete and damages the structure. Outward signs of this are 
crazing, efflorescence and pop-out. 

Added road salt with alkali cations can intensify the reaction.  

The measured change in alkali concentrations in a hardened cement paste which has 
been exposed to a solution of 1 mol CaCl2 is a clear evidence of a reduction in the 
soluble potassium and sodium fractions which have migrated into the solution. There 
is also a decrease in the calcium content as the solution has far lower Ca 
concentrations than the sample.  
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It can be concluded after further tests that there is an interaction of the alkali 
elements, with observations focusing primarily on relationships between Na, K and Li.  

This allows several basic assumptions: 

• The alkalis and chlorides in the liquid migrate into the building material at 
different rates. There is a retardation effect. 

• The water front precedes the chloride front. This is followed by the alkalis 
which act at different rates within their sub-group. 

• While the ions in the liquid migrate into the building material, ions are released 
from the building material and fill spaces left by the liquid.  

• There is a displacement struggle as the elements supplant each other. For 
example, lithium penetrating from outside most notably dispels the potassium 
fractions in the cement.  

• The latter assumption is of immense importance for the destructive process of 
the alkali silica reaction. Lithium can have a restorative effect and minimise or 
stop this reaction [Thomas et al., 2008]. 

• The reason why this less alkaline element should have such a curative effect 
has remained a mystery to this day. 

Another striking additional insight in the applied LIBS measurements was that LiNO3 
solutions penetrated further into the solid matter than the LiOH solutions.  

The LiNO3 impregnation produces maximum Li fractions of 0.3 M% in the solid 
matter. Once this value is reached, the Li front migrates deeper into the sample. This 
appears to define an absorption and loading capacity which is not exceeded. 

Hydrogen - heterogeneity and moisture 
In building work the construction materials are exposed to atmospheric effects, the 
majority of which are extreme. If measurements are taken on rain-soaked buildings, 
therefore, or on buildings in harsh freezing conditions then this can affect the 
measurements. It was therefore necessary to determine whether a soaked building 
material supplied identical results to a dry one. Another point of uncertainty was 
whether cold and hot surfaces react alike to the laser beam. 

Wet samples show an increase in the total intensities in the observed spectra when 
compared to dry samples which have reached their moisture content equilibrium in 
interior air conditions. The underground level is basically raised with wet samples and 
changes the signal-to-noise ratio.  

Possible reasons include the changed absorption properties of the solid surface and a 
higher braking radiation resulting from the evaporation of the water. It was also 
apparent, however, that the peak amplitudes of the characteristic spectral lines were 
more marked. 

At the Cl line 837.6 nm it was possible to draw a qualitative reference to the moisture 
content: The signal sent by the soaked samples was attenuated in intensity as 
compared to the dry samples.  

At the potassium (769.9 nm), lithium (670.8 nm) and magnesium (880.7 nm) emission 
lines, the wetness of the sample has only a slight effect on the intensity at material 
temperatures ranging from 0 ° to 85 °C. As the analyte concentration in the samples 
rises, however, this effect dies out. 

By contrast, the temperature of the building material has virtually no effect on the 
measurement. One reason for this may lie in the excitation of the laser beam which is 
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very hot in any event; at local temperatures of 15,000°C the initial temperature of the 
material is probably insignificant [Molkenthin, 2008]. 

Mobile Setup – on-site applications 
A mobile LIBS set-up with fast on-line results is helpful for the engineer to estimate 
the condition of concrete structures and for quality assurance during concrete repair 
work. It ensures for example that all contaminated concrete is fully removed – as 
much as necessary and not more. 

 

 
 

Figure 7-4. Schematic set-up of a mobile LIBS system. 

 

Potential applications are parking garages or bridge decks with chloride contaminated 
concrete. During repair of sewage treatment plants the sulphur content of concrete 
structures will be evaluated. In the following the set-up will be described. The 
application of the set-up for on-site evaluation of chloride contaminated concrete 
structures in a parking garage is shown and the results and future trends are 
evaluated. 

