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Abstract 
The 6th of April 2009 a major earthquake struck the central part of Italy, causing hundreds 

of casualties and devastating the historical city of L’Aquila and several small towns in the area. The 
toll in terms of structural damage was enormous, also considered that a vast amount of buildings 
was made of poorly arranged masonry composed by round pebbles, with mortar of scarce 
mechanical characteristics. In particular, the buildings belonging to cultural heritage were between 
the structures that suffered more from seismic damage.  

The first step in the process of reconstruction was to provide the minimum safety conditions 
to the structures, in order both to avoid the damage progression and to allow to proceed with the 
necessary successive strengthening or retrofitting intervention with adequate safety conditions. 

In this framework, structural monitoring was employed in emblematic buildings to control 
the damage progression or stationariness with reference to the already carried out stabilisation 
interventions, or to allow a safer workplace during the execution of the interventions, also 
evaluating the effectiveness of the used strengthening techniques. 

The paper presents the first results of two dynamic and static monitoring systems, installed 
in the St. Mark church – a heavily damaged church of the city centre, and in the Spanish Fortress 
(L'Aquila castle), installed after a first experimental investigation campaign carried out in 
september 2009. 

Keywords: Structural Monitoring, Cultural Heritage Buildings, Masonry Structures, 
Monumental Buildings, Earthquake, Strengthening Interventions 
 
 

F. Casarin, F. da Porto, and Claudio Modena 
  



P a g e  | 398  CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA 

Casarin, “Structural Monitoring of Damaged Cultural Heritage Buildings after the April 
2009 ABRUZZO Earthquake”, 2/14 

THE 2009 ABRUZZO EARTHQUAKE 

The earthquake that struck the Abruzzo region of Italy the 6th of April 2009, at 
3:32 a.m., affected a wide area between the provinces of L’Aquila, Avezzano, Sulmona 
and Teramo (Figure 1). The earthquake was felt throughout Abruzzo; as far away as 
Rome, other parts of Lazio, Marche, Molise, Umbria, and Campania. The landscape 
morphology played a very important role in the damage distribution – by amplifying or 
decreasing the seismic motion effects – with the most severe damages recorded in the 
Aterno river valley, in small towns like Onna, Fossa, Sant’Eusanio Forconese, Villa 
Sant’Angelo and others, besides severely striking the city of L’Aquila.  

The severity and the extent of damages caused by the earthquake to the cultural 
heritage was never reached before in the recent Italian earthquakes history. The measures 
undertaken in order to protect the architectural heritage in post-seismic emergency 
conditions, also taking advantage of the previous recent earthquakes management 
(especially in the 1997 Umbria-Marche scenario), requested a remarkable effort in terms 
of defining the right procedures and framework in order to maximize the effectiveness of 
the provisional strengthening interventions. The challenge was to decrease to minimum 
and to increase the reliability of the decision making process, from the damage survey to 
the execution of the provisional strengthening interventions execution.  

  

Figure 1: view of the L’Aquila region April 2009 seismic sequence. Source: I.N.G.V. –
Geophysics and Volcanology Italian Agency - http://www.ingv.it 

THE ST. MARK CHURCH 

The St. Mark church, located in the L’Aquila city centre, was severely damaged by 
the 6th of April 2009 earthquake. The first construction of the church dates back to the end 
of the 13th century - beginning of the 14th century. The church was built by initiative of 
the habitants of Pianola, a small town in the outskirts of L’Aquila, and it is located on the 
hearth of the city centre, between Via dei Neri and Piazza della Prefettura.  

Medieval traces are preserved mainly in the external walls and in the lateral portal, 
which dates back to the 14th century. The main façade was likely built at the beginning of 
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the XV century. The building was completely restructured around 1750, after the 1703 
devastating earthquake. The two bell towers belong to that period. 

Even if the present-day external appearance of the church seems to indicate an 
almost untouched structure, the inner view of the church clearly reveal the seriousness of 
the situation (Figure 2). After the earthquake the church reported severe damage in the 
apsidal and transept area, where a critical crack pattern was noticed in the external walls, 
which manifested a visible outward overturning, involving the four pillars sustaining the 
dome. Also the transversal response of the church proved to be inadequate, since the most 
part of the vaults collapsed, such as a big portion of the external wall, at the clerestory 
level. Severe damage was finally reported in the vaults of the apse, of the presbytery, in 
the triumphal arch. 

   

Figure 2: St. Mark church in L’Aquila: external (left) and internal (right) views 

In the St. Mark church – as in many others of the city centre – is noted the 
presence of a heavy and stiff roof made by precast reinforced concrete beams and hollow 
tiles, with an upper layer composed by a concrete slab. Interventions like this were 
common in the ’60-’70 and ‘80s (and still more recently), and were aimed at substituting 
the more light and deformable traditional wooden roof, in the erroneous opinion that a 
rigid floor would have a beneficial “connective” effect on the walls. 

PROVISIONAL STRENGTHENING INTERVENTIONS AND 
MONITORING 

The initial provisional strengthening intervention was financed by the Veneto 
Region of Italy, which paid 240.000,00 € as a first instalment. Works started the 4th of 
July and were completed in November 2009. This first intervention aimed at 
counteracting the most critical collapse mechanisms, such as the apsidal and transept 
walls overturning. 

Further interventions involved the hooping of the facade, the sustaining of a wide 
side walls portion, and the strengthening – by means of wooden trusses - of the valuable 
stone main portal of the church.  
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Figure 3: St. Mark church in L’Aquila: initial provisional strengthening interventions 

These interventions were the first and the most urgent in emergency time, and 
were carried out by working outside the church – considered the serious risk of collapse 
of further elements of the structure, especially in the period of continuation of seismic 
events (aftershocks) with non negligible magnitude. Such initial works will be later on 
completed – with the allocation of further funds – by interventions aiming at the complete 
structural stabilization, prior to the definitive strengthening and restoration works. 

The initial intervention entailed the construction of a sound scaffolding made by 
hollow pipe steel trusses, constituting a portal spanning across the church, in order to 
inhibit the prosecution of the overturning of the apses and transepts walls. Two lattice 
towers were built on the two sides of the church, subsequently connected at their top by 
an open web girder, in its turn connected to the masonry structures of the church.  

In the façade area, wooden struts were employed in order to counteract the 
overturning of a remarkable part of the right wall external veneer, and to sustain the stone 
elements of the valuable church portal, disconnected by the seismic motion. The façade 
was hooped on two levels with steel cables, also positioned to avoid the shear damage 
progression. Finally, several openings were propped by means of wooden trusses, and the 
façade bell-towers were hooped at the level of the belfry (Figure 3). 

In parallel to the execution of the interventions, the opening of the main cracks 
was controlled by means of an automated low-cost structural monitoring system, since the 
feeling of the operators was that the crack pattern was worsening day by day. The 
monitoring system is continuously acquiring data, and stores hourly the readouts coming 
from 5 linear displacement transducers positioned in the external area of both apse and 
transept, where the worst damage scenario is observed (Figure 4). Data are correlated to 
the environmental parameters recorded by a temperature – relative humidity sensor 
positioned at the base of the scaffolding. 

