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Abstract. Validation provides the objective proof that the chosen testing method is
capable of achieving a certain result. Especially in a field without established
standards, validation is a meaningful tool that the client has confidence in a certain
method to solve the problem successfully and that his requirements are satisfied.
According to DIN EN ISO/IEC 17025 that defines requirements for testing in
laboratories a methodology has been developed regarding boundary conditions of
NDT in civil engineering (NDT-CE), e.g. inhomogeneous composite material such
as reinforced concrete with dimensions up to 1m plus. This methodology will be
presented for thickness measurement of a foundation with varying thickness and
reinforcement ratio. This work is a synthesis of validation according to DIN EN
ISO/IEC 17025 and determining uncertainty according to the Guide to the
Expression of Uncertainty in Measurement (GUM) applying latest technology of
NDT-CE.

Introduction
Validation is used in many technical fields, e.g. pharmacy, aviation, to furnish the technical
proof that the customer’s requirements are fulfilled. Subject of the validation is the whole
process of a successful solution for a testing problem. Well-documented validation
improves the application security for a service provider and makes his service transparent
for the client. The client knows exactly what he buys and that he has full benefit from the
results.
1. Validation of NDT in Civil Engineering
In civil engineering only a few standards exist for non-destructive testing (NDT-CE). In the
field of concrete repair regulations have affected quality in very good way. For NDT-CE
methods the effect of a German regulation called RI-ZFP-TU [1] is very encouraging. It
assures the high quality of tunnels and its inner shell construction. For quality assurance the
contractor has to carry out non-destructive testing (ultrasonic-echo or impact-echo) to
detect areas of reduced thickness in the inner shell of the tunnel to prevent cost intensive
damages of the tunnel sealing that cause leakage. The exact description of the testing
process (areas that have to be tested, measuring grid etc.) and the certification of the
personnel staff improved the application security. The regulation is the result of an
intensive characterisation of the ultrasonic-echo and impact-echo testing method and the
proof that the requirements of the building owner are satisfied. This process of a succesful
validation encouraged BAM to validate the process for further testing problems and to
establish these testing methods in the construction process or damage assessment process.
Furthermore, a general methodology for validation of NDT tasks is envisaged.
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To use the term of validation has become very common. But often it is unknown
what is meant by true validation. By using this term in the sense of the DIN EN/ISO 17025
[2] the true meaning and the process of validation should be established in the field of civil
engineering.
2. Validation Process
Validation according to DIN EN ISO 17025 is the confirmation by testing to furnish the
proof that the requirements for a certain intended use can be fulfilled. The client – in
some cases together with the service provider – expresses his requirements considering all
necessary boundary conditions. If a testing method – suggested by the service provider –
succeeds to satisfy these requirements the validation process is completed. The validation
process according to [2] consists of three steps:
•
•
•

Characterisation of a testing method
Requirements of the client
Proof that the client’s requirements have been fulfilled.

Figure 1 from [3] visualises this process: characterisation is done by regular
testing in research and development and evaluating the results. Calculating the uncertainty
of measurement, determining the precision, accuracy and limit of detection etc. are
possibilities to characterize a method under certain boundary conditions (method, device,
environment etc.). Also the customer requirements are expressed by the properties
mentioned before. They are influenced by time, costs, accessibility etc. All this together
forms the individual testing problem. A testing method under the characterised methods
that is suitable for the testing problem is marked by the intersection of characterisation and
customer requirement. The validation is at the end of the process if the proof is furnished
that customers requirements are satisfied.

Figure 1

Validation process according to [3] developed from [2]