The schematic set-up of a mobile LIBS system for on-site investigations of building 
materials is shown in figure 7-4. On a tripod a pan-tilt unit carries the laser and the 
measuring head including shielding. The control and detection unit is arranged in a 
special box. The system is designed for horizontal and vertical operation (see figure 
7-5). To maintain laser safety regulations, a shield covers the laser beam path. For 
the measurement the pan-tilt unit moves the laser beam over the surface under 
investigation (maximum area 15 cm x 15 cm). The plasma radiation is delivered to an 
optical fibre and analysed by a portable detection unit. 

The system is designed for measuring the chlorine, sulphur or alkaline elements. The 
content of chloride or sulphate is calculated from the measured chlorine or sulphur 
intensity. An automated data assessment program is integrated in the system 

 

 

 

 

 

page 97 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

 

Figure 7-5: Mobile LIBS set-up designed for vertical and horizontal operation. 

 

During the first on-site test in parking garages the performance of the mobile LIBS 
system was proved. The equipment is portable and can be transported in two special 
containers in the boot of a normal van. The set-up of the system takes less than 15 
minutes. The chlorine, sodium and potassium content in different positions could be 
evaluated. 

At present the limit of the mobile system with regard to the detection of chlorine is at 1 
%. But further development will achieve a detection limit of chlorine of at least  
0.4 %. 

The measurements were performed during on-going concrete removal near the 
position of measurement. 

Limitations and reliability 
Atomic spectroscopy methods are relative, therefore calibration must be undertaken 
to establish the correlation between the analyte concentration and the test signal.  

Experiments can be conducted on samples with defined and staggered
concentrations of elements in order to establish these relations.  

These calibration functions of the first degree apply in a linear dynamic range. 
Qualitative results at lower concentrations are subject to the limit of detection (LoD) 
while quantitative results are subject to the limit of quantification (LoQ). The slope of 
the function curve within the linear working range denotes the sensitivity. If the 
function leaves the linear working range on account of excessively high
concentrations then it flattens out into a non-linear saturation region. This is primarily 
due to the overload in the spectroscopic detection system. 

In-house tests [Molkenthin, 2008] with hardened cement paste samples supplied the 
calibra-tion functions for the main chemical elements contained in the cement matrix 
and the mineral aggregate. These limits were obtained on in-house measuring 
equipment and will be able to be defined far more clearly in the near future with the 
advances being made in the develop-ment of equipment. 
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7.5 Summary 

LIBS is a technique which may allow fast investigations of building materials due to 
possibility to carry out direct measurements on the sample surface. Only a minimum 
of necessary sample preparation is required. In combination with a scanning 
technique (translation stage or scanning mirrors head) the heterogeneity of the 
material is considered in the results, which is a huge advantage compared to the 
standard procedures. LIBS measurements are also time and cost efficient compared 
to the standard methods. The automated measurement procedures minimize the 
occurrence of errors. 

LIBS has been successful applied for the investigation of the distribution and transport 
of different ions in building materials. Quantitative measurements can be made for 
chlorine, sodium, sulfur, lithium or water ingress. 

The LIBS technique is a fast developing technique, a fact which is reflected by the 
rapidly increasing number of publications each year. Especially favored by the 
technical development of lasers regarding compactness, and the availability of robust 
diode pumped lasers with a long lifetime and repetition rate, the LIBS technique 
currently experiences a boost on application. 

Also the detection technique is developing fast because of smaller, lighter and faster 
spectrometers and detectors. Advanced and optimized software is now available as 
well. 

The described hardware development will also lead to carrying out measurements 
significantly faster. This allows a higher spatial resolution of measurements and 
contributes to a better understanding of transport processes. 

The reliability of results will be further improved by advanced simulation techniques. 
Better understanding of the plasma processes and the heterogeneity together with 
improved analysis software allows a much more distinct evaluation of the results. 

LIBS is just a step away from the transformation of a laboratory application to an on-
site analysis tool. A validated Fiber-LIBS-System for the on-site application of building 
materials is under development at BAM in cooperation with system developers and 
companies which will use this technique for investigation on real structures. 

Another development is to achieve lower detection limits for chlorine and sulfur and to 
obtain results also for low element contents.  

