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Abstract 

At BAM, the Federal Institute for Materials Research and Testing in Berlin, Germany, non-destructive testing in 

civil engineering is being addressed in a multi-disciplinary environment. Research, application, validation and 

training is being conducted in a wide approach, in collaboration with partners from all over the world. This 

presentation gives an overview over some recent research topics and applications. 

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. Validation is 

closely connected with systematic testing which requires testing facilities. BAM provides a large amount of test 

specimens from small concrete members to large scale parts of bridges. 
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1.  Introduction 
 

NDT in Civil Engineering (NDT-CE) is a highly complex branch of NDT. Transportation 

infrastructure, private and industrial buildings and the energy sector are an indispensable part 

of everybody’s life in the civilized world. Our economy depends heavily on the availability 
and readiness of this environment. 

The environment consists of a huge number of components which vary in size over orders of 

magnitude, being composed of many different materials or composites. The expected service 

life may far exceed a human life while usage and loads may unforeseeable increase over time, 
e.g. for bridges, roads, railways or tunnels. 

BAM – the Federal Institute for Materials Research and Testing in Berlin/Germany has 

addressed the issues of NDT-CE for many years, an interdisciplinary group is active in 

research, application, validation and training in this special area of NDT [Error! Reference 
source not found.]. This contribution highlights some results and on-going research from this 

group, working in close collaboration with other researchers and industry worldwide. The 

examples are intended to reflect the wide range of materials, structures and testing problems 

in this highly interesting and dynamic area of NDT. 

 

2.  Research 
 
2.1  Stress-Dependency of Sonic Surface Wave Velocities 

 

The main objective of this study is to investigate the stress-induced changes of the velocity of 

elastic waves in concrete under uniaxial compression. 
An experiment was conducted to study the influence of the type, frequency, polarization, and 

propagation direction of elastic waves on the stress-induced velocity changes. The velocity of 

sonic surface waves (Rayleigh waves) demonstrated the highest sensitivity and therefore, 
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much of this work is focused on the stress-induced changes in surface wave propagation 
characteristics.  

 

Different test setups were used in these experiments. In the experiment depicted in Figure 1 

below for example, surface wave velocities were measured using a simple setup including a 
hammer and two sensors mounted on the surface along a straight line. The instrumented 

specimens were subjected to one or more cycles of compressive loading and unloading. The 

load was applied (or removed) in small load steps and at every load step; the surface wave 

velocities were measured. A typical velocity-stress curve is shown in Figure 2 below. 
 

 
Figure 1. Test setup for measuring surface wave velocities and axial load.  

Hammer and sensors are mounted in a straight line. 

 

 
As depicted in Figure 2 the measured sonic surface wave velocities exhibit high stress-

dependency. The stress-dependency of surface wave velocities can be studied in four phases. 

The effect of damage is pronounced only in Phases III and IV, when microcracks parallel to 

the loading start to develop 
 

 
Figure 2. Surface wave velocity measurements: (a) Test set up and normalized velocity vs. stress measured. 

 

 



Another test setup allowed measuring the surface wave velocities along various directions 
with respect to the loading direction and therefore, the direction-dependency of the surface 

wave velocity measurements was also investigated. 

 

Sonic surface wave velocities were found to be highly stress- and damage-dependent. 
Application of stress results in an initial sharp increase in surface wave velocity. Increasing 

the stress, the wave velocities continue to increase, however, the rate of increase decreases for 

stress levels between 50 % and 80 % of the failure stress, after which the velocities start 

rapidly to decrease. The sharpest increase was recorded in the direction of the loading, while 
the velocities decreased the fastest in the perpendicular direction [2, 3, 4, 5]. 

 

 

 

(a) (b) 
Figure 3. (a) Polar diagram for one load cycle, measured with laser vibrometer;  

normalized to load zero, (b) sketch of angular coordinate system. 

 

 
2.2  Coda Wave Interferometry of acoustic waves in concrete 

 

In a series of experiments, ultrasonic data was collected using two pairs of dry-contact 

longitudinal ultrasonic probes of center frequency of about 100 KHz. One pair was built in the 
loading plates, placed on top and bottom of the specimen during load application. The other 

two probes were mounted on the side walls of the specimen. Therefore, the data was collected 

both parallel and perpendicular to the loading and in through transmission mode. At every 

load step, the ultrasonic wave velocities were measured using typical time-picking techniques. 
Interesting results were obtained, when instead of analyzing the coherent field (i.e. the early 

part of the signal), the diffuse field (i.e. the later part or “noise”) of ultrasonic signals was 

analyzed [6, 7]. 

High frequency ultrasonic waves are highly scattered and dissipated by concrete 
heterogeneities as well as possible micro-defects, limiting the application of common 

ultrasound testing for characterizing concrete in micro-scale. An approach called coda wave 

interferometry (CWI), has been taken here, in which the scattering and dissipation is not 



regarded as an obstacle but rather as a signature of the micro-structure of concrete. Coda 
waves constitute the trail of strongly scattered waves in an ultrasonic signal. Coda waves are 

sensitive to changes in the medium because the scattering that generates these waves causes 

coda waves to repeatedly sample a limited portion of the material. CWI is a technique that 

exploits this sensitivity to estimate weak changes in the medium from a comparison of the 
coda waves before and after the perturbation [8]. The relative velocity changes obtained using 

CWI are shown also in Figure 4, together with the results of the time-picking approach.  

The CWI algorithm utilized [9] is based on the assumption that, the perturbation causes the 

waveforms be stretched (or compressed) in time.  To obtain the velocity change (v = dV/V), 
the perturbed signal S2 should be first interpolated at times t(1-v) with various velocity 

changes v. The desired velocity change v* is the v that maximizes the cross-correlation 

coefficient between the perturbed signal S1 (t(1-v)) and the reference signal S1(t)  calculated in 

the selected time window [t0 T]: 
 

 
Figure 4. Relative stress-induced velocity changes obtained using TOF and CWI in two directions:  

(a) parallel and (b) perpendicular to the loading. The error bars correspond to one standard  

deviation in the calculated velocities from ten repeated measurements at every load step. 

 

 

It is important to note that the velocity changes in Figure 4 are not immediately comparable. 

A diffuse field in a homogeneous solid medium partitions its energy between transverse and 
longitudinal waves in a fraction R=2(VP/Vs)

3 [10], about 8.7 for concrete. Although the 

heterogeneity of concrete makes the diffusive energy partitioning even more complicated. 

Therefore, the velocities measured are neither longitudinal nor shear wave velocities, but 

average diffusive ultrasonic velocities. Nevertheless, they show more sensitivity to minor 
changes in micro-structure of the concrete. As such, this technique is well suited for 

monitoring the progress of damage mechanisms, which are not reliably detectable by 

conventional ultrasonic measurements (such as ASR). 

 

2.3  Honeycombs 

 

Honeycombs are typical defects in concrete structures. They are being created during the 

construction process, due to poor workmanship, ineffective quality control or reinforcement 
position which makes it impossible for the concrete to flow into all spaces. Honeycombs may 

vary in size from small defects, only a few centimeters in diameter to extended interconnected 

voids of meters length. Their shape is always unique with an undefined surface. 
Homogeneity, density and composition may also vary extremely. 
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Honeycombs are defects, they may weaken the structure, rebars are exposed to oxygen and 
water without the alkaline corrosion protection provided by concrete. They are also an open 

pathway for intrusion of water, air, gases and salt, thus providing an environment for concrete 

degradation. 

 
Locating honeycombs are a typical testing task in NDT-CE. Condition assessment of a 

structure always includes the presence of voids. A more detailed discussion of testing a 

concrete structure for voids focuses on the maximum tolerable size, typically between the size 

of a fingernail and a fist. 
 

Since every honeycomb is unique, for research their systematical characterization is necessary 

to distinguish between different cases: 

 

 Diameter (largest extension in one direction) 

 Shape (irregular, curved or flat) 

 Density 

 Homogeneity 

 Location (under rebars or isolated)  

 Orientation (relative to surface) 

 Concrete cover 
 

Although honeycombs are quite common in practice, it is not easy to intentionally create them 

in the laboratory. Their characteristics are almost impossible to define when they are created 
during the pouring of concrete into formwork. Artificial objects to create voids, e.g. styrofoam 

or rubber balls change the properties of concrete or the interface between sound concrete and 

the void. These problems can be avoided when the honeycombs are created in the laboratory, 

typically from large aggregates which hold together by hardened cement paste. 
 

The density of such honeycombs can be varied by the choice of the aggregate size. Larger 

voids can be created by putting together the honeycomb like a puzzle, where each aggregate is 

fixed with fast setting cement to the next. 
 

In a second step the surface of the honeycombs is closed with mortar, creating a rough surface 

for good bonding to the surrounding concrete when the honeycomb is built into a specimen. 

For documentation the dimensions and volume of the honeycombs is measured, they are 
weighted and possibly x-rayed. 

 

This procedure is executed in BAM for creating well defined honeycombs for research 

purposes. 

 

3.  Application 
 
3.1  Automated multisensor testing of parking structures: BetoScan 

 

A large number of parking structures and bridge decks are suffering from severe corrosion 

problems worldwide. Mainly due to the ingress of de-icing salts, but also in connection with 
marine environment and combined with insufficient concrete quality the steel reinforcement 

starts to corrode causing cracking, palling and losses in cross section finally leading to a 

reduced loading capacity of the whole structure. This situation has been the basis for a 

project: to develop a robotic system called BetoScan which is able to drive over large floors 



and measure the relevant parameters of the concrete surface simultaneously. The collected 
data is stored for each investigated point of the structure allowing complex evaluations of the 

data regarding the assessment of the condition, prognosis of the future state, design of 

measures for protection and repair as well as quality control. 

The BetoScan-system consists of a mobile robot platform, which is able to navigate quasi-
autonomously over horizontal areas. It is equipped with different sensors for non-destructive 

measurements (see Figure 5). At first an orientation cruise is required where the robot is able 

to detect walls, piles and other barriers with its horizontal 270° laser scanner. Based on these 

detections the user has to generate a digital map of the location. Within this map an inspection 
area has to be defined and an optimized meandric inspection roadmap will be generated 

automatically. The ultrasonic sensors on the front side allow the robot to detect even movable 

obstacles to avoid collisions. 

 
To investigate reinforced concrete structures, different commercially available sensors have 

been chosen to be integrated in the robotic system (see Figure 6). The integrated measuring 

instruments can still be used as standard handhelds, so that the manual collection of additional 

data is possible. 
 

 
Figure 5. BetoScan robot in operation on concrete surface (left) and on park deck (right).  

Boxes laser scanner for navigation. 

 

 
Figure 6. BetoScan robot with various test methods which have been integrated into the system. 



3.2  Non-destructive testing of wood and trees 
 

The method of the spectral induced polarisation (SIP) was used for the non-destructive testing 

of wood and trees. This method is an improvement of the classical geoelectrical measurement 

and is normally used for the investigation of soil. Besides the resistivity, which depends 
mainly on the water content, the phase is simultaneously measured at different frequencies. 

This can provide additional information about the structure and condition of wood. 

To characterise the influencing factors different measurements at wood were carried out. In 

laboratory investigations it could be observed that the anisotropy of the wood and the 
moisture content have a strong influence on the results. The frequency is important for the 

interpretation as well. Measurements at fungi-infected wood have shown a clear difference 

between healthy and infected wood for frequencies below 0.1 Hz. To invest igate the effect on 

trees, multiple tomographical measurements at different species have been carried out. First, 
measurements at healthy trees at different seasons were made to consider the influence of the 

temperature. The results from a fungi-infected oak can be seen in Figure 7. The upper, healthy 

section (Level 3) of the tree shows the typical tomograms for resistivity and phase in the 

winter season. The ring-like structure is clearly visible. The storage of phenolic ingredients 
causes the low-resistivity and low-phase zone in the centre of the oak. The effect of the fungi-

infection can be seen in Level 1 and 2. The ring-like structure is interrupted and the 

resistivities and phases are very low. The high resistivity zone in Level 2 is caused by a void, 

which appeared following the progressed infection. To verify SIP additionally the acoustic 
tomography method was applied. The application of two different methods increased the level 

of confidence. 

Another research topic is the non-destructive detection of the oil bearing wood in sandalwood 

trees. Preliminary laboratory investigations have already shown the potential of the SIP 
method for these investigations. 

 

 
Figure 7. Results of the SIP measurement for an oak-tree in different heights at f = 0.1 Hz. 



 

 

4.  Validation of NDT in Civil Engineering 
 

In civil engineering only a few standards exist for non-destructive testing (NDT-CE). But to 

furnish the proof that the requirements of a customer for a certain intended use can be fulfilled 

validation according to ISO 17025 has been established by BAM [11]. 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 [12] consists of three steps: 

 

 Characterisation of a testing method 

 Requirements of the client 

 Proof that the client’s requirements have been fulfilled. 
 

Figure 8 from [13] visualises this process: characterisation is done by systematic testing in 

research and development and evaluating the results. This is part of the regular R+D work at 
BAM. Calculating the uncertainty of measurement, determining the precision, accuracy, POD 

and limit of detection etc. are possibilities to characterize a method under certain boundary 

conditions (method, device, environment etc.). Together with the clients the customer 

requirements are expressed by the properties mentioned before. The validation is at the end 
of the process if the proof is furnished that customers’ requirements are satisfied. The 

customer knows before awarding the contract whether his requirement can be fulfilled or not.  

 

 
Figure 8. Validation process according to [13] and [14] (German). 

 

 

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 6 is to 
provide a close characterisation of the method considering a wide range of boundary 

conditions that fit for the customers’ testing problem. In one case it might be possible to 

predict precisely that the customers’ needs will be satisfied. In another case the results, e.g. 

the expected uncertainty, might be too 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. 

 

Validation tests to evaluate the accuracy of thickness measurement with ultrasonic transverse 

transducers were performed at a 70 cm and 120 cm thick foundation slab as shown in Figure 7 
a and b. 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 defined by implementing fixed 

measuring sticks that allowed measuring the as built thickness with a total standard deviation 

of 10 mm. 
 

 

1 2 0  c m  7 0  c m  

 
(a)  

(b) 

 
(c) 

Figure 9. (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 7 c shows the results of automated ultrasonic testing done by an on-site scanning system. The 

cloudy shape of the back wall reflection indicates the uncertainty of the thickness measurement.  

 

 

 



 
Figure 10. Total standard deviation of thickness measurement with ultrasonic-echo (transverse waves) 

in relation to thickness, reinforcement and data assessment (raw data to improved data). 

 

 

Applying the GUM-procedure (GUM: Guide to the Expression of Uncertainty in 
Measurement [14]) the total uncertainty of the whole thickness measurement process (device, 

concrete, thickness variation by unevenness, method of data assessment) can be calculated. 

The results of the total standard deviation of a slab thickness with ultrasonic (transverse 

waves) are given in Figure 8 in % of the slab thickness. The standard deviation depends on 
the slab thickness (depth range), reinforcement ratio (horizontal axis) and the method of data 

processing. From this figure a customer can easily draw conclusion about the capability of the 

method: If the costumer just needs a quick overview to decide if the thickness is 70 cm or 

120cm 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). By the validation process this information becomes transparent for 
the customer. 

 

5.  Training 
 

Training has become an important issue to increase the acceptance of NDT-CE methods in the 

market. To give the personnel a professional training realistic test specimens are required. 

BAM provides a wide range from small concrete members to large scale test specimens. 
Small scale training objects as shown in Figure 11 a and b are available at the testing hall. At 



the TTS of BAM 50 km south of Berlin test facilities such as real concrete piles with well-
defined defects (Figure 11 c) and parts of a prestressed beam of a bridge are available (Figure 

11 d). 

 

 
(a) 

 
(c) 

 
(b) 

(d) 
Figure 11. Test facilities for training and validation: (a) Test objects and  

(b) well defined test specimens at the testing hall at BAM. (c) Pile test site at the TTS of BAM and  

(d) original beams of a prestressed bridge for most realistic training. 

 

 

BAM carries out training courses from one day to many days training. The training goes 
along with theory on different levels depending on the customers. BAM has experience from 

individual training for experts to big events with presentation of NDT-methods such as 

ultrasonic, radar, impact-echo, infrared thermography and eddy-current (detection of 

reinforcement and measuring its concrete cover). 
 



 
(a) 

 
(b) (c) 

 
(d) 

Figure 12. Training courses at BAM: (a) Theory and training with different NDT-methods such as  

(b) radar, (c) ultrasonic and (d) eddy-current for the detection of reinforcement. 

 
 

6.  Conclusions 
 

Non-destructive testing in civil engineering is a dynamic discipline with many applications. 
At BAM, a multi method approach in R&D is supplemented with validation and training 

efforts. 
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