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Abstract 

Infrastructure is subject to continuous ageing. This has given life cycle management of infrastructure an 

increasing role. Reliable inspection and monitoring tools are therefore increasingly requested. A reliable 

prognosis of the condition and behavior of a structure is an important basis for an effective service life 

management. In order to determine the most economic point in time for repair measures to be taken along the 

life-time of a structure, knowledge on the deterioration process at exposed regions as well as detailed knowledge 

about the current condition of the whole structure is essential. Different concepts were developed depending on 

the type of infrastructure and the construction material used. However, in general cracks and flaws, corrosion, 

information as well as the states of material degradation have to be retrieved. A combination of different non-

destructive test methods is often a necessity to receive reliable results for material characterization, flaw 

detection and the determination of component specific geometry parameters. Therefore, a multi-sensor 

measurement approach is necessary with a high degree of automation. Otherwise a time consuming succession 

of manual measurements has to be performed which would prevent practical applications. 

The developments presented are results from two collaborative projects dealing with the development of an 

automobile robot system and a highly flexible scanner system. The BetoScan system consists of a self-navigating 

mobile robot which currently measures 8 parameters. The system is especially designed for the investigation of 

reinforced concrete floors exposed to deicing salts. Data acquisition of an alternative scanner-based multi-sensor 

monitoring system is performed through the aforementioned robot approach as well. These different applications 

are based on a similar kernel allowing the modular use of different contact and non-contact sensors. These 

applications are designed for the monitoring reinforced concrete and tendon ducts. The advantage of an 

automated multi-sensor analysis is that large surfaces can be investigated in comparatively short times and the 

measurements are of reproducible quality. This guarantees data quality for recurrent inspections. 

 

Keywords: NDT in civil engineering, robotics, automation, multi-sensor applications, reinforced concrete, pre-

stressed concrete 

 

1.  Introduction 
 

Infrastructure is subject to continuous ageing. This has given life cycle management of 

infrastructure an increasing role. Reliable inspection and monitoring tools are therefore an 

increasing demand. The prediction of the service life of a new structure at the design stage or 

the diagnosis and the evaluation of the residual service life of existing structures is a key 

aspect of concrete structure management. Life-cycle analysis and risk evaluation methods can 

be beneficially used to assess existing structures: actions on structures, inspection-oriented 

design and construction, characteristics of components and structures, life-cycle costs, risk 

analysis and the environmental performance of a structure over its lifespan are important 

factors which have to be considered when the remaining service life of an infrastructure 

building is in question. If the possibility of efficient inspections during construction, operation 

and maintenance has already been considered during the design phase, one pre-requisite for 

reliable assessment is given [1]. 

Assessment of the safety of engineering works must be conducted by examining all aspects of 

their behaviour and all possibilities for failure which can be manifested. Analyzing potential 
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critical situations of structures in Europe is performed by identifying so-called limit states [2]. 

A limit state is defined as a condition beyond which a structure is no longer able to satisfy the 

provivions for which it was designed. However, it has to be distinguished between ultimate 

and servicability limit states. Primarily, the reactive maintenance approach has been 

implemented in Europe to manage the road infrastructure network with respect to 

deterioration. This approach may be valid for well-managed structures without deficits and 

expose to unchanging loads. This approach is unsatisfactory to structures containing structural 

deficits and subjected to increasing loads, modifications or widening measures for which they 

are not designed. Therefore, a paradigm change from reactive to proactive infrastructure 

management is required and non-destructive inspection methods play here a key role. 

A reliable prognosis of the condition and behavior of a structure is an important basis for an 

effective service life management. In order to determine the most economical point in time for 

repair measures in the life-time of a structure, the knowledge about the deterioration process 

at exposed regions as well as a detailed knowledge about the current condition of the whole 

structure is essential [3]. A combination of different non-destructive test methods is often 

necessary to receive reliable results for material characterization. Different concepts were 

developed depending on the type of infrastructure and the construction material. However, in 

general cracks and flaws, corrosion, information as well as the states of material degradation 

have to be retrieved. A combination of different non-destructive test methods is often 

necessary to receive reliable results for material characterization, flaw detection and the 

determination of component specific geometry parameters. This leads often to the 

requirement that information from different scales have to be combined. One possibility to 

realize these requirements is data fusion. Data fusion is generally defined as the use of 

techniques that combine data from multiple sources and gather that information in order to 

achieve inferences, which will be more efficient and potentially more accurate than if they 

were achieved by means of a single source [4]. A variety of applications in the field of NDT 

already exists [5, 6]. A second important part of the combination of data from different scales 

is visualization. Visualization is a tool for the phenomenological understanding of 

interrelationship. The objective is to find non-random relations between different values. Due 

to the increasing amount of data which can be acquired with automated systems the challenge 

is to combine the datasets in a way that interrelationships become visible. Another point 

which has to be handled with care is that especially when processed and conditioned data is 

used a loss of information cannot be ruled out and can lead to misinterpretations [7]. 