The setup of rules and standards is the next step to establish LIBS as a standard 
procedure for chemical investigations of building materials. 
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8 Summary and Conclusions  
 

SUMMARY OF PREVIOUS CHAPTERS AND CONCLUSIONS OVERVIEW 
 

Research Needs 
Nuclear Power Plants have been in operation for ca. 50 years. Based on this 
experience, non-destructive testing tasks specific to thick and highly reinforced 
nuclear containment structures have materialized. The performance based service life 
extension of existing NPPs also needs a measurement based decision to support 
continuing the service of the concrete part of the installations.  

By nature, concrete is a very durable material and any natural deterioration processes 
may take a long time to become critical to the structure. The experience of more than 
50 years of service limits the testing tasks to a few ones which are not yet solved. The 
research needs for those tasks are summarized in this concluding chapter. 

 

Prerequisites 
Research in NDT of concrete structures is performed by many research institutions all 
over the world with different technical and systematic approaches. Results are 
mainly obtained on laboratory specimens, sometimes additional field studies are 
reported. This research takes place independently without coordination and as a 
result, the outcomes mostly lack full comparability.  

Software for data analysis has become indispensable and very powerful. This part of 
testing needs more attention when it comes to evaluate test results. 

Validation of NDE solutions is becoming a critical part in concrete structure testing. 
Validation is by definition the proof that a customer´s requirements in the test are 
being met by the testing solution. This includes equipment, personnel qualification 
and data analysis. In the following tables, the research recommendation Validation is 
used in the sense, that proof of the performance of existing solutions needs to be 
adressed. In general, a validation methodology for NDE solutions for concrete testing 
in itself needs to be researched and established. 

 

Research infrastructure 
Comparability of research also needs an accepted and easily accessible reference. 
From experience, it is almost impossible to manufacture exact copies of test 
specimens at different locations. Round Robin tests are therefore needed to 
evaluate the performance of a test.  

Data evaluation is generally done using dedicated software, sometimes hardware 
dependant and not interchangeable between systems.  

Software is ever more increasingly becoming more powerful and sophisticated. An in-
depth evaluation needs to address the comparability and validation of software used 
for data analysis and evaluation. The vision of a unified software pool for NDE 
investigations would undoubtedly support research tremendously. 

Quantitative NDE is mostly recommended to assess the condition of a structure. 
However, qualitative data can be very useful, especially for processes which 
change the material properties or deteriorate the structure (e.g. corrosion of 
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reinforcement). The need for reliable baseline data is a key factor for such monitoring 
tasks. 

 

Definition of NDE tasks 
Commonly NDE of reinforced concrete structures is defined in more general terms, 
e.g. finding cracks. In reality, there are a number of parameters which distinguish the 
subsets of such testing problems. These parameters must be defined before 
searching for a solution.In the following subchapters, the most obvious parameters for 
the general NDE tasks are listed. The following tables then present the research 
needs for selected methods. Since the parameters for the tasks are not defined, the 
state-of -the-art and the recommendations are more general and could be quite 
different in special cases. 
 

Key to the applicability of methods and time scale of research 
To show the potential of a particular testing method with regard to the given testing 
task, in the following tables a rough evaluation scheme is given: 
 

+++very well suited for the described task 

++ 

+ 

- 

-- 

---not suited for the described task / not applicable 

 

Research needs 
 

Short-S results relatively easy available 

Medium-M results require substantial research effort 

Long Term-L results available with very high research effort (money and time) 
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(1) locating steel reinforcement and identification of its cover depth 
In NPPs the reinforced concrete structures are commonly described as highly 
reinforced. There is no common definition of this term. For NDE it may be important to 
define this situation to be able to select the test method. 

The measurement of the lateral position, diameter and concrete cover for near 
surface reinforcement is a standard testing task for which a number of commercial 
systems are available. In order to locate reinforcement beyond the first two layers or 
with a large concrete cover, test methods and strategies have to be developed. 