This does not mean that a validation has always to be carried out at the customers
testing object because this will often be impossible. The idea of the process given in Figure
1 is to provide a close characterisation of the method considering a wide range of boundary
conditions that fit for the customer’s testing problem. In one case it might be possible to
predict precisely that the customer’s need will be satisfied. In another case the results, e.g.
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the expected uncertainty, might be to close to the customers defined limit and the success of
a test cannot be guaranteed. In case that the characterisation of a method is not sufficient,
further - but few - measurements considering the unknown boundary conditions have to be
carried out. Validation has individually to be carried out for a specific testing problem. So it
becomes obvious that there is no general validation for a testing method.
3. Uncertainty of Measurement according to GUM
As shown in Figure 1 the determination of the uncertainty of measurement plays an
important role in the characterisation of a method. This will be carried out according to the
Guide to the Expression of Uncertainty in Measurement (GUM) [4]. It has internationally
been accepted in the meantime and has normative character. GUM easily describes how to
evaluate the quality of a result. Its all-purpose formulation allows easy transfer to civil
engineering. GUM shows the necessity and the success of a standardised and transparent
process that should also be developed for the validation process.
The testing problem and the measurements that have to be carried out will be
subdivided in different modules. For every module a model function has to be set up that
describes the relation of the relevant influence quantities and the measurand. The model
function is the basis to calculate expectation value and standard deviation. In the following
chapters it will be shown for the testing problem “thickness measurement of foundations”
what influence quantities are relevant and how they are quantified. The process how to
calculate the uncertainty of measurement according to GUM is shown in details in [5].
4. Testing Problem: Thickness Measurement of Foundations with Ultrasonic-Echo
Ultrasonic-testing that only needs one-sided access to the concrete structure with low
frequencies of 25 kHz and using transverse waves has proven to be very suitable for
thickness measurement up to 1.2 m of reinforced foundations [6]. An automated measuring
device (onsite-scanner) helps to move the ultrasonic-sensor over the concrete surface in a
5 cm measuring grid. This device helps to provide equal conditions and an exact position
for each measurement.

Figure 2

Automated measuring device for ultrasonic-echo testing with the dry-point contact sensor [7]
operating with transverse waves

The tests were performed at a 70 cm and 120 cm thick foundation slab that was
especially designed for test purposes. It provides ten areas of different reinforcement ratio
as well as one strip foundation and two pile heads beneath the slab. The thickness was well
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defined by implementing fixed measuring sticks that allowed measuring the as built
thickness with a total standard deviation of ±10 mm.

120 cm

70 cm

(a)

(b)

(c)
Figure 3

(a) Drawing of the foundation. (b) Inside view of the foundation before pouring the concrete,
revealing the areas of different reinforcement ratio. (c) Measured reflections over depth in the
section between the two piles

Figure 3a and b show the foundation with the areas of different reinforcement ratio.
Figure 3c shows the results of a measurement: the intensity of the measured reflection over
depth. The backwall of the 70 cm and 120 cm (strip foundation) section is clearly
identifiable. Where the backwall reflection is interrupted the pile heads are located. The
fuzzy shape of the line marking the backwall visualises the uncertainty of measurement.
In case of thickness measurement using ultrasonic-echo or radar the measurand is
the transit time ti (measured at n spots) of the reflected backwall. Knowing the as built
thickness dref,i on every single spot (with uncertainty mentioned before) the expectation
value vm and standard deviation of the sound velocity is calculated by the pair of variates
from vi = 2*dref,i /ti . If vm is known with an uncertainty for every area of different thickness
and reinforcement ratio the thickness at a certain spot is calculated by di = vm*ti/2.
The measured data was first assessed as raw data and later assessed after improving
it by creating the envelope of the transit time curve, which is not discussed here in detail. If
we assess the data according to the GUM mentioned in the previous chapter the total
standard deviation for the thickness measurement in relation to thickness, reinforcement
and data assessment can be calculated (Gaussian error propagation) and is in given in
Figure 4.
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Figure 4

Total standard deviation of thickness measurement with ultrasonic-echo (transverse waves) in
relation to thickness, reinforcement and data assessment (raw data to improved data)

The results shown in Figure 4 are results of a systematic characterisation mentioned
in chapter 2. It helps the engineer to estimate up to which depth and to which reinforcement
he may expect reliable results. If the engineer just needs a quick overview to decide if the
thickness is 70 cm or 12 0cm he may be satisfied by assessing raw data. If he reliably wants
to know if the slab thickness is 65 cm, 70 cm or 75 cm, e.g. in case of a static calculation,
he will get results with a standard deviation less than 5% only by using “improved data” (in
this case creating the envelope) and to a maximum reinforcement with a diameter of 12 mm
with 15 cm spacing (upper and lower layer).
5. Future-proof Validation Concept
The practical example in chapter 4 shows that validation is only “valid” for a certain testing
problem. Strictly speaking the results gained from a method’s characterisation only apply
under these conditions. For practical use these results can also be used in case of similar
conditions. Chapter 4 gave an example of a validation that is “valid” for ultrasonic testing
in echo configuration with transverse waves, a thickness range between 70 cm and 120 cm,
from not reinforced to ∅28 mm with 10 cm spacing (two layers).
In this chapter a concept is shown how validation can be carried systematically. The
aim is to create a tight net (“Fishnet principle”) of method characterisation that most of the
customer’s requirements are covered. This concept is presented in an open matrix that can
be arbitrary expanded. The matrix consists of axes:

5





Principle of measurement: physical principle of a testing method; e.g.
excitation of mechanical impulses in case of ultrasonic.
Method of measurement: independent from technical principle, describes how
a measurement is carried out (methodology), e.g. transmission or echo
configuration.
Testing problem: e.g. measuring the transit time to measure thickness of a
concrete element or depth of an object (tendon duct, void).

These three axes form an open matrix shown in Figure 5a. The combination of
principle together with the method of measurement form the testing method1: e.g.
ultrasonic-echo is the application of a mechanical excitation in the ultrasonic frequency
range carried out in combination with echo configuration as the method of measurement.
So a testing method, e.g. ultrasonic-echo, is always the combination of principle and
method of measurement. This testing method is applied to a certain testing problem like
thickness measurement, depth of objects or location of voids.
This is the first step of the validation concept that is followed by the second step
shown in Figure 5b. This is a single cube of the matrix of the first step. The mechanical
principle in combination with the echo arrangement (reflection) can be subdivided in
relation to the excitation: ultrasonic-echo (impulses in the ultrasonic frequency range
excited electrically), impact-echo (mechanical impact with a small steel sphere), low-strain
(low frequent impact with a hammer blow). The method of measurement in reflection can
be subdivided according to what type of waves will be measured (choice of receiver):
longitudinal, transverse or dilatational waves.

(b)

(a)
Figure 5

Validation concept as an open matrix: (a) 1st step; (b) 2nd step. [3]

The testing problem “thickness measurement of foundation slabs” and the
uncertainty of the results are influenced by the thickness of the measured concrete member
itself, by the amount of built-in reinforcement and how the data has been assessed. There
are also other influence quantities that can easily be added. If we take a slice of the cube in
Figure 5b we come to the third step of the concept shown in Figure 6. For the influence
quantities “increasing thickness” (Figure 6a) and “increasing reinforcement” (Figure 6b)
the applicability of ultrasonic-echo, impact-echo and low-strain method is shown. Dark
colour indicates the testing method is well suited with more and more grey shade to poor
1

Though the expressions “method of measurement” and “testing method” seem to be very close, there is a big
difference in their meaning. In German language the difference in “Methode” and “Verfahren” according to
DIN 1319 is more coherent.
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applicability if we increase the thickness or the reinforcement ratio of the concrete member.
White cubes indicate that there is no technical application yet, e.g. the use of transverse
waves for impact-echo is not yet used.

(a)
Figure 6

(b)
Applicability of a testing method (black: good; light grey: poor; white: no technical application
yet) in 3rd step of the validation concept: (a) for increasing thickness; (b) for increasing amount
of reinforcement. [3]

(a)

(b)

(c)
Figure 7

Test facilities for qualification and validations: (a) Large Concrete Specimen at BAM in Berlin.
(b) Pile test site at Horstwalde with all weather testing (c).

Like mentioned before our example in chapter 4 ultrasonic-echo with transverse
waves is valid for a thickness range between 70 cm and 120 cm, from not reinforced to
∅28 mm with 10 cm spacing (two layers). These areas that are “validated” are marked by
the middle cube in the upper row of Figure 6a and b. For every other cube another
validation has to be carried out.
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The concept shown may serve as a “road-map” for systematic validation of the
process for a successful application of testing methods for a certain testing problem. It is
part of the validation policy at BAM, division “Non-Destructive Damage Assessment and
Environmental Measuring Methods”, to assess and store results in the research and
development work as well as results of damage assessment of existing structures. For
systematic testing a great variation of test specimens exist like the Large Concrete Slab
with well-defined tendon ducts and injection faults as well as a section of minor thickness
(Figure 7a). BAM also provides a test site at Horstwalde (50 km outside Berlin) that
provides the foundation shown in Figure 3 and a pile test site of ten bored piles with welldefined length and position of defects (Figure 7b). These test specimens may also been
used from other institutions or service providers for qualification of personnel and
validation purpose.
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