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Abstract 
This paper presents the experience and knowledge from the implementation of security geodetic monitoring of 
structures where the most important role plays the connection of state-of-the-art measuring and information 
technologies. The use of geodetic robotic measuring stations enables the automated acquisition of coordinate data on 
the spatial position in the key locations of the monitored building construction and from them to evaluate geometric 
deformations in real time. Security monitoring is of particular importance for building structures at the end of their 
lifetime what could endanger the health and lives of people. This concerns the monitoring of large roof structures of 
sporting arenas, particularly in winter under snowfall impact, or the static testing of nuclear power plant constructions, 
or reconstruction of historical cultural heritage sites, the damage or destruction of which would have irreparable 
consequences. Implementation of security monitoring of various building constructions in different conditions has many 
pitfalls. Therefore, the flexibility of the measuring system, the accuracy and reliability, the simplicity, the speed, the 
clarity and the availability of the evaluated information and the output from the monitoring system need to be 
addressed.  
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INTRODUCTION 

Security monitoring of building structures is generally a difficult problem. Particular importance is played by building 
structures at the end of their lifetime, when changes in their properties may occur, and monitoring should detect these 
changes in time to prevent building structures from becoming a potential source of health and human health hazards. In 
2017 there was an unexpected fall of the bridge structure in Prague - Troja [1]. A non-geodetic monitoring was installed 
on the building construction, which proved to be ineffective, because a minute and a half before the construction crash, 
it sent information to the monitoring system that everything was OK. In the crash, four people were seriously injured, 
fortunately there were no losses of human lives. 

 

Fig. 1 – Footbridge in Prague – Troja [1] 

 

Fig. 2 – Collapse of the footbridge in Prague – Troja [1] 

Implementation of security monitoring of various structural constructions in different conditions has many pitfalls. 
Therefore, the measurement monitoring system must be flexible, accurate and reliable, the simplicity, speed, clarity and 
availability of the evaluated information and output from the monitoring. 
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The subject of the paper is the issue of security monitoring within the framework of the rescue project and the opening 
of the Helfštýn Castle palace in 2017. Helfštýn Castle (Helfenstein in German) was probably built in the last quarter of 
the 13th century and its founder and first owner was the Silesian nobleman Friedrich from Linnaeus. The monumental 
castle architecture of Helfštýn rises above the valley of the Moravian Gate. The castle was built on an area 
approximately 50 m long and 30 m wide and was already fortified with a strong  protectve wall, completed in the south 
by a massive round tower. On the northern side was situated a simple castle palace, which had two storeys outside the 
cellars. The whole area of the castle was surrounded by a wide parkan, behind which a protective ditch was excavated. 
The entire castle complex is made up of many constructive and fortification buildings. The castle has five gates, a 
number of bastions, towers, and an extensive system of inner and outer fortifications. Its area is one of the largest castle 
complexes in Europe. There are three permanent exhibitions at the Helfštýn Castle - Artistic Smithing, Historical Mint 
and Exposition of Archeology. The existing palace of the castle is a ruin. Only the perimeter and partition masonry of 
the two above-ground floors are preserved. During the reconstruction of the palace, statically definite structures (simple 
beams), which most naturally use static masonry capacity, i.e. its resistance to compaction, were utilized as much as 
possible. Therefore, it has been proposed to rehabilitate the existing masonry by statically securing it to be preserved as 
far as possible in its present form only by the necessary interventions. New building structures are introduced into this 
torsion treated that have aesthetic and utility function. The visitor will then walk through rooms that will be differently 
spaced, low, high, narrow, wide, majestic, chamber, bright, darker. A new route is inserted into the old walls of the 
palace to guide the visitor on all floors of the palace, as well as to the ruins of the palace, bringing it closer to 
architectural articles, attractions in the masonry, and giving him a partial view of the palace from above. The new 
construction uses the basic triple of materials - sheet steel, polished concrete, glass. As a fundamental and clear request 
from the Heritage Institute, the solution of the roofing was a sagittal way that would not exceed the existing height and 
volume of the castle. The omission of the roofing in several rooms enhances the appearance of the palace as a torsion of 
the original structure [2]. 

 

Fig. 3 – Helfštýn castle complex [2] 

 

Fig. 4 - Palace visualization after reconstruction [2] 

The original historical material underwent a process of weathering, ripening and aging. The object of the castle palace 
stands on a rock bed, which is locally weathered. The purpose of geodetic monitoring of selected building structures of 
the castle was to ensure the safety of construction workers during remediation and to check the stability of historic 
structures whose damage or destruction by construction activities would have irreparable consequences. 

RELATED WORKS 

Paper [3] focuses on the integration of geodetic monitoring and geotechnical modeling for analyzes of subsidence 
induced settlements in historical structures. In order to assess the potential risk scenarios in a preventive strategy, the 
aim is to assess the behavior of the monuments with particular attention to differential settlements. The geodetic 
monitoring, carried out since 1984, allows for the optimization and then validation of the numerical model giving the 
Conservation Authority a useful tool to manage the safety of the heritage. 

[4] The dams are one of the important engineering structures used for water supply and various other important 
purposes. In order to provide safety, well-planned and implemented geodetic monitoring is essential for such 
engineering structures, which constitute the objective of this study. In fact, micro-geodetic data can be exploited and 
used to measure the displacement of the dam by measuring the horizontal and vertical coordinates at different dates 
from fixed positions (pillars) to other positions (targets). As a result, the superposition of the geodetic auscultation 
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charts and the factors that can affect the stability of dams, such as water level, hydrostatic pressure, and seismic states, 
show a net correlation between these parameters and the auscultation variation at different periods. 

[5] Instrumentation and monitoring of ground deformations in tunneling is a principal means for selecting and 
controlling the excavation and support methods among those foreseen in the design, for ensuring safety during tunnel 
construction (including personnel safety inside the tunnel and safety of structures located at ground surface) and, 
finally, for ensuring construction quality management. In this paper, the effect of Hakim Tunnel excavation on the 
behavior of the surrounding ground was investigated based on the geotechnical instrumentation. However, it is 
concluded that the rate of excavation in different sequences could have a major role on stability of tunnel. In this case 
the surface and underground openings were monitored as well as needed for controlling the face probably collapse. 

[6] The text gives a valuable information on quality assessment of civil engineering. Indicators of zero-defects and 
engineering process accuracy for impartial quality assessment are offered. The need is stressed to employ indicators 
structural safety. Data are given about results assessment for zero-defects parameters, accuracy and structural safety. 
Observed defects leads to significant increasing of failure probability of load-bearing structures and reduction of safe 
exploitation period for buildings. 

[7] With the development of select mining industry in all kinds of mineral resources in our country, it has become 
increasingly a serious problem that safety in production and environment of various tailings reservoir which go with 
select mine refinery, by means of the modem technology to make the on-line monitoring and warning for tailings 
reservoir security is a practicable method for ensuring safety in tailings reservoir. Presented design principle of the 
system, the structure of tailings reservoir on-line monitoring and warning systems, contents of monitoring, information 
communication style and software system. Focused on the monitoring methods in system construction, such as dam 
deformation monitoring, interior displacement surveying of dam body, water level monitoring of reservoir areas, 
automatic monitoring for saturation line and so on, these can be a basis for on-line monitoring and warning system. 

METHOD OF SOLUTION 

The use of geodetic robotic measuring stations enables the automated acquisition of coordinate data on the spatial 
position in the key locations of the monitored building structure, and from them to evaluate geometric deformations in 
real time. The aim was to determine the change in the horizontal distance between the reference points mounted on the 
walls not affected by the construction activity and the checkpoints mounted on the tracked construction of the historic 
wall that was affected by the building activity under which the works were carried out by the workers.  

At the stage of cutting off the rest of the original historical wall of the parcade, work was carried out by hammering, 
causing the vibrations that were transmitted to the ground. Other impacts were the influence of external conditions, i.e. 
the unknown influence of changes in ambient temperature and humidity changes in the soil. The construction of the 
building structure was a possible development of the destruction, which was qualified for several weeks, with the 
projections on the structure being subsequently visible as cracks in masonry in critical places. At the same time, it was 
not expected that a sudden collapse of the wall occurred suddenly without any previous changes in the wall structure at 
the level of the warning state of the geometric changes of the horizontal displacement and tilt. By static engineer of the 
construction structures were determined by the following structural states: 

1. Normal operating state ±1 mm. 

2. Warning state ±5 mm, which should receive increased attention and propose partial operational measures. 

3. Increased risk state ±15 mm, when the construction stops with the necessity of immediate inspection and 
assessment by structural engineer statics. 

4. Critical state ±50 mm, when destructive cracks threatening the stability of the wall structure will occur on the 
object. 

The accuracy of the measurements was determined with respect to the limits of the measurement method to 1 mm. The 
measurement interval was set at 1 week in the demolition phase under the observed wall, later in the subsoil and 
concrete retreat for 2 weeks. 

Geodetic measurements in a set time interval using the geodetic total station, determination of the spatial position of the 
control points on the structure and reference points by the polar method in Cartesian coordinates X, Y, Z. Measurement 
of polar values of angles (ω) and slope distances (SD) with subsequent calculation of Cartesian coordinates X, Y, Z.  
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Deterministic model: 

Calculation of the horizontal convergence distance between the reference point and the single observed points from the 
coordinates in the partial measurement epoch 

2
,,

2
,,, )()( jrefjijrefjiji YYXXS −+−=        (1) 

where  Xi, Yi are the Cartesian coordinates of the observed point in j-th epoch,  
Xref, Yref  are the Cartesian coordinates of the reference point v j-th epoch 

 

Horizontal distance difference between j-th epoch and 0.(initial) epoch 
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Simplified stochastic model: 
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where  
jidS ,

σ  is the standard deviation of the length difference between  j-th epoch and 0. epoch, 

),(, jiYXσ  is the standard deviation of the observed point coordinates in j-th epoch , 

)0,(, iYXσ  is the standard deviation of the observed point coordinates in  0. epoch, 

),(, jrefYXσ  is the standard deviation of the reference point coordinates in j-th epoch, 

)0,(, refYXσ  is the standard deviation of the reference point coordinates in 0.  epoch. 

Reliability of the measurement makes it possible to detect change mmdS ji 1, ≥  for P=0.95 (α=5%). 

Decision-making process: 

Status 0: When 
jidSjidS

,
2, σ≤ , so "The monitored objects are stable, evaluated by differences dSi, j are within the 

boundary uncertainty of measurement = all OK“. 

Status 1: When mmdSANDdS jidSji ji
52 ,, ,

<> σ , "The monitored objects exhibit slight changes beyond the 

measurement uncertainty threshold and below the warning level“. 
Status 2: When mmdSANDmmdS jiji 155 ,, <≥ , tak „The monitored objects exhibit changes above the warning 

level and below the level of the increased risk“. 

Status 3: When mmdSANDmmdS jiji 5015 ,, <≥ , so "The monitored objects exhibit changes beyond the 

boundary of an increasingly risky state and below the critical state“. 

Status 4: When mmdS ji 50, ≥ , so "The monitored objects exhibit changes beyond the critical state boundary“. 

EXPERIMENTAL RESULTS 

The effectiveness of security monitoring is increased by the use of today's modern measurement and information 
technologies, which at some instant enables to obtain current available information about the state of the monitored 
objects as the basis for taking responsible decisions. The results of monitoring are therefore presented through the web-
based monitoring information system [8], [9]. Information reports on monitoring results are automatically sent by e-
mail and SMS. The monitoring information system ensures online availability on the web for interested persons via a 
common personal computer or through the widely used smartphone. The importance is in concentrating the relevant 
information in one place (the information system) together with its rapid availability for the necessary interested circle 
of persons responsible for building safety. 
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The schematic diagram of the security monitoring of the monitored walls of the castle of Helfštýn is shown in Figure. 5. 
In Figure 6 is a representation of the values of the convergence changes of the horizontal distances dSi,j. The measured 
coordinate values are imported into the information system at the end of the measurement and the changes in the current 
state relative to the reference are evaluated. The decision process evaluates the type of auto-sent information in the form 
of e-mail, SMS. 
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Fig. 5 – Scheme of security monitoring of the 
reconstructed Helfštýn castle palace 
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Fig. 6 – Western Wall - Evaluation of differences in convergence 
lengths in the monitoring information system 

Figue 7 shows a graphical representation of the evolution of the changes of the western wall in the partial stages of the 
measurements carried out in 1 week interval in the stage of cutting and subsoil remediation and subsequently in a 2 
week interval during the concreting phase. The change values did not reach the warning state. 
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Fig. 7 – Western Wall - evolution of the differences in 
convergence lengths from the 0. epoch 
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Fig. 8 – Northern Wall - evolution of the differences in 
convergence lengths from the 0. epoch 

At the northern wall, the value of the changes exceeded the warning state (Figure 8). The cause was a weathered and 
erosion-damaged rock foundation forming the basis of the original wall. Therefore, it was decided to manage the 
demolition of a part of the wall and the way of its restoration. Here, the functionality of timely recognition of changes in 
the design and relevance of monitoring system deployment has been demonstrated. 

CONCLUSION 

It has been shown that geodetic monitoring used in combination with the information system has been properly 
designed and effective. An important factor is obtaining timely and relevant information that requires qualified decision 
making. The combination of geodetic technology and Internet information technology successfully plays a role in the 
security monitoring of building structures. 
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