 

Parameter Variable/Range 

The specifications for the particular testing task have to be given, especially the variables of 
each parameter. Due to the variability of the tasks the method table has to be regarded as a 
general overview. 

accessibility one sided, double sided 

thickness range 0,03 - 2,0 m 

reinforcement % volume 
(variables which may 
be defined to % projection 

describe the # layers 
reinforcement level) 

∅ rebars 

lateral position 

depth (concrete cover) 

reinforcement steel material properties 

concrete aggregate size 

aggregate distribution 

W/C ratio, porosity 

moisture content 

moisture distribution 

Method 
Applicability 

Capabilit 

Short-S 

Medium-M 

Long Term-L 

Research Need 

Recommendations 

(Resource 
Requirements) 

inductive method with 
low frequency 
excitation 

+++  

(<10 cm cover 

max 2 layers) 

s: validation 
validation 

(reference specimen) 
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inductive method with 
high frequency 
excitation (eddy-
current) 

+++ 

(<10 cm cover 

max 2 layers) 

s: validation 
validation 

(reference specimen) 

radar 

+++  

(<30 cm cover 

diameter not 
measurable) 

s: software 

m: bistatic wide 
aperture 

l: array technique, 
wide aperture 

software 
development, 
simulation, array 
technique  

(new software and 

equipment) 

ultrasonic 

++  

(>5 cm cover) 

 

s: wide aperture, 
software 

m: array, wide 
aperture, multi mode 
transducers 

l: recursive software 

systematic study 

array 

software 

modelling, simulation 

(new software and 

equipment) 

active thermography 

+ 

(<10 cm cover 

n/a for depth > 10 
cm)  

 none 

radiography (multi-
angle technique) 

++ 

(< 60 cm 

two sided access) 

m: software 

software 
development, 
modelling, 
simulation, digital 
radiography 

magnetic flux leakage 
++ 

(<20 cm) 
l: magnetic camera modelling, 

simulation, software 

 
Combination 
A single test method may not be able to generate the results for the complex testing 
tasks. A combination of methods with dedicated software may be advantageous. Near 
surface reinforcement could be located precisely using existing equipment. In the data 
evaluation derived from methods with longer reach, this knowledge may be used to 
improve the results. Other combinations might be useful, depending on the 
circumstances. Simulation may be a useful tool to solve this problem. 

Monitoring 
The condition of reinforcement is not time dependent - unless it corrodes (see 
corrosion) - and therefore not subject to monitoring. 

Inspectable design 

page 104 of 119 



NDT of NPP Concrete Structures - State of the Art Report 
 

Accessibility is a primary concern for any NDT of reinforcement. Also coatings may 
have a negative effect on the testing. 

 
Validation 
Reference specimens and established training and validation procedures are needed. 
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(2) locating tendon ducts and identification of the condition of the grout 
materials 
Remark on grouting defects: grouting defects may have geometrical properties which 
support or obstruct their discovery. The following tab refer to tendon ducts with 
cementitious grout only. 

 

Parameter Variable/Range 

The specifications for the particular testing task have to be given, especially the variables 
of each parameter. Due to the variability of the tasks the method table has to be regarded 
as a general overview. 

accessibility one sided 

double sided 

edge 

thickness Range 0,1 - 2,0 m 

tendon duct metallic (single or overlap at joints) 

plastic 

size (diameter) 

# strands 

tendon location concrete cover 

reinforcement cover 

tendon layers/crossings 

grouting defect grout material 

size 

shape 

orientation 

length 

density 

concrete aggregate size 

aggregate distribution 

W/C ratio, porosity 

moisture content 

moisture distribution 
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Method 

Applicability 

Capability 

(depth range) 

Short-S 

Medium-M 

Long Term-L 

Research Need 

Recommendations 

(Resource 
Requirements) 

ultrasound echo (A-scan) locate ++ (< 50 cm) 

cover ++ (< 50 cm) 

grouting +/- 

S: validation 

M: multi-mode 
transducers 

L: transducers with 
frequency sweep 

validation 

 

(reference 
specimen,  
multi mode 
transducers) 

ultrasound echo imaging 
(MIRA) 

locate +++ (< 80 cm) 

cover +++ (< 80 cm) 

grouting ++ 

S: software (phase 
evaluation) 

M: multi mode 
transducers 

L: frequency 
sweep transducers 

validation 

software 

research with multi 
mode transducers 

(transducers, 

reference 
specimens) 

ultrasound transmission locate ++ (< 10 cm) 

cover - 

grouting (? not 
known) 

S: software 

M: tomography 

L: multi-mode 
Transducers 

tomography 

(automatic 
systems required 
for tomography) 

impact-echo locate: - 

cover: -- 

grouting: -- 

 S: validation 

 M: multi sensor IE 

 L: air coupled IE 

validation 
(scanning IE) 

