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Abstract:  
Structures are subject to ageing processes due to external effects like weather conditions or increasing loads and 
also internal effects like the fatigue of materials. An efficient monitoring strategy is very important for an early 
damage detection and achieving the target service life of existing structures. Conventional inspections are based 
on visual investigations. Usually the data acquisition process is the most time consuming, personal as well as 
technical complex and thereby cost intensive part of inspections. This paper presents a promising method, 
respectively a workflow of visual inspection based on aerial photos taken by remote controlled professional 
unmanned aerial systems (UAS). This approach could provide an important contribution to monitoring strategies 
in terms of quality, safety and efficiency. The paper shows case studies of UAS in condition monitoring based on 
the combination of conventional inspection measurements with modern photogrammetric computer vision 
methods for geo-referenced 3D-modelling of structures and automatic post-flight damage detection. 
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1. Introduction 

Structures are subject to ageing processes due to external effects like weather conditions, 
intensive use or increasing loads and also internal effects like the fatigue of materials or 
natural deterioration. The maintenance and preservation of any kind of structures, like modern 
buildings, robust civil engineering or industrial structures or sensitive historical structures is a 
very complex and responsible task for civil engineers and architects. An efficient maintenance 
requires for regular inspections associated with a reliable condition determination of the 
structure. The main part of conventional inspections is based on visual investigations which 
have to be performed by experts, like proof engineers who document their investigations by 
notices, sketches or photos in more or less good quality. The process of data acquisition for a 
reliable condition determination and the complete documentation of these results is a time 
consuming, labour intensive and technically complex task. But an accurate and time coded 
condition determination and documentation is indispensable for a consistent damage 
development and condition assessment over the life time of a structure. The investigations 
respectively inspections becomes more and more complex, especially in the in the case of 
structures that are difficult to access. Special scaffolding, elevating platforms or specially 
trained climbers are required for data acquisition. This can lead to long term and cost 
intensive inspections as well as to constrains in usability. 
This paper presents a promising method, respectively a workflow of visual inspection based 
on high quality aerial photos taken by remote controlled professional unmanned aerial 
systems (UAS). This approach could provide an important contribution to existing monitoring 
strategies in terms of quality, safety and efficiency. Modern UASs equipped with high quality 
sensor equipment (photo, video or infrared cameras) open up the possibility of simplifying 
and accelerating data acquisition and complex monitoring tasks. Supported by Global 
Positioning System (GPS) and other special flight control features UAS can be used for non-
destructive outdoor as well as indoor data acquisition for the assessment of structural 
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condition. The high flight stability of the UAS allows for flights in close proximity to 
structure. This important characteristic in combination with the fully compensated camera 
guarantees high quality data which are essential for reliable condition determinations and 
inspection results. Among the visual inspection the high quality images offer also the 
possibility of high-accuracy survey and geo-referenced dense 3D-reconstruction of structures 
in relation to direct referenced visualisation of deformations or damages. The paper gives a 
short introduction in the current state of flight system technology and it presents in selected 
case studies the workflow of UAS-based data acquisition on different types of structures. It 
shows the potential of high quality data for the condition determination and monitoring of 
structures. Furthermore, it presents a combination of conventional inspection measurements 
with modern photogrammetric and computer vision methods for a post-flight geo-referenced 
3D reconstruction based on aerial images. The here presented case studies and results are part 
of the recently finished research project “Unbemannte Fluggeräte zur Zustandsermittlung von 
Bauwerken (Unmanned Aerial Systems for State Determination of Structures)” at the 
Bauhaus-Universität Weimar. Selected results of this research project are shown in [1–6]. 

2. UAV – High-end multi rotor sensor platform  

The enormous development of Unmanned Aerial Systems (UAS) in the last years now offers 
the professional use of such systems as a high flexible data acquisition platform in the field of 
civil engineering and surveillance for the inspection and preservation of structures. Visual 
inspection and monitoring tasks predicated on aerial image based condition determination and 
high accurate survey of structures could be extensively simplified with these small, remote 
controlled and electrically operating flight systems. The systems can be equipped with high 
definition photo, video or infrared cameras. High capacity battery packs allow for flights up to 
20 minutes subject to the payload and the weather conditions. Due to the light construction 
(<5kg), these small flight systems react very sensitively in critical wind situations. But high 
performance flight control units guarantee stable flights. The used flight system in the 
research project was the high-end multirotor platform AscTec Falcon 8 by Ascending 
Technologies (www.asctec.de), shown in Figure 1. 
 