A couple of acceleration sensors is located at the base of the structure, in order to 
record any relevant data in terms of seismic events – also of low-moderate energy - and 
other two sensors are positioned at the top of the North wing of the transept, to store the 
structural response (amplification) of the church. 
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Figure 4: view of the apsidal area of St. Mark church: displacement and Temperature-
Relative Humidity sensors positioning 

The system is able to automatically store the data when the acceleration in one of 
the sensors exceeds a predefined threshold, both in time and frequency domain, and to 
periodically record the data (e.g. at a 12-24 hrs intervals) with the aim of the repetition of 
the dynamic identification, to measure possible variations in the modal parameters of the 
structure with the progression of the strengthening interventions. Sensors, both at the base 
and at the top, are positioned orthogonally to each other, measuring accelerations in the 
horizontal plane. 

The monitoring system was installed the 10th of August 2009. Displacement 
transducers data – up to January 2010 - are plotted in the graph of Figure 8. In the first 
months of observation no worrying displacement-trends were noticed, thus excluding the 
worsening of the crack pattern, and confirming the effectiveness of the adopted 
provisional interventions. Sensors 1 and 3 denote non negligible displacements (up to 0,5 
mm) from the first readouts, being however strictly connected to the temperature 
variations, also considered the length of the measurements bases (sensors were provided 
with aluminum extensions).  

In Figure 6 and Figure 7 are reported some initial results emerging from the stored 
acceleration data. Figure 6 shows the localization of some recorded minor seismic events 
in the L’Aquila area, still considered aftershocks of the 6th of April 2009 event, and some 
higher however moderate magnitude in different seismic districts (Ascoli Piceno, at a 
distance of approximately 100 km from L’Aquila). The elaborated response spectra 
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(Figure 7), scaled to the local peak ground acceleration as given by the Italian seismic 
code (Norme Tecniche per le Costruzioni – Ministerial Decree 14/01/2008 - [Ref. 1]), 
corresponding to the value of  0,364 g (relevant building, including soil factors), indicate 
a local resonance with very high peaks around the frequency of 5 Hz (especially in the far 
source seismic events), in a frequency band where several structural eigenvalues are 
noted. 

 

Figure 5: St. Mark monitoring system: plots of the displacement sensors data vs. time 

 

Date Time (UTC) Lat Lon Depth (km) Mag Seismic district 
12/01/2010 13.35.44 43.129 13.438 24.1 Ml:4.1 Ascoli_Piceno 
12/01/2010 8.25.10 43.123 13.413 25.6 Ml:4 Ascoli_Piceno 
29/11/2009 20.11.01 42.328 13.515 8.5 Ml:3.2 Aterno valley 
10/11/2009 19.26.18 42.483 13.382 11.8 Ml:3 Gran_Sasso 
20/10/2009 5.07.30 42.398 13.24 9.9 Ml:3.5 Aquilano 

Figure 6: recent (2009 - Jan 2010) seismic events in L’Aquila area (minor magnitude 
aftershocks) and in different seismic districts (Ascoli Piceno) - Source: I.N.G.V.  
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Figure 7: scaled to the local PGA value horizontal elastic response spectra calculated 
from the low magnitude recorded accelerograms; recorded MI 4.1 Ascoli Piceno event 

 

Figure 8: aerial view of the Spanish fortress of L’Aquila, before the earthquake 

As a confirmation, the ratio between the maximum spectral value (at the frequency 
of 5 Hz) and the PGA, approximately corresponding to the values of 5-6, is in the range 
of the ratio between the maximum top / maximum base acceleration recorded by the 
sensors in the Ascoli Piceno 12/01/2010 MI 4.1 event. 

THE SPANISH FORTRESS 

The Spanish Fortress of L'Aquila is one of the most impressive Renaissance castle 
in Central and Southern Italy. In the 15th century L’Aquila had become the second most 
powerful city in the Kingdom (of Naples, under the Spanish domination) after Naples; in 
1528, to punish the citizens for their rebellion, Viceroy Filiberto of Orange ordered to 
build a fortress in the highest North spot of the city, according to the project of a 
celebrated Spanish architect, Don Pirro Aloisio Escrivà. The construction started in 1534. 
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Escrivà planned a giant fortress, made of four bastions connected through mighty walls, 
60 meters long, with a thickness of 30 metres at the bottom and 5 meters at top.  

All around the fortress was a ditch (never filled with water) 23 meters wide and 14 
meters deep, aimed at defending the foundations from the enemy's artillery. The Fortress, 
which had been built not to defend the city, but to control it (many cannons pointed to the 
city) and to be a completely self-sufficient structure, was never used in a battles. Its 
cannons, always ready to fire, were silent throughout the centuries: the only victim was 
the city itself, whose decline began with the construction of the fortress and went on 
under the Spanish dominion. Between 1949 and 1951 the castle was restored, and chosen 
as the seat of the National Museum of Abruzzo. 

Following the 6th of April 2009 earthquake, the fortress was seriously damaged, 
especially in the upper floors, where several collapses were noticed. Between the 
recorded damage, according to the damage survey form fitted for palaces used in the 
inspections - Model B-DP PCM-DPC MiBAC 2006 [Ref. 2], overturning and flexural 
mechanisms on the external walls, shear damage in the external and internal walls, 
damage to vaults and arches, local collapses of floors and vaults, corresponded to the 
most worrying observations (Figure 9). Damage manifested by the building were 
remarkable both for intensity and distribution, and were considered so serious to likely 
prejudice the overall stability of the building. 

   

     

Figure 9: above: view of the L’Aquila castle (Spanish fortress) before and after the 
earthquake; below: severe damage recorded in the internal area of the S-East wing 
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PROVISIONAL STRENGTHENING INTERVENTIONS AND 
MONITORING 

According to the observed damage pattern, provisional strengthening interventions 
were applied to the S-East and S-West wings of the fortress, where the most part of 
damage was observed. The strengthening interventions were carried out by different 
teams of specialized national fire brigades (SAF – Speleo-Alpino-Fluviali). The 
interventions did not rely on external propping structures, also considered the massive 
dimensions of the fortress. The structural stability was provided by relying on the 
remaining strength of the resisting elements, e.g. by connecting the internal and external 
façade by means of stainless steel cables, in order to avoid the observed overturning 
mechanisms continuation, especially in presence of non negligible aftershocks.  

In the S-East wing it was necessary to rebuild the roof, by using hollow section 
steel trusses and a light covering structure made of wood. In the S-West wing, purpose 
built force distribution steel frames were positioned in contrast to the external and internal 
façades before tensioning the cables (Figure 10). 

 

  

Figure 10: provisional interventions carried out: connection of the internal and external 
façades by means of steel cables 

In the days 17 to 19 December 2009 a dynamic monitoring system was installed in 
the Spanish fortress of L’Aquila, following a first investigation campaign carried out in 
September, including dynamic identification tests. The system complements a static 
monitoring system installed in the first months after the earthquake by the ISCR (Istituto 
Superiore per la Conservazione ed il Restauro – National Conservation and Restoration 
Institute) of Rome, devoted to the control of the crack pattern evolution and the 
environmental parameters. The dynamic system is composed by an acquisition unit 
connected to eight high sensitivity piezoelectric accelerometers. The central unit, located 

PROSPETTO-SEZIONE CC'
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at the second floor of the fortress, in the S-East wing, is provided with a WiFi router for 
remote data transmission. 

A couple of reference sensors is fixed at the base of the structure (at the foot of 
one of the massive pillars on the inner courtyard, with CH1 orthogonal to the façade and 
CH2 parallel to it) for the record of the ground acceleration both in operational conditions 
and during seismic events. The positioning of the acceleration sensors on the elevation of 
the S-East wing arises from the results of the structural dynamic identification. According 
to the predominant motion direction, sensors were fixed orthogonally to the façade, 
following vertical and horizontal lines, on the internal and external façades, with an 
increased number of sensor at the second level (Figure 11).   