(air coupled 
sensors) 

impulse response locate: -- 

cover: -- 

grouting: - 

S: validation validation 

radar 

  

locate +++ (< 50 cm) 

cover +++ (< 50 cm) 

grouting --- 

S: software 

M: array 

 L: 

validation, array 
development 

radiography (x-ray, 
gamma, betatron, linear 
accelerator) 

locate: ++ (< 60 cm) 

cover: + (< 60 cm) 

grouting: ++ 

S: digital 
radiography 

M: software 

L: tomography 

validation 
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Combination 
Radar is a fast method for locating tendons but cannot penetrate through metal ducts. 
In combination with imaging Ultrasound-Echo, the test can be less time consuming. 

Monitoring 
The location of tendon ducts and the condition of their grouting is not time dependent- 
unless it corrodes (see corrosion) - and therefore not subject to monitoring. 

Inspectable design 
Coating of concrete, accessibility, location of reinforcement. Space for radiography 
detectors. Crossing tendon ducts are not inspectable. Accessability of anchors. 

Validation 
Reference specimens, software validation 
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(3) detection of cracking, voids, delamination, and honeycombing in concrete 
structures 
Cracks have a wide variety of structure. It is mandatory to give a definition, which kind of voids 
are to be found. The term voids is used in a more general way as defect, especially in the case 
of an air defect. Delaminations can be defined as a crack parallel to the surface. Honeycomb 
is a voided area which is still connected through cement and/or aggregates. Its structure can 
vary at large scales. 

 

Parameter Variable/Range 

The specifications for the particular testing task have to be given, especially the variables 
of each parameter. Due to the variability of the tasks the method table has to be regarded 
as a general overview. 

accessibility one sided 

double sided 

edge 

thickness range 0,5 - 2,0 m 

crack type single 

multiple 

microcracking 

water filled / dry 

crack surface 
opening 

closed  

open 

partially closed 

crack orientation perpendicular to surface 

parallel to surface (= delamination, if open crack; =debonding if 
closed) 

random orientation 

void (e.g. 
honeycomb) type 

density 

shape 

homogeneity 

size 

orientation 

reinforcement 

Void (e.g. 
honeycomb) location 

crossing rebars 

below tendon ducts 
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concrete Aggregate size 

Aggregate distribution 

W/C Ratio, Porosity 

Moisture content 

Moisture distribution 

  Method 
Applicability 

Capability 

Short-S 

Medium-M 

Long Term-L 

Research Need 

Recommendations 

(Resource 
Requirements) 

imaging ultrasonic 
echo 

delaminations + + 

cracks + + 

honeycombs + 

voids + + 

depth range < 100 
cm 

S: simulation, phase 
evaluation 

M: large aperture 
array 

L: multi-mode 
transducers 

validation; 

simulation; 

(large aperture array; 

multi-mode 
transducers) 

ultrasound 

surface waves 

lamb waves 

diffracted waves 

delaminations + - 

cracks + 

honeycombs - 

voids + - 

depth range < 50 
cm 

S: simulation, 
validation 

M: not specified 

L: not specified 

simulation, 

validation 

impact-echo delaminations + + 

cracks + -  

honeycombs - 

voids + 

depth range < 50 
cm 

S: validation 

M: multi sensor IE 

L: air coupled IE 

validation 

 

air coupled sensors 

 

active 

thermography 

delaminations - 

cracks - 

honeycombs - 

voids – 

depth range < 10 
cm 

S: simulation, 
validation 

M: not specified 

L: not specified 

validation 
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Combination 
Structural discontinuities deeply embedded in concrete are very difficult to locate 
using NDE methods. The potential of combined methods needs to be addressed. 
Simulations may be helpful in identifying the high potential combinations. 

Monitoring 
Cracks and delaminations may change over time and can be subject to monitoring.  

 

Inspectable design 
Coating of concrete, accessibility, location of reinforcement. 

Validation 
Reference specimens, software evaluation 
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(4) detection of inclusions of different materials or voids adjacent to the 
concrete side of the containment liner 
The testing task considers access through the concrete, not from the liner side. The 
ratio between the diameter of the object and the concrete cover may be very small. 