This paper describes the development of two automated multi-sensor systems for different 

applications of non-destructive testing in civil engineering. They are based on the same data 

acquisition kernel and a flexible data analysis concept and are described in the following [8, 

9]. Both approaches are designed for delivering input data for proactive condition assessment 

of civil infrastructure. Furthermore, aspects of combining different methods and visualizing 

the data are addressed. 

 

2.  BetoScan an automobile NDT robot 
 

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

problems world-wide. Mainly due to the ingress of de-icing salts or marine attacks combined 

with insufficient concrete quality the steel reinforcement starts to corrode causing cracking, 

palling and losses in cross section leading finally 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 equipped with different sensors for non-destructive 

measurements (Fig. 1). At first an orientation cruise is required where the robot is able to 

detect walls, piles and other barrieres with its 270° horizontal laserscanner. Based on these 

detections the user has to generate a digital environmental map. 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. 

The sensors are able to collect the data at a driving speed up to 0.1 m/s, although the robot 

could drive up to 1 m/s. So the system is able to investigate surfaces of some hundred square 

meters with one set of batteries. The accumulator pack at the top of the platform (Fig. 1, black 

boxes) provides enough energy for a minimum of 8 hours. 

 

 
 

Figure 1. The BetoScan robotic system with NDT sensors. 
 

All measured raw data is stored in a XML format along with the individual local positioning 

information of the platform. A computer in the platform stores all relevant data, which are 

then downloaded via WLAN to a notebook of the operator and are organized in a database. 

The analysis software can be used to handle the data in the database in order to generate the 

maps on site. 

To investigate reinforced concrete structures different commercially available sensors have 

been chosen to be integrated in the robotic system (Fig. 2). The integrated measuring 

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

data is possible. 

Especially for concrete structures exposed to de-icing salts the first step of a condition survey 

should in many cases be a potential mapping of the whole concrete surface. Within the project 

Proceq´s instrument “Canin +” is used in combination with a copper/copper sulfate reference 

wheel electrode. In order to generate concrete cover depth maps of the whole surface, 

Proceq´s “Profometer 5+” based on the eddy current method and Mala´s GPR ProEX system 
based on the radar method are attached to the system. The knowledge of the concrete cover 

depths can be very helpful in cases of assessing the condition state of structures in order to 

design an adequate repair measure or to control the application quality after replacement of 

the concrete cover by a repair mortar. By means of the ultrasonic system “A1220 Monolith” 
from Acsys the structure thickness can be determined in a point grid over the whole surface. 

One advantage of the use of this specific instrument is the possibility to connect the ultrasonic 

sensor heads on concrete without a coupling gel, which simplifies the automation of the 



measurement. As mentioned above, the ultrasonic sensor needs a direct connection to the 

concrete surface. Therefore the robot platform has to stop moving while doing the 

measurement. A pneumatic system in the frame of the attachment module presses the sensor 

onto the floor while the whole measuring procedure is carried out. To investigate the relative 

moisture distribution of the areas near to the concrete surface, the microwave sensors “Moist 
PP” and “Moist RP” from HF-Sensor are used. These sensors do not need a direct connection 

to the concrete surface. 

 

 
 

Figure 2. NDT methods of the BetoScan-system. 
 

 

3.  OSSCAR multi-sensor manipulator for bridge inspection 
 

Based on a similar data acquisition kernel to the one of the BetoScan system a multi-sensor 

manipulator called OSSCAR was developed mainly for bridge inspections. The aim also here 

is to improve the data density and the data quality through sensor combinations. The sensors 

used here are: Profometer (eddy current testing for concrete coverage and rebar position), 

Acsys A1220 (ultrasound for geometrical information about the component especially about 

tendon ducts and flaws therein) and Mala ProEx (radar) for geometrical information of the 

component and evaluation of the reinforcement position. Two different sensor carriers can be 

used. One combining eddy current testing and radar and two ultrasound probes with a 

pneumatic contact control are mounted one on the other.  

The frame provides a testing area of 50 x 100 cm² with focus on a quick installation and easy 

changing the measuring position (Fig. 3). Testing tasks to be carried out with the scanner are: 

 Imaging of the geometry 

 Location, depth, diameter of multi-layer reinforcement 

 Location and depth of multi-layer tendon ducts 

 Quality assurance for complete grouting of tendon ducts 

 Location of grouting defects in existing constructions 



The OSSCAR approach is the combination of Radar, ultrasonic-echo and eddy-current using 

commercially available devices. Radar is the method for the detection of metallic reflector but 

with limited penetration depth especially in young concrete or structured with reinforcement 

ration. In this case ultrasonic allows greater depth for thickness measurement but with limited 

resolution of a single rebar. Eddy current allows detailed information of the upper 

reinforcement layer such as precise concrete cover or bar diameter. 

 

 
 

Figure 3. Left photo of the scanner together all devices that can be used for automation (Radar: Mala Pro-Ex, 

Eddy current: Proceq Profometer 5+, Ultrasound: ACSYS A1220), right OSSCAR scanner underneath bridge 

deck scanning a girder. 

 

 

4.  Measurement results of different case studies 
 

The BetoScan system is able to scan hundreds of square meters per day in meandric tracks. 

The actual output is depending on the selected grid and on the maximum allowed speed 

(which is directly related to the highest possible data acquisition rate of the measurement 

devices in connection with the demanded grid spacing). As a result the BetoScan locomotion 

has to be optimized to reach an optimum of area capacity [10]. 

 

 
 

Figure 4. Measurement results with eddy current cover meter (5 x 20 m² area). 



In driving direction a measurement grid of 1 cm for every contactless NDT-sensor is possible. 

The space between tracks depends on the demanded resolution. Usually a spacing between 

0.20 m and 1.0 m will be selected. For contact sensors (e.g. ultrasound) a grid of 0.5 m in both 

directions is selected as a balance between resolution and area capacity.  

Fig. 4 shows a surface plot of the measured concrete cover data. The analysis software allows 

zooming into every zone (purple square). The resolution does not allow resolving every rebar, 

because the selected grid is too large (in this case 0.02 m by 0.25 m). However, the purpose 

was here to detect areas with minor concrete cover. 

Fig. 5 shows the ultrasound point-contact sensor while being pressed to the surface. The plot 

shows the calculated thickness for each of the 500 measurement points in a grid of 0.5 m by 

0.5 m. One area has an average thickness of about 0.35 m (blue colour scale), in the second 

area a beam underneath increases the thickness to 0.8 m (red colorscale). 

 

 
 

Figure 5. Ultrasound measurement results of parking deck thickness (3 x 18 m² area). 
 

In contrast to BetoScan the main focus of the OSSCAR project was to develop a scanning 

system for smaller regions of interest to be scanned with a dense grid to make detailed 

reconstructions possible. 

Fig. 6 shows the measurement results of the bridge deck girder shown in Fig. 3 (right). The 

top plot indicates the surface near reinforcement, measured by the eddy current cover meter. 

The middle plot indicates the tendon ducts in the layer behind the reinforcement (0.10 to 0.15 

m depth). This plot was reconstructed out of the radar data. The lower plot indicates tendon 

ducts in a deeper layer in a depth of 0.20 to 0.30 m. This plot was reconstructed out of 

ultrasound data. 

 



 
 

Figure 6. Measurement results for eddy current (top), radar (middle) and ultrasound (bottom) on the same 

investigation area (0.5 m by 4 m). 
 

 

5.  Conclusion 
 

Proactive condition assessment is still a future task for infrastructure management, however, 

automated non-destructive testing methods are a major contribution to this concept. Data 

acquisition with multi-sensor systems has become an important approach for different 

research and application areas, where mainly non-invasive and non-destructive investigations 

are required. In case of technical applications an automated multi-sensor approach is used 

where several sensors perform the measurements simultaneously. 

The capability of the BetoScan system is that all measurements can take place at the same 

time and with a persistent accuracy. It is guaranteed that any combination of the implemented 

sensors can be chosen. Supplementary sensors can easily be implemented in the modular data 

acquisition system. The multi sensor approach asks for opening of the interfaces of the 

individual hardware of different industrial manufacturers which not apriori support the same 

procedure. Regarding the OSSCAR system a higher grid density is required to allow the 

application of reconstruction algorithms. Using ultrasound, radar, and eddy current for 

concrete coverage determination detailed information about the inner structure in different 

depth layers is gained. Since all the data was sampled with the three devices on the same 

congruent area, a comprehensive illustration of the inner structure is generated. Each method 

plays out of their advantage for a different depth range.  

Multi-sensor NDT data is an important part for sustainable infrastructure assessments. A 

sustainable maintenance can only be planned if a comprehensive data base is provided. 

However, there is still a lot of work to do until standard procedures for combining these 

different types of data in frame of condition assessments exist. The presented examples from 

BetoScan and OSSCAR show that the developed multi-sensor approach allows collecting 

high quality data with a high density of measurement points. A crucial point regarding the 

data processing is in case of merging or fusing data a loss of information which cannot be 

ruled out completely. The data acquisition and processing which is presented here was already 

designed to investigate the most important elements of the inspection task. 
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