  

  

Figure 11: L’Aquila castle: left - localization of the acceleration transducers; right – base 
acceleration transducers (CH1, 2) and acquisition unit 

Dynamic data are collected both at fixed time intervals (“long” acquisition, 
corresponding to 131’072 points, or to 21’51’’ of record at a sampling frequency of 100 
SPS, each 1-24 hours) to allow successive dynamic identification of the structure with 
different environmental conditions, and on a trigger basis (shorter records, 3’35’’ at a 
sampling frequency of 100 SPS), when the signal, on one of the acceleration channels, 
gets over the predefined threshold (meaningful event, e.g. earthquake). This last 
(triggered) monitoring of the dynamic behavior of the structure, requires the definition of 
a threshold value for the acceleration, which can be settled on every monitored channel 
and on the time and/or frequency domain.  

The time domain based threshold is a basic feature for automatic monitoring 
systems: no signal elaboration is needed, the control is executed on the acquired data. 
When the imposed condition is satisfied, the system starts to save the record.  
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In particular the system stores in the file the acquired data from 1’42’’ before the 
event (that is keeping the data of the 10 windows - 1024 points each - acquired before the 
event, at a sampling rate of 100 SPS) and for 1’42’’ after the re-entry of the signal below 
the threshold value, with the same methodology. Such recording strategy allows not to 
lose meaningful data with reference to the threshold event (Fig. 12). In order to avoid 
possible disturbance caused by noise with spectral components far from the frequencies 
of interest for the monitored structure (e.g. noise with high frequency components, which 
can disturb the signal, making difficult the time domain based control), the control can be 
operated in the frequency domain. To do so, it is necessary to proceed to a previous 
dynamic identification of the monument, to establish its first frequencies of interest 
(natural frequencies). During the acquisition, the system executes the Fast Fourier 
Transform for each window of the acquired data, giving the possibility to impose trigger 
values around different frequencies, separating then the “structural” part of the signal 
from the noise (Fig. 13).  

 

Figure 12: the stored data windows in occurrence of a dynamic event 

 

Figure 13: frequency domain control: the frequency ranges of interest are identified and 
three windows around these frequencies, with related threshold values, are settled 

During the period of monitoring no significant seismic events were recorded in the 
Spanish Fortress (a power line suspension between the 4th and 14th of January did not 
allow to record the 12th of January 2010 Ascoli Piceno events). Results of the monitoring 
give then indication on the evolution of the dynamic response of the monument with 
varied environmental conditions.  
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For the dynamic identification, the modal parameter extraction method selected 
was the FDD - Frequency Domain Decomposition – technique (Ref. [3], [4]), which 
estimates the modes, with the assumption that the excitation is reasonably random in time 
and in the physical space of the structure, using a Singular Value Decomposition (SVD) 
of each of the spectral density matrices. The data series acquired at 100 SPS were high-
pass filtered and then processed with segment length of 2048 points and 66.67% window 
overlap, with decimation order equal to 2. Peaks in the frequency domain related to 
structural frequencies were selected, and the corresponding mode shapes defined. 

The frequencies and mode shapes emerged from the experimental investigation 
activities carried out before the installation of the monitoring systems (September 2009) 
are reported in Figure 14, with comparison with the frequencies recorded by the 
monitoring system in the first months of acquisition (Table 1, Figure 15). 

 

f1 

f2 

f3 

f4 

Figure 14: mode shapes emerged from the dynamic data acquisition 

Table 1: identified eigenvalues related to the mode shapes of Fig. 14 

date temperature f1 [Hz] f2 [Hz] f3 [Hz] f4 [Hz] 
08-09 09 2009 25 °C 77 °F 2.95 4.16 5.25 8.81 
21 12 2009 -1 °C 30 °F 2.89 4.13 5.13 8.40 
24 12 2009 16 °C 61 °F 2.93 4.26 5.32 8.81 
27 12 2009 6 °C 43 °F 2.87 4.11 5.15 8.36 
30 12 2009 14 °C 57 °F 2.91 4.19 5.32 8.61 
02 01 2010 9 °C 48 °F 2.86 4.09 5.35 8.59 
04 01 2010 1 °C 34 °F 2.84 4.02 5.12 8.40 
15 01 2010 7 °C 45 °F 2.83 4.02 5.12 8.28 
18 01 2010 6 °C 43 °F 2.82 4.03 5.16 8.25 
21 01 2010 5 °C 41 °F 2.89 4.08 5.19 8.21 
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Figure 15: Spanish fortress: identified eigenvalues vs. temperature 

The evaluation of the results emerged from the dynamic identification previously 
carried out simplified the interpretation of the data emerged from the monitoring 
activities, considering the systems a relatively limited number of acceleration sensors. 

From the observation of the initial results, it seems it exists a correlation between 
natural frequencies and environmental parameters, that is to say that frequencies tend to 
increase with the temperature (graph in Figure 15, data in Table 1). The prosecution of 
the monitoring activities will enable a more precise evaluation. 

CONCLUSIONS 

Monitoring is being more and more considered, in the field of cultural heritage 
buildings, as a key activity in order to increase the knowledge on the structural 
functioning of monuments and therefore to have a deeper insight on their conditions, 
allowing to intervene with more confidence with a strengthening intervention, if needed, 
but also to prevent the execution of intrusive repair works, if they are not justified by an 
experimentally demonstrated worsening of the structural conditions of the structure (Refs. 
[5], [6], [7], [8]). 

In case of a seismic event, monitoring can furthermore prove its usefulness in 
quantitatively evaluating the progression or stationariness of the damage pattern of 
selected buildings, in order to keep controlled their structural behavior and to allow to 
intervene in an effective way and more urgently if an unsafe displacement patterns is 
noticed, also as an early warning procedure for the safety of the workers employed in the 
strengthening interventions. 

If a vast amount of buildings is seriously damaged and the time schedule for the 
interventions is difficult to be a priori planned, a low cost distributed monitoring can 
provide evidence of needs to proceed more urgently on selected monuments – if 
necessary because of the worsening of their structural conditions – or to postpone the 
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interventions in a successive step, if the assessed damage pattern maintains an acceptable 
stability.  

Between the available techniques that may be profitably used to control the 
response of a historic masonry building, dynamic identification proves to be a very 
effective tool, since it allows to experimentally measure parameters related to the global 
structural behavior. The combined use of dynamic identification procedures and “local” 
controls (besides the monitoring of the environmental parameters), providing quantitative 
information on local conditions of structural elements (e.g. cracks opening), can be an 
important asset in the effort of attaining a deeper degree of awareness on the “real” 
structural functioning of the monuments. 
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Abstract 
The Villa Reale (Royal Villa) of Monza located near Milan in northern Italy was built in 

1777 – 1779 by architect Piermarini. Cracks along barrel vaults of central corridor at various levels 
in the North and South wing developed over time as well as degradation of several wooden 
structures, and notably in the 18-meters long truss in the Belvedere. Structural Health Monitoring 
(SHM) data was used to control and verify the renewal works. Both conventional and optical fiber 
sensors were applied. Optical fiber sensors were used as extensometers installed between the walls, 
orthogonal to the corridor axes, but shorter sensors were also used for crack monitoring. Statistical 
modeling and analysis of data was performed, in particular correlations between displacements and 
temperatures were studied before and during the works and some interesting changes were observed 
and analyzed. The data interpretation and analysis has been carried out statistically, due to the 
complexity of the structure and uncertainty related to its static system and structural behavior. The 
monitoring systems installed in the Royal Villa of Monza have therefore allowed a monitoring-
based rehabilitation process. The paper will present the results of monitoring over more than 6 years 
and some of the main findings of the data analysis. 