 

Parameter Variable/Range 

The specifications for the particular testing task have to be given, especially the variables 
of each parameter. Due to the variability of the tasks the method table has to be regarded 
as a general overview. 

accessibility one sided 

thickness range 0,5 - 2,0 m 

object material non-metallic 

metallic 

air 

water 

object/void 
description 

size 

shape 

orientation 

object interaction corrosion 

moisture 

concrete aggregate size 

aggregate distribution 

W/C ratio, porosity 

moisture content 

moisture distribution 

Method 
Applicability 

Capability 

Short-S 

Medium-M 

Long Term-L 

Research Need 

Recommendations 

(Resource 
Requirements) 

imaging ultrasound  
with large aperture 

location: + 

material: + 

depth range  
~ 2 m 

S: simulation; phase 
evaluation; 
Large aperture 

M: multi-mode transducers; 
frequency sweep 
transducers 

simulation 

large aperture tests 

transducers (high 
power, multi-mode) 

Automation 
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Methods with the potential of identifying such objects with a concrete cover of more 
than 0,5 m are very rare. 

Combination 
Structural discontinuities deeply embedded in concrete are very difficult to locate 
using NDE methods. The potential of combined methods needs to be addressed. 
Simulations may be helpful in identifying the high potential combinations. 

Monitoring 
Objects which interact with the surrounding - e.g. corrode - may change over time and 
can be subject to monitoring.  

Inspectable design 
Coating of concrete, accessibility, location of reinforcement. 

Validation 
Reference specimens, software evaluation 
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(5) methods capable of identification of corrosion occurrence on the concrete 
side of the containment liner. 
 

Parameter Variable/Range 

The specifications for the particular testing task have to be given, especially the variables of 
each parameter. Due to the variability of the tasks the method table has to be regarded as 
a general overview. 

accessibility one sided from concrete 

one sided from liner 

double sided 

thickness range 0,5 - 2,0 m 

corrosion state active corrosion 

corrosion with debonding 

liner thickness loss 

corrosion extent lateral size 

volume expansion 

reinforcement see reinforcement 

concrete aggregate Size 

aggregate distribution 

W/C ratio 

moisture content 

moisture distribution 

Method 
Applicability 

Capability 

Short-S 

Medium-M 

Long Term-L 

Research Need 

Recommendations 

(Resource 
Requirements) 

ultrasound echo large 
aperture 

delamination + S: simulation; 
Phase evaluation 

M: multi-mode 
transducers 

L: frequency sweep 
transducers 

simulation 

phase evaluation 

ultrasound echo high 
frequency 

liner thickness ++ 

(indirect measurement) 
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acoustic emission active corrosion + S: simulation 

laboratory tests 

M: validation 

validation 

 

There are no known methods which could (under standard conditions) directly 
address the corrosion through a steel liner or with a concrete cover exceeding appr. 
10 cm. 

Combination 
Structural discontinuities deeply embedded in concrete are very difficult to locate 
using NDE methods. The potential of combined methods needs to be addressed. 
Simulations may be helpful in identifying the high potential combinations. 

Monitoring 
Active corrosion may be monitored using acoustic emission. 

Inspectable design 
Coating of concrete, accessibility, location and density of reinforcement. 

Validation 
Reference specimens, software evaluation 
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(6) description of laser induced breakdown spectroscopy (LIBS)  
LIBS - Laser induced Breakdown Spectroscopy - is a spectroscopy based optical 
method to identify elements in laser ablated matter. It is a surface method and can be 
used to measure the element distribution on exposed surfaces. 

Parameter Variable/Range 

The specifications for the particular testing task have to be given, especially the variables  
of each parameter. Due to the variability of the tasks the method table has to be regarded 
as a general overview. 

accessibility surface only 

exposure of volume through cores 

not applicable for coated concrete  

remoteness range limited by focus range of laser beam 

Method 
Applicability 

Capability 

Short-S 

Medium-M 

Long Term-L 

Research Need 

Recommendations 

(Resource 
Requirements) 

concrete  
characterization 

quantitative 
distribution  
of elements  
(ingress profiles) 

cement- type 
identification 

aggregate  
size and type 

Aggregate 
distribution 

local moisture 
content (hydrogen-
distribution on 
surface) 

S: validation 

M: marker  

L: database 

validation for  
LIBS application  
for concrete 
characterization  

use of markers  
for QC 

database of 
concrete used  
in NPP 

 

(references 

mobile LIBS  
for on-site 
experiments 

samples from 
NPPs) 

degradation - ASR identification and 
measurement of  
ingress of Na, K, Li 
(may stop ASR)  
on cross section of 
cores; in combination 
with model for 
transport processes/ 
prognosis 

S: validation 

M: ASR reference 

L: long term process 
evaluation 

round robin 
comparison to 
standard chemical 
methods 

standard LIBS test 
for ASR 

(samples 

LIBS equipment) 
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degradation - sulfat 
attack 

identification and 
measurement of  
ingress of S on cross 
section of cores; in 
combination with 
model for transport 
processes prognosis 

S: validation 

M: sulfur attacked 
concrete  reference 

L: long term process 
evaluation 

round robin 
comparison to 
standard chemical 
methods 

standard test  
for sulfur attack 

 

(samples 

LIBS equipment) 

degradation - 
elevated temperature 

there is no prior 
experience with this 
problem. LIBS may 
be able to detect 
follow-up changes  
in the element 
distribution caused by 
elevated temperature 

basic research 
needed 

identifying 
processes caused 
by elevated 
temperature 

identify LIBS target 

 

(equipment for 
temperature 
experiments 

LIBS equipment) 

degradation - 
irradiation exposure 

there is no prior 
experience with this 
problem. LIBS may 
be able to detect 
follow-up changes  
in the element 
distribution caused  
by irradiation 

basic research 
needed 

identifying 
processes caused 
by irradiation 

Identify LIBS target 

 

(equipment for 
irradiation 

LIBS equipment) 

 

Combination 
The combination with standard analytical methods is needed for calibration. Other 
specific combinations might be useful, depending on the task. 

Monitoring 
LIBS in general is generally not suited for monitoring 

Inspectable design 
Optical accessibility of the surface under measurement is mandatory for LIBS. 

Validation 
Reference specimens and established training and validation procedures are needed. 
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Conclusions 
The biggest impact on research into NPP related NDE of reinforced concrete 
structures may be found in improvement of the research infrastructure and support of 
synergy effects. Reference specimens for validation purposes, software for data 
analysis, simulation of testing scenarios, automation of testing, combination of 
methods are the key areas for finding solutions to the testing tasks being discussed in 
this report. Especially automation and scanning is vital for producing high quality data 
which is the basis for any subsequent data analysis. 

Imaging ultrasonic pulse 
echo methods have the 
highest potential for progress 
in the non-destructive 
evaluation of structural 
discontinuities in thick and 
highly reinforced concrete. 
Existing commercially 
available equipment, has 
been optimized for concrete 
thickness up to 50 cm. This 
technology may be up-scaled 
and optimized for thick NPP 
concrete elements. To 
overcome the intrinsic 
scattering and attenuation of 
mechanical waves 
propagating in concrete, 
additional properties of 

acoustical waves (phase, frequency bands, modes) can be utilized to improve results.  

Array techniques are powerful technical solutions for many NDE testing tasks. 
Ultrasonic and GPR equipment is already available, other testing scenarios may 
benefit from multi-sensor testing equipment as well.  

 

GPR has shown its potential in reinforced concrete structures like bridges. The high 
reinforcing level typical to NPP structures prevents the use of GPR in most cases. 
Nevertheless, there is a potential for GPR testing in selected cases where speed is a 
major concern, e. g. cooling towers. 

Detection of corrosion of steel deeply embedded in concrete is a unsolved testing 
issue. Basic research has to be carried out to find an approach to a solution of this 
important topic. 

 

A major role in any research is software for modeling, simulation and data analysis. It 
is necessary to be able to simulate a testing scenario as close as possible to reality to 
be able to choose the appropriate equipment and parameters for the test and the 
subsequent data analysis. A common data format would be a significant step towards 
more collaboration between research groups and comparability of results. A software 
pool with dedicated numerical routines for data analysis, visualization, modeling, 
simulation and validation - as it is common in other areas of research, e.g. geophysics 
or medicine - would be very supportive for any NDE research and application. 
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Reference specimens and validation are key elements for a streamlined research 
effort. Independent of the individual research group, their location and equipment 
used, comparability of experiments and results should be assured. 
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