 
Figure 1. Flight system kit Falcon 8 by Ascending Technologies (flight system, ground control station, control 

pad, video glasses, different payloads, battery packs and transport cases)  
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This professional, extremely light (take-off weight 2.2 kg) multicopter with eight rotors, 
which are arranged on two arms in V-shape configuration, is the most wind stable flight 
system for flights up to wind speeds of 15m/s. The central flight control unit with the fully 
actively stabilised and compensated camera mount is placed in the centroid between both 
motor carrying arms, which allows for a horizontal angular freedom of 360° and a camera tilt 
of 90° up and down. This guarantees a unique field of view. The new triple redundant flight 
control unit AscTec Trinity guarantees a high precision and stable positioning of the flight 
system by using three inertial measurement units (IMU) that permanently verify the position, 
altitude and orientation of the flight system in high frequency. The extreme position accuracy 
and stability, the redundancy of each motor-rotor combination and the Autopilot Trinity 
guarantee a maximum of safety and allow for complex outdoor as well as indoor flight 
missions. With a payload of 750 g, it is possible to use high quality compact digital photo, 
video or infrared cameras, like a Sony Alpha7R (36megapixels, full frame sensor), Sony 
Camcorder (Full HD, image balancer) or a combination of a Panasonic TZ61 and a FLIR 
thermal camera as inspection payload. The flight system and also the mounted camera can be 
controlled respectively triggered remotely with the mobile ground station. For team operation 
in complex flight missions the camera can be controlled by a second operator independently 
with an additional control pad. Camera settings, camera tilt and orientation can be easily 
changed during the flight. For compensating movements of the flight system the camera is 
continuously levelled horizontally (roll stabilised) and vertically (pitch stabilised). 

3. Vision based monitoring of ageing structures – case studies 

The identification and evaluation of the structural condition is mainly based on visually 
captured data. Here damages like cracks, spellings, discolorations or rusty parts were 
measured in their size and expansion and were also documented. The recording of the 
damages are done by the "visual appearance" of the structure by appropriately qualified 
personnel such as engineers, architects, restorers or specially trained proof engineers for civil 
engineering structures. With the flight system generated image and video data should support 
the responsible experts in their work on the structures and in assessing the structural 
condition. The photographs of the damages cannot and should not replace the condition 
determination by the experts, but rather lead to a significant increase in efficiency of the 
overall process of condition determination, inspection and documentation of inspection data. 

3.1 Aerial photos for visual damage identification  
 
The extreme wind stability, position accuracy and safety handling of the flight system allow 
for flights and image recordings in a very short distance to the structure. The use of high 
quality photo cameras, like the here used Sony Alpha 7R offer high resolution images with an 
extreme degree of detailing. The image quality and the further use for visual damage 
identification were investigated on different reference objects with various types of visible 
damages on the surface of the structures. In this case study a façade of an office building, 
shown in Figure 2, was investigated. The focus of the studies was on the manual recording of 
the façade in very confined spaces, as well as the manual (visual) recognition of cracks on the 
façade of concrete elements in the aerial images. For this the heavily damaged west side of the 
building was recorded in distances of 5m, 7.5m and 10m in several vertical lines. The image 
positions have been chosen so that the frames sufficient overlapped in horizontal and vertical 
direction for a further processing of the images at a high resolution Orthophoto for mapping 
the entire façade. The recording and documentation of cracks with various crack widths was 
performed manually before the aerial survey.  

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



 

 
  

Figure 2. Reference object office building with concrete surface, left: damaged west façade, 
right: high resolution orthophoto mosaic of the west façade 

 
The records were compared and a checked for possible identification of cracks. Influences of 
strong winds and effects of different exposure situations are included in the evaluation of the 
tests, see [2]. For the studies on the visual identification of cracks selected cracks on the west 
façade were recorded with crack widths of 0.1 up to 1.0 mm. The analysis of aerial images of 
the west façade has shown that high quality images with a high resolution allow for (manual) 
visual identification of cracks from 0.3 mm in distance of 10 m to the surface. But this could 
only achieved by images with sufficient sharpness and good exposure as well as the lowest 
possible image noise (minimum ISO value). Motion blur in the images caused by an instable 
camera or flight system position, such as at strong winds can be avoided with a very short 
exposure time. Here it should be ensured that adequate exposure in the smallest possible ISO 
value is selected. Overexposure must be avoided necessarily, since this could lead to intensive 
information lost in the images. A slight underexposure of images generally provides no 
problems. With appropriate software tools image editing manually as well as automatically 
corrected in fast batch processing. The use of RAW image data is recommended. Figure 3 
shows an image section in full resolution (100%) of the high resolution orthophoto mosaic 
based on several aerial images taken in a distance of approximately 7.5m to building surface. 
Cracks with a crack width of 0.5mm are clearly visible. Further investigations on rough and 
very flat (fair-faced concrete) concrete surfaces have shown that it is possible to detect cracks 
down to 0.2mm in a distance of 10m to the object reliably. This distance to the object is also 
safe in heavy wind conditions. With the use of prime lenses with higher luminous intensity 
and higher focal length the quality and resolution increases that also thinner cracks will be 
identifiable. The visual identification of other damages as well as the quality of possible 
identifications was investigated in other case studies on further reference objects. The results 
are presented in the research report and in [2, 5 and 6]. 
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Figure 3. Image section of the high resolution orthophoto mosaic, detected crack (crack width: 0.5mm)  

on the concrete surface, distance to object 7.5m, full image resolution (100%) 
 
Amongst the high quality of the aerial images the potential of these small sensor platforms 
could impressively shown in manual and automatic data acquisition of very large structures. 
Structures like the Rappbodetalsperre shown Figure 4, have an immense size that have to be 
investigated in periodical inspections. 
 

 
Figure 4. 3D-model (based on 1600 aerial images) of the Rappbodetalsperre, Germany 

 
The dam is approx. 400m long and 100m high. The far side of the water with a concrete 
surface of approx. 22000m² were recorded with the flight system in only 2 hour with 1200 
aerial images in a distance of 15m to the object. These high resolution images were used for 
the generation of a gigapixel-orthophoto mosaic, shown in Figure 5, of the considered area for 
geo-referenced identification and mapping of detected damages. The whole area was recorded 
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in overlapped vertical lines from bottom to the top in a constant distance to the surface 
following the slope of the structure. The images were taken perpendicular to the surface. The 
high resolution of the orthophoto allow for a first quick but detailed check of the surface and 
for the identification of damages. 
 

 
Figure 5. Gigapixel-orthophoto mosaic of the Rappbodetalsperre, vertical overlapped record lines (blue) 

 
Identified damages were localised and recorded again in a shorter distance of approx. 5m to 
the surface for a detailed check in higher resolution. Figure 6 show two examples of those 
damages in high resolution. The top images show the original photo and the bottom images 
show an image section in the full resolution (100%). 
 

  

  
Figure 6. Selected damages on the concrete surface of the dam, left: rust vane, right: spellings and cracks 
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3.2 Aerial photos for survey and geometrical damage identification 
 
For some years unmanned aerial systems already used for airborne large scale mapping of 
landscapes. But the flexibility, position accuracy and safety of the flight systems and also the 
high image quality offer the possibility of detailed inspection of structures based on aerial 
image based survey. Modern photogrammetric computer vision methods, like Structure-from-
Motion (SfM) in combination with conventional surveillance methods allow a high accurate 
geo-referenced 3D-reconstruction of structures and automatic post flight identification of 
displacement or deformations by point cloud comparisons.  
This application was tested intensively on one of the most inclined historical towers of the 
world the Leaning Tower of Bad Frankenhausen, see [6]. The second case study was 
performed on one of the largest retaining walls in Germany along the Highway No.4 next to 
the Jagdberg tunnel in Thuringia, shown in Figure 7.  
 

 
Figure 7.  Retaining wall next to the Jagdberg tunnel in Thuringia, Germany 

 
This 615m long and 18m high (2 levels) retaining wall was recorded for the determination of 
the geometrical parameters as a reference measurement that should be used in the future as 
base for continuous deformation monitoring of this structure. The back anchored retaining 
wall consist of a shotcrete layer and a cyclopean granite masonry and has a slope angel of 70°. 
The gradient of the wall follows the sloping curve gradient of the main axis of the highway. 
The wall covered area has approx. 12000m² that have to be inspected and checked completely 
every six years by proof engineers. For the determination of the geometrical parameters based 
on a high-dense geo-referenced 3D point cloud the retaining wall was recorded fully 
automatic in GPS-based flight mode by using a navigation software tool, shown in Figure 8. 
The complete wall was recorded in four horizontal lines in different heights each with 70 
overlapped images in vertical and horizontal direction. 
 

 
Figure 8. GPS-based flight path for fully automatic image recording of the retaining wall (AscTec Navigator) 
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Images were recorded on two recording lines with a perpendicular view to the wall surface, 
one line with an oblique view of 45° to the wall and one line from above in a distance of 
approx. 35m to the wall. All 280 images were recorded in only four flights in 48 minutes 
(each flight 12 minutes incl. start and landing) with constant camera parameters (focal length 
35mm, aperture F/3,5, shutter speed 1/800s, ISO 80, constant focus). The 280 images were 
used for the calculation of a high-dense 3D point cloud using SfM, which is explained in 
detail in [4]. The geo-referencing of the measurement data was ensured by only seven fixed 
ground control points distributed over the structure which were determined by conventional 
tacheometry. Figure 9 shows a part of the colour coded high-dense geo-referenced 3D point 
cloud of the retaining wall. 
 

 
Figure 9. Colour coded high-dense geo-referenced 3D point cloud of the retaining wall 

 
The generated point cloud contains approx. 1.5 billion measurement points and has an object 
resolution of 1.6mm/pixel. The average image error is 0.14 pixel and the position accuracy is 
± 1.0mm and the depth accuracy ± 6.0mm. The error of the fixed ground control points is 
approx. 6.0mm. The overlapping images from the UAS were geometrically corrected by a 
projection onto a common plane. The individual depth values allow a differential image 
rectification to remove perspective distortions. These orthophotos can be assembled to a 
common image mosaic shown in Figure 10. The comparison of the pixel-aligned ortho-
mosaics allows the detection of displacements in x- and y-direction, shown in Figure 11 top. 
 

 
Figure 10. Image section of the gigapixel ortophoto mosaic of the retaining wall 
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The geo-referenced high-dense point cloud can be used for automatic change detection by 
comparing two point clouds of different measurement campaigns. This application was tested 
on a reference section of the retaining wall, explained in detail in [4]. For change detection 
two different 3D reconstructions were computed and analysed with the freely available 
software CloudCompare.  All differences that are significantly larger than the mean distance 
of 6mm in z-direction (depth accuracy ± 6.0mm) could be marked as displacement, see Figure 
11 bottom, which is quite sufficient for the monitoring of those large retaining walls. 
 

 

 
 

Figure 11: Change detection using orthophoto mosaics and 3D point clouds, top: change detection using pixel-
aligned geometrically rectified and composed orthophoto mosaics of two measurement campaigns, 
bottom: Cloud comparison for change detection of simulated wall displacement (colour coded 
distances, red indicates removed objects while blue areas suggest added parts) 
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4. Summary, Conclusion and Outlook 
This paper presented the capability of professional high-end UASs for non-destructive testing 
in the field of inspection, survey and monitoring of structures based on high-quality aerial 
images. The advanced flight systems provide a very fast, safe and automatic data acquisition. 
This avoids complex and protracted data acquisition processes that also often cause further 
disturbances in usability of the structure. The high-quality image data can be used for geo-
referenced documentation and analysis of the structure based on modern photogrammetric 
computer vision methods in post flight processes. This could drastically increase the 
efficiency of monitoring. The modern computer vision methods described allow the fully 
automatic generation of dense surface reconstructions from digital imagery. The intensive test 
on different types of construction during the research project have shown that high-quality 
aerial images together with georeferenced control points can be used for a photogrammetric 
analysis to perform 3D-measurements for highly accurate survey. Also it shows the potential 
of highly accurate and colour fidelity 3D-reconstruction of the surface of structures. This 
allows also ultra-dense 3D-reconstruction in the field of restoration processes of very 
sensitive structures or parts of structures. 
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