Keywords: Structural Health Monitoring, Historic Monument, Fiber Optic Sensors, 
Crack Monitoring 
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INTRODUCTION  

The Villa Reale of Monza was originally built by architect Piermarini from 1777 
to 1779 for the Austrian Empress Marie Therese and subsequently modified during the 
Napoleonic period and by the Italian King Umberto I. After the assassination of the King 
by an anarchist in July 1900, the building was not used anymore by the royal family and 
was devoted to different public utilizations. In the last few decades, the Villa has been 
practically abandoned.  

The main part of the villa (Figure 1) is consisting of a central body aligned in the 
North-South direction. Two side wings depart westward, perpendicularly to this axis, 
ending with two lower bodies - originally destined to the chapel - to the North, and the 
covered riding field (Cavallerizza), to the South. 

 

Figure 1. View of the Royal Villa 

The central body presents a ground floor for service functions, and two upper 
floors.  The first floor holds the receiving rooms of the royal apartments and the second 
the imperial apartment.  In the middle of the central body, an elevated floor forms the 
“Belvedere”. 

The wings, consisting of a ground floor, two noble floors and two mezzanines, are 
of regular masonry construction, based on a repetitive pattern of similarly sized rooms, 
laid out, at each level, in such a way to determine four principal blocks divided by a 
longitudinal and a transversal corridor. The main concern about the Villa’s structural 
condition consisted in the presence of a significant system of longitudinal cracks along 
the barrel vaults of the central corridor at various levels, both in the North and in the 
South wings. 

The design process for the restoration of the South wing of the Villa began with an 
extensive campaign of geotechnical and diagnostic investigations on the two wings.  The 
results of these surveys showed that the crack pattern was referable to foundation 
settlements, due to the presence below ground of cavities or loose portions of granular 
soil of glacial origin, mainly located in the areas close to the central body of the Villa. 
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The soil density characteristics, however, resulted significantly variable and this, together 
with its granular nature and a very deep water table, led to the conclusion that progression 
of the settlements should not be expected.  

In 1999, a global restoration program of the Villa Reale of Monza was launched. 
The intent of this program was to preserve the Villa, which had suffered uneven 
foundation settlements causing walls and structural systems to drift.  These movements 
caused cracking, damaged structural elements, and created potential safety concerns.  
After an agreement was reached among the Italian Government (represented by the 
Soprintendenza per i Beni Architettonici ed il Paesaggio of Milan), the city 
administrations of Monza and Milan (subsequently the administration of Regione 
Lombardia), D’Appolonia was selected to conduct several analysis of the structure and to 
conduct a monitoring campaign to record and observe structural displacements over time.  
SMARTEC was selected as the instrumentation and monitoring provider.  The hypothesis 
was that foundation settlements had stopped and further drifting would not occur.  To 
investigate this hypothesis, fiber optic sensors were installed at key structural locations.   

The initial monitoring campaign confirmed that the walls were static, not drifting, 
and that foundation settlements had ceased.  This allowed for the planning of a structural 
retrofit of the building elements (above ground) and avoided costly repairs to the 
foundations themselves.  These retrofits were carried out between 2002-2005 across 
different parts of the structure and consisted of repairs and strengthening of key walls, 
slabs, and connections.  During this retrofit, the installed monitoring systems were 
disconnected, in some cases moved, and then reconnected after the retrofit was complete 
section by section.  For this reason, one cannot look at data measurements across time 
from the initial campaign until today in a continuous manner.    However, each sensor has 
provided a historical record of the structural movements during each phase of the retrofit, 
it has helped ensure safety during retrofit actions, and it has provided the mechanism to 
have the knowledge of whether the structure has performed as expected or if any 
unforeseen settlements or problems have occurred.  At the time of installation, concerns 
were raised about the durability of the monitoring system over time.  To date, it has 
proved more durable and consistent than its users as ownership and internal procedures 
have changed.  Today and eight years later, displacements and temperature readings are 
still logged every four hours and stored in a database. 

CHARACTERISTICS OF THE MONITORING SYSTEM 

Two separate monitoring systems were installed in the building: one in the South 
wing and one in North wing. The monitoring system is based on the SOFO™ fibre optics 
system, which is able to incorporate through its reading unit SOFO deformation sensors 
as well as temperature sensors.  At the Villa Reale, these sensors are configured to record 
temperature and deformation automatically every four hours across a series of 70 sensors.  
Measurements from this system began in 2002.  Temperatures are recorded at eight 
locations and measurement couplings occur for each displacement sensor with its nearest 
temperature reading.  Undoubtedly, differential heating in space (e.g. across different 
parts of the structure) and in time (e.g. under different weather conditions or as vegetation 
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grows over time) are likely present and affect the precision of any statistical data analysis.  
Although it would be ideal to have a coupling of temperatures directly at each strain 
gauge, the system design balanced client needs, budget, and technological solutions 
available at the time resulted in the current configuration.  If designed today, and 
especially with advances in sensor technologies, coupling for each sensor would occur.  
At the Villa Reale, the primary measurements are displacement, temperature, and 
inclination for roof truss elements.  Analysis of the monitoring data over time intends to 
characterise normal structural movements over time as the building experiences 
temperature fluctuations versus any movements that are abnormal and indicate concern. 

The following sections show measurements and results from the South wing.  This 
wing is equipped with 30 SOFO deformation sensors and 6 thermocouples: the 
deformation sensors are located in the orthogonal direction of the two mezzanine 
corridors, in such a way to measure the relative movements of the four masonry blocks in 
ten sections of the wing. Each sensor has nearly the same width of the corridor and has 
been provisionally fixed at the wall in correspondence of the springer of the vaults, but in 
their final configuration the sensors will be embedded in the reinforced concrete 
strengthening of the vaults.  The position of the sensors at the ground level is shown in 
Figure 2. Figure 3 and figure 4 show details of the sensor installation and the data 
acquisition unit. 

 

Figure 2.  SOFO sensor placement at the Villa Reale for the South wing 

  

Figure 3.  SOFO sensor installation at the Villa Reale for the South wing 
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Figure 4.  SOFO Data Acquisition System 

DATA ANALYSIS 

Different types of data analysis and representation are possible.  They are 
presented here as related to the Villa Reale in an order of increasing complexity and 
potential to serve as damage indicators for small incremental damage from an undamaged 
state.   

Displacement over time:  

Displacement over time is a fundamental engineering measurement.  At the Villa 
Reale, displacement time histories are utilized to observe steady state, trends, and 
potential abnormalities over time.  Figure 5 shows a displacement time history for sensor 
4 from 2002-2009 which records the distance between the two inner walls in the South 
Wing.  In general, the data shows three plateaus (Figure 5a) with each requiring 
explanation.  Without historical knowledge of the structure, the record shows that the two 
walls successively shifted toward each other.  Instead, the plateaus in this case are the 
result of a retrofit in 2004 and a movement and re-zeroing of the sensor in 2006.  Gaps in 
the data (straight lines in the figure) are when the system was turned off, when the retrofit 
occurred or when data was not collected.  When displacement time histories exhibit such 
discontinuities due to measurements zeros, retrofits, etc., the mean value from each 
plateau can be removed from the measurements to obtain a relative comparison between 
the measurements that capture the displacement fluctuations across time.  When this is 
conducted for sensor 4, the seasonal fluctuations are revealed as the mean temperature 
increases in the summer and decreases in the winter.  Figure 5b shows this trend around a 
mean zero measurement for January-August 2009.  As it would be expected, winter 
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measurements are below mean zero and summer measurements are above mean zero 
(thermal expansion).  Mean zero comparisons however should not be a default as large 
discontinuous displacement changes are a rudimentary and important damage indicator. 

 (a) 

 (b) 

Figure 5. Sensor 4 (a) Displacement time history 2002-2009 and 
 (b) Zero mean measurement 2009 

Displacement and Temperature Coupling: 

It is well known that structures are affected by environmental conditions.  Often, it 
is desirable to remove environmental effects from the data to expose the underlying 
measurement.  Instead, it is also possible to utilize environmental effects as a damage 
indicator by observing trends in how the structure responds to its environment over time.  
This is conducted by coupling the measurement of interest with the ambient conditions at 
the time of measurement.  Figure 6 shows coupled temperature and displacement 
measurements for sensor 4 and sensor 6 in the South Wing for the month of April in 2002 
and 2009.  Such figures can be utilized to observe if the temperature and displacement 
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move in phase with each other or out of phase.  For sensor 4 it appears that the 
measurements were out of phase during 2002 (before retrofit) and in phase in 2009 (after 
retrofit).  For sensor 6, the relation seems to remain out of phase for both periods.  Of 
course, conclusions cannot be taken from only two months of data during a spring month 
when conditions are typically volatile.  However, an analysis can begin and a database of 
what is normal for the structure can be constructed. 

 

Figure 6.  Coupled temperature displacement and strain measurements for sensor 4 and 
sensor 6 during the month of April for 2002 and 2009. 

Displacement and Temperature Correlation: 

As the database grows, in order to compare similar weather conditions at different 
periods of time, the correlation between temperature and displacement can be 
investigated.  This can be conducted for like periods (e.g. two similar segments of time) 
or in any other desired statistical grouping.  The result is simply to view how temperature 
and displacement are correlated regardless of when the measurement is taken.  In a 
practical sense, this can indicate whether or not displacements are temperature driven or 
how sensitive any area of the structure is to temperature changes.  Figure 7 shows the 
correlation between temperature and displacement for the data depicted in Figure 6 (e.g. 

Sensor 4

Sensor 6
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sensor 4 and sensor 6 for the month of April in 2002 and 2009).  The result show that for 
sensor 4 the data was essentially uncorrelated before retrofit (2002) and positively 
correlated after retrofit (2009).  For sensor 6 the result is the opposite, the data is 
negatively correlated before retrofit and relatively uncorrelated after retrofit.  It is not 
appropriate to draw conclusions using only these two months of data, but again the 
process has initiated.  

 

Figure 7. Correlation between temperature and displacement for sensor 4 and sensor 6 for 
April 2002 and April 2009 

Correlation of similar sensors:   

It is reasonable to expect that similar sensors will have similar behaviour.  For 
example, sensor 4 and sensor 6 in Figures 3 and 4 are located in the same hallway of the 
same wing.  As such, it is reasonable to expect the sensors to have the like reactions and 
correlations to environmental effects.  This is not necessarily the case in the data 
presented here which raises the interest for further investigation.  It can be useful to pair 
such information on common graphs across like sensors for comparison.  This is 
conducted in Figure 8 for sensor 14 and sensor 16 again for April 2002 and April 2009.  
Sensors 14 and 16 are selected because they are located one story above sensor 4 and 
sensor 6 where sensor 14 is above sensor 4 and sensor 16 is above sensor 6.  As such, it 
could be expected that sensors 14 and 16 would exhibit like data trends (same hallway) 
and like behaviors to the sensors located one story below.  Figure 8 shows one part of this 
analysis by displaying the temperature displacement coupling across time for sensor 14 

Sensor 4

Sensor 6
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and sensor 16 and also the temperature displacement correlation for both sensors in the 
respective time periods.  In these graphs the sensors do indeed show similar responses to 
temperature but with different degrees of sensitivity.  Comparing the correlations to 
between sensor 4 and sensor 14 and likewise between sensor 6 and sensor 16, they are 
also similar. 

 

Figure 8. Temperature displacement coupling and temperature displacement correlation 
for sensor 14 and sensor 16 considered together in April 2002 and in April 2009. 

THE LINKAGE TO STRUCTURAL HEALTH MONITORING 

Figures 2-5 show results from only a few selected sensors at only a few snapshots 
in time to illustrate the type of measurements and statistical analysis taking place.  There 
is room for and the need to expand any such analysis to a much larger scale involving 
more of the sensors and incorporating more of the data.  Although there is an ongoing 
search for a smart algorithm and/or damage indicator using statistical methods, the value 
of human interpretation and learning what is normal behaviour for the structure, cannot be 
understated.  It is also well understood that there is more to investigate on any structure 
than simply temperature and displacement.  However, the monitoring program at the Villa 
Reale also demonstrates that for a very low cost, simple measurements can begin to 
provide an understanding of the structure and this information can be utilized to conduct 
maintenance and management decisions of significant impact.  In this case, a costly 
retrofit to foundation elements was avoided and successive superstructure retrofits have 
been monitored and shown effective.  With these tasks accomplished, the monitoring 

Sensors 14 & 16 
2009

Sensors 14 & 16 
2002
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system has now moved into a steady state of recording measurements that can be utilized 
to characterise the response of the building to ambient conditions while maintaining an 
alert posture for abnormal readings.   

CONCLUSIONS 

The monitoring systems installed in the Royal Villa of Monza have allowed to 
control the structural behavior of some parts after and before the rehabilitation works. In 
the case of the South wing monitoring system the interpretation of the displacements has 
been statistically carried out, due to the complexity of the structure. 

In the future, the presence of the permanent monitoring system, that include all 
system described in this paper, will guarantee the possibility of verifying the effectiveness 
of the interventions that have been carried out. For this reason the case described can 
represent an example of a monitoring-based structural rehabilitation process. 
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Abstract 
Zhenfeng tower was built in 1570, on a bank in the Yangzi River in the city of Anqing, 

Anhui province, China. The results of its geometric survey and simple earthquake resistance 
analysis have been provided. Furthermore, its good stability and durability have been briefly 
described. In addition, the deterioration of the tower is reported. Finally the method of maintenance 
and choice of reasonable material have been suggested for next repair.  

Keywords: Zhenfeng Tower, Masonry, Earthquake Resistance, Durability, Stability, 
Rehabilitation 
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INTRODUCTION 

Zhenfeng tower, which is located in Yingjiang temple (on the bank of Yangze 
River) in east of Anqing city, Anhui province of China, is a major landmark of this 
historical and cultural City—Anqing city. According to historical data, Zhenfeng 
tower was first built in the Ming dynasty (1568), and was completed in 1570. 
Zhenfeng tower is a loft-style tower with seven floors and eight corners on each 
floor.  The bottom floor has a diameter of 12.7m and the total building (from the 
ground floor to the top of the spire) is 60.8m height [1]. The body of tower starts 
becoming thinner from the 2nd floor, as shown in Fig.1. The clockwise and anti-
clockwise flight of the inner stairs is unique compared with all over the Chinese 
ancient towers.  

 

Fig1 Zhenfeng Tower 

Zhenfeng tower has been rehabilitated nine times from 1650 to 1993[2]. Because 
of some historical reasons, some repairs did not strictly obey good maintenance principles 
for ancient buildings. The walls and railing panel of each floor, lightening protection 
system, lighting system, rust prevention of the metal on the spire, roofs, corridor on the 
ground floor, the Buddha both inside and outside, etc. were systematically rehabilitated 
during the last repairs completed 1993. 
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STRUCTURAL CHARACTERISTICS OF ZHENFENG TOWER 

Zhenfeng tower, one of the typical Chinese ancient masonry towers, has a unique 
style of architecture and structure. It has experienced earthquakes more than 30 times 
during over 400 years, but it still stands on the bank of Yangzi River.  

Excellent earthquake-resistance, stability and durability of Zhenfeng tower are 
attributable to its structural characteristics. 

Geometrical survey 

The authors measured the geometrical size of Zhenfeng tower in 2009. The plan 
size of each floor are shown as in Fig.2 which shows that the stair from the first floor to 
the fifth floor and the stair of the seventh floor go in clockwise direction, while the sixth 
floor stair goes in anti-clockwise direction. Furthermore, the stair layout is 
symmetrical approximately around the core of the tower. Therefore, the geometric 
center and mass center are almost in the same position, thus torsion during an 
earthquake is negligible. The height of each floor is shown in Table 1 and Fig.3. The 
brick area and weight of each floor are also shown in the table 1.  

Each level is composed of its stair, corridor and brick wall, as shown in Fig.2 and 
Fig.3. The majority of area on each level is composed of masonry, shown by brick shaded 
area in Fig.2.This is good for the tower’s stability and durability. 

Table 1 Height, brick area and weight of each level of Zhenfeng Tower 

level 1 2 3 4 5 6 7 garret 
Height (m) 7.34 7.05 6.31 6.13 5.73 5.42 5.20 4.50 
brick area(m2) 102.55 78.90 58.27 49.34 48.68 43.87 39.22 55.42 
weight(kN) 13549 10012 6618 5444 5021 4280 3671 3420 
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Fig.2 Zhenfeng Tower plans of each floor 
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(a) calculation model    (b) calculation results 

Fig.3 The section of Zhenfeng Tower 

Fig.4 the shear force in each level 
caused by earthquake and the 
earthquake resistance of tower 

Field characteristics 

The foundation of Zhenfeng tower is sitting on the coarse sand with broken stone 
layer. The soil layer of the ground is shown in Table 2[3]. 

Table 2 Foundation soil layers and its mechanical properties 

Layer 
of soil 

Name of soil 
layer Thick (m) 

Lever of the 
soil layer 
bottom (m) 

Compression 
modulus 
(MPa) 

Bearing 
capacity 
(KPa) 

① Miscellaneous 
fill  2.20-2.50 12.78-13.18 — — 

② clay 4.10-4.30 8.58-9.07 14.0 300 

③ 
Coarse sand 
with broken 
stone 

Not penetrated 6.50-6.70 18.0 280 
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The earthquake design intensity is magnitude 7 on the Richter scale. The shear 
velocity of the field is 500m/s. The value of characteristic period of the field is 0.35s, 
while the structural vibration period is 1.52s. The difference between the period of the 
field and that of the structure shows non co-vibration. 

Earthquake resistance 

According to the Chinese code[5] and the reference [6] , shear force caused by 
earthquake and the resistance of the tower are shown in the Fig.4. The result of the 
calculation shows the tower has enough anti-earthquake ability. 

DURABILITY MAINTENANCE 

Tongji University carried on an initial survey of the tower in 2009, 16 years after 
the last maintenance. There were more than 100 areas where the lime mortar plaste has 
spalled off the walls or ceilings, as shown in Fig.5. The brick, brick mortar and 68 percent 
of the railing panels of the tower were heavily weathered. The steel material in the brick 
corbel around the railing panels was seriously corroded. This has resulted in a reduction 
in the bearing capacity of the tower and makes tourists feel unsafe.  

Zhenfeng tower is one of the key relic preservation buildings in China. In order to 
prevent the tower further deterioration of the tower and to improve its durability, an 
application of rehabilitation is going to be submitted to Chinese government.  

Tongji University is charge of rehabilitation scheme. The main task in the next 
maintenance is to determine how to make sure all elements are durable, as well as 
strengthening, waterproofing, and recoverability. The weathering surface should be 
cleaned up before rehabilitation in order to obtain good bond performance between the 
repair material and the original brick or stone. The main characteristics of the maintain 
ace will as follows. 

     

Fig.5 Typical wall deterioration of Zhenfeng tower 

High Quality Enhancement 

The structural material should have proper strength after rehabilitation. Because of 
the heavy weathering and the requirement not to replace any of the original structural 
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material, the common rehabiliation method is to keep original structural material intact 
and apply new repaire materials on to the exterior of walls, railing panels, and corbles in 
order to enhance the strength of the structural materials [7]. Therefore, the most ideal 
repair method is to keep the original structural material of Zhenfeng tower intact, remove 
the weathered surface, and spray an enhancement material on the surface where the 
completely weathered surface has been cleaned up. The authors of this paper are going to 
choose silica fume shotcrete as the enhancement material and determine the proper mix 
design by freeze-thaw and wet-dry cycle experiments in order to make ensure the 
durability of the tower. The results of experiments are written and published in other 
paper because we have not finished the experiments till now. Anyway, the proper 
rehabilitation material and mix design is the most important for high quality enhancement 
of Zhenfeng tower and keeping the principle of restoring the old as the old restoration as 
the past. 

High Quality Waterproofing 

The structural material should have good waterproofing properties after the 
rehabilitation. It is of no doubt that high quality waterproofing performance is the key 
property to improve the durability of Zhenfeng tower. Freeze-thaw deterioration and 
attack by aggressive microorganism will decrease, as permeability of the repair materials 
decrease. A reactive siloxane - acrylic compound is going to be applied to the surface of 
the cleaned brick and stone of the tower. The weathering of the tower will be retarded by 
reduced permeability by this waterproof material applied to the original material of the 
tower. 

High Quality Recoverability 

The replacement material of the railing panels and the corbel of the tower it is 
necessary should be a good match and of similar quality to the original natural stone. In 
order to meet the requirement, the particle size and sand-stone texture of the replacement 
material chosen should be similar to the original one. At the same time, the color of the 
replacement material should match the original color of the railing panels and the corbel 
of the tower. 

CONCLUSION 

Zhenfeng tower has a unique structural style. Thick walls, approximately 
symmetrical stairs, and stable ground conditions make sure that this kind of structural 
style has good stability for over 400 years. In the process of protection of ancient 
buildings, the structural style should be considered in order to protect Chinese ancient 
buildings better. In addition, the actions taken to slow the material deterioration are the 
main key to keep the stability of Chinese ancient buildings. The relationship between the 
durability of the Chinese ancient buildings and their structure styles with their materials 
will be studied further.  
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Abstract 
This paper describes the experience of the continuous maintenance of built heritage in 

Western Europe, considers the situation in Hungary and presents a similar, but for the Central 
European region more suitable diagnostic and monitoring system. Proper maintenance of built 
heritage is clearly better for the preservation of the original fabric of historic buildings than the 
occasionally performed restorations after years of negligence. In the Netherlands and in some other 
countries monitoring services have been in operation for years or have been set up recently as an 
experiment, in such way helping the maintenance of monuments. Diagnostics of structures are 
determinant elements of these services. The proper continuous maintenance assures the owners the 
permanently proper state of the built environment, and it provides the advantage of lower costs in 
relation to the occasionally performed large scale restorations. Although these are facts, it is still a 
challenge in Western Europe to persuade the owners about the advantage of the system. In Central 
Europe there are additional problems, like the general bad condition of the historic buildings, the 
smaller budget of the owners, and the nearly totally missing grant system in the region. 
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INTRODUCTION 

The idea “prevention is better than cure” is not a novelty in the world of 
monuments and historic buildings. John Ruskin has already stated more than hundred 
years ago: „Take care of your monuments, and you will not need to restore them. A few 
sheets of lead put in time upon the roof, a few dead leaves and sticks swept in time out of 
the water-course, will save both roof and walls from ruin.” [1] 

The benefits of the continuous maintenance as facts can be easily agreed. The well 
maintained buildings present a higher quality of architectural environment, and in case of 
proper maintenance the historic fabric of the building can be preserved in a higher degree. 
It is also likely, that the costs of continuous maintenance are lower, than the sum should 
be given for a restoration proceeded after years of negligence. 

In several Western European countries non-governmental organizations have 
formed the continuous monitoring and maintenance system of the historic buildings. The 
claim for such organizations is also present in the East-Central European region, but here 
the conditions differ from the Western European case. Therefore, the question arises, 
what main differences should be considered by the operation of a monument-watch 
system in this area. Analyzing the work of existing organizations, and the opportunities of 
the East-Central European region, we try to answer this question. 

THE EXISTING MONITORING SYSTEMS 

The Dutch model 
The Monumentenwacht in the Netherlands was founded in 1973 as an 

independent, non-governmental organization for maintenance monitoring of historic 
buildings. As the earliest organization of its kind, it was an example for most of the later 
proposals. [3] 

The Dutch Monumentenwacht at the beginning was only established in Friesland 
territory, later it was extended for the entire country. [3] [4] 

The Monumentenwacht is a special maintenance service for the owners of the 
monuments and historic buildings. After joining to the organization, the owner’s property 
is visited annually by a small group of expert monument technicians for a particular fee 
and for another sum paid by the occasion of the visits depends on the time required for 
the adequate inspection of the building. The small failures like missing tiles on the roof 
are repaired on-site at the time of the inspections, for the further works in case of need 
specialist contractors are recommended from a pre-defined list. [3] [5] 

Each visit ended up with a report that presents the actual state of the building, the 
potential failures, and the recommendations for the necessary repairs and their priorities. 
The first inspection differs from the later ones. This time all the problematic areas of the 
building (hidden corner, connection of two different material, etc.) are specified. [5] 

Being member of the Monumentenwacht organization is in most of the cases the 
pre-condition to make a bid for state and local grants. Here owners can attain some 50% 
of the total sum of their restoration costs. Restoration works can be executed only by 
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contractors accredited by the organization. After the restoration the Monumentenwacht 
checks the fulfilled work and present a report of adequacy. [5] 

In the Netherlands during the years of operation of the organization, the owners 
attitude have continuously changed positively and the grant system of the state and of the 
local authorities has adapted to the claims of the policy of continuous maintenance. [3][4] 
For instance in Friesland territory the local authority provides a particular sum of subsidy 
for the Monumentenwacht for completing a well defined amount of inspections, and only 
the further costs are financed from the payments of the owners. [5] 

Monumentenwacht in Belgium [2] 

The first follower of the Dutch model was the Monumentenwacht Vlaanderen vcw 
in Belgium. Elaborating the positive and negative experiences from the Netherlands, the 
central organization was established in 1991 followed by the formation of the provincial 
organizations in the next year. 

The Monumentenwacht Vlaanderen is also an umbrella organization for 
independent non-profit foundations cooperating with the authorities in the field of 
continuous maintenance. The financial system is similar to the one in Holland. One part 
of the costs is paid by the owners as annual fee and direct cost of the inspections, the 
dominant part is financed by the province and the rest of the sum is provided by the state 
(Flemish Authority of Belgium). 

The service system is also similar to the Dutch one. For monitoring the buildings, 
a checklist is used. The necessity of reparation is considered by the use of indicator 
values. The useful information about maintenance is provided to the owners in 
newsletters and other publications. 

In Belgium currently 40% of the listed buildings are private, 31% owned by the 
state or local authorities and 29% are ecclesiastical possession. The proportion of the 
private owners has grown in the last few years from 15% to the present percentage, in 
consequence of the purposive marketing strategy of reaching the owners on secondary 
channels like special publications, brochures etc. 

Although the number of the owners joining the organization increases constantly, 
the regular maintenance hardly reaches one third of the monuments and historic buildings 
concerned, because the grant system in Belgium still supports occasional restoration 
projects more than maintenance. Belgian state leaders are considering the change of the 
system in the way preferring maintenance. 

The Bath Project in England [6] 

From 2002 to 2003 a pilot project of systematic maintenance proceeded in Bath 
town by the inspection of 72 historic buildings. The pilot was performed as a co-
production of the “Maintain Our Heritage”, the University of West England and the Bath 
Preservation Trust, wanting to answer all the arising questions of a starting maintenance 
inspection service. During the two years experimental period they studied the operation of 
a temporary organization. Several important factors, like the inspection method, the 
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equipment, the competences, the economical facts, the opportunities of the marketing, 
and the attitude of owners from different kinds were tested. 

The pilot itself was successful although neither some starting assumptions were 
proven nor a few aims of the project have been satisfied. The first challenge was to 
provide the system with adequate craftspeople in time. They also failed to present the 
necessary number of private builders of proper experience in the field of repair works. 
The executors of the pilot had to face technical challenges as well. In some cases the 
equipment was not suitable for the proper access to all the problematic parts of a building, 
in other cases the inspectors could not provide durable solutions for the necessary on-site 
repairs. 

The pilot project was financed by the English Heritage and some private 
foundations. Without the financial support of these organizations the maintenance service 
would not have been operable, but the results showed, that in case of a larger scale project 
the establishment of a profitable system could be possible. 

Most of the interviewed owners were interested in the service and some of them 
found it likely that such a maintenance practice would be economically attractive. 
According to their opinion governmental supports e.g. tax reduction or a grant system for 
maintenance programs could make the service more popular. 

Germany and Denmark 

In Germany the task of continuous maintenance is shared between some 
organizations. The BAUDID (Bundesarbeitsgemeinschaft unabhängiger Denkmal- und 
Altbauinspektionsdienste in Deutschland) joints all the organizations in the field of 
monument preservation and maintenance. [7] In some German states there are formations 
following the Dutch model like the Monumentdienst the monument service of Lower 
Saxony [8] or the Monument Watch Brandenburg and Berlin. [9] 

In Denmark the system of the Bygningsbevaring organization operates similarly to 
the Dutch one. [10] One particular difference is that the Danish organization seems to be 
successful despite the fact that the total costs of the organization are paid from the fees of 
the owners exclusively. [2] 

DIFFERENT CONDITIONS IN EAST-CENTRAL EUROPE 

The currently operating systems in Western Europe give us example in many 
respects, but there are some questions that should be considered differently. 

The main challenges in the East-Central European region are on one hand the fact 
that a significant part of the historic buildings were not maintained for decades, on the 
other hand the reduced financial opportunities of the owners up to the latest time. The 
modest governmental support for the monument conservation and preservation also does 
not help the formation of a healthy maintenance culture of the built heritage. 

Monitoring service in Hungary 

Despite the unfavorable condition, there are some attempts in the region as well. 
The first maintenance service in East-Central Europe the “Maintainer Network of 
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Hungarian Monument and Building Foundation” (MAMEG) was established in 2006. 
The model was the Dutch Monumentenwacht. MAMEG informs the owners about the 
benefits of the continuous maintenance and proposes to provide a maintenance service, 
with inspections every six month, executed by visual diagnostics. Currently they do not 
have the opportunity for instrumental diagnostics e.g. at the first inspection. At the 
moment the foundation works only in Veszprém County and has regional representative 
in some other parts of the state. [4] 

Establishing an organization for maintenance service as the first step forward a 
higher maintenance culture should be evaluated doubtless positively. Some questions 
should be considered anyhow. Is the copy of the Dutch model proper for the East-Central 
European region without reconsideration of its details? Are the circumstances similar 
enough to give the same answer to the same question? 

DIAGNOSTICS FOR MAINTENANCE 

The Diagnostic system of the organizations in Western Europe 

The methodology of the monitoring services in Western Europe is principally 
developed for the newly restored buildings, which are in proper state. The inspectors of 
the Dutch Monumentenwacht at first occasion execute a complex inspection concerning 
all structures. In the later cases they execute the inspection according to a certain protocol 
presented below [5]: 
1. Inspection of the building 
2. Report for the owner concerning the most important repairs and the recommended 

time of repair with the priority of the works 
3. Execution of on-site repairs 
4. Control after completing repair – authentication of adequacy of the repair. 

Considering the factors of a different situation 

After finishing large scale restoration the building is in a perfect state. It is the 
optimal time for joining to a maintenance service, but most of the benefits of the 
continuous monitoring and maintenance are realized in case of a non-restored historic 
building of constant state. Taking into consideration the often reduced financial 
opportunities in East-Central Europe, it is also likely to include buildings of bad 
condition, after stabilizing those state with necessary repairs. It is obvious that in these 
cases the diagnostic system has to differ from the known examples. 

According to the state of the buildings the monitoring protocols should be varied 
as well: 
5 Continuous control by the owners – in case of all the maintained buildings 
6 Regular inspection (visual diagnostics) by maintenance service - terminally, 

annually in case of all the maintained buildings 
7 Complex diagnostics (holistic or partial – visual and instrumental) – in the 

following cases: 
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a. diagnostics for first recording of state (holistic) – executed at the first 
occasion of inspection, e.g. at the time of joining to a maintenance service 
system 

b. diagnostics after reconstruction works of the newly restored building 
c. diagnostics after disaster or extraordinary damage 
d. repeated recording of state – executed in every 5-10 years in case of non-

restored buildings with a constant state. 

DIAGNOSTIC METHODS 

Diagnostics for monuments 

In case of monuments the importance of the preservation of the original fabric 
makes us think about diagnostics differently. [11] On the one hand non-destructive 
methods are highly preferred on the other hand regarding the costs of the examination 
preservation has a priority for economy. [12] 

Several different basic diagnostic systems are known for evaluating the state of a 
building that can be varied by the subject and the goals of the inspection. Let us use the 
following expressions for the three most important diagnostic systems of the maintenance 
monitoring process: site-based, structure-based and impact-based diagnostics. [13] 

Site-based diagnostics 

The site-based diagnostics is the most primitive system of the three. The 
inspecting personnel list the state, the possible failures of the building from site (room, 
façade-session, etc.) to site. This system does not need special preparation work and is 
easily applicable by the laymen as well, but the recording process does not help to detect 
the roots of the failures. Site-based diagnostics can be used for the basic maintaining 
work performed by the owners or by the caretakers themselves and for fulfilling a simple 
state-recording documentation. 

Structure-based diagnostics 

The most frequently used professional diagnostics system is the structure-based 
system. In this case the structural parts of the buildings are inspected. Recording all the 
failures allows detecting the coherency of the deterioration of different construction parts, 
and finally the failure-causing impacts as well. This system is simple and easy to handle 
but the roots of the failures can be detected secondary only. The principals of the 
construction-based diagnostics can be followed in Table 1. 
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Table 1 – Structure-based diagnostics 

Structures Description of 
the structures Condition of structure 

Substructure: 
foundations, cellar walls, floor slab, 
subsoil waterproofing 

age, design, 
materials, 
technology, etc. 

any sign of subsidence or 
freeze, soundness of the 
waterproofing (any sign of 
damp) 

Superstructure: 
pillars, walls, slabs, vaults 

any sign of cracks, damp, 
mould, etc. 

Pitched roof: 
roof structure, roof covering, 
flashings, gables and eaves, roof 
superstructures, rainwater goods, 
roof windows 

static state of the roof 
structure, soundness of the 
substructures (holes, lacking 
elements, etc.) presence of any 
insects, fungus or plant 
growth, etc. 

Flat roof(s): 
rainwater insulation, thermal 
insulation 

soundness of the layers, 
presence of any drift or plant 
growth 

Doors and windows:  
interior and exterior doors and 
windows 

soundness of coating, state of 
base material, etc. 

Exterior surfaces: 
exterior rendering, façade covering, 
cornices, door and window frames, 
windowsills, façade decoration, 
footing, paving, terrace and balcony 
floors 

any sign of staining, cracking, 
lacking of elements, decay, 
injury, etc. 

Interior partitions and surfaces: 
partition walls, screeds, wet room 
waterproofing, suspended ceilings, 
interior plasters, interior wall and 
floor claddings, paints, paintings 

any sign of damage, staining, 
cracking, injury, wear and 
tear, etc. 

Interior and exterior constructions: 
joiner constructions, iron and steel 
constructions, stone and cast stone 
constructions, other exterior 
constructions 

static soundness, condition of 
surfaces, coatings etc. 

Building installations: 
pipelines, heating, air condition, 
electrical installation, etc. 

soundness of the installations, 
technical ageing 
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Impact-based diagnostics 

In case of impact-based diagnostics, the failures are detected by the mechanical, 
environmental, biological, etc. impacts that can affect the state of a building. Some effects 
like weathering should be considered in most of the cases, others like errors of the bad 
repair should be investigated in case of their existence only. As an advantage the system 
makes easier to deal with the complex multi-structural failures. Deducing the failures 
form the impacts and handling them together allows us to face problems in their 
complexity. However it should be admitted that this method needs the highest 
qualification and the most experienced personnel, and if some of the impacts remain 
hidden, than the damages may jeopardize the future of the building. The principle of the 
impact based diagnostics is seen in Table 2. 

Table 2 – Impact-based diagnostics 

Type of impact Primary damage Secondary damage 

wind (+ secondary 
impact) damage caused by the wind 

damage of the  structure caused 
by e.g. rain because  it is not 
protected after e.g. a windstorm 

weathering and ageing  
effects of UV radiation, 
washout by rain, wind 
abrasion, etc. 

damage of structures that not 
protected in consequence of the 
aged surfaces 

construction failure 
(+secondary impact) construction failure 

damage of structures that not 
protected in consequence of 
construction failure 

moisture from functional 
operation 

moisture stains on walls 
because of pipe burst or 
failure of wet room 
waterproofing 

secondary effects of the 
moisture, like efflorescence, 
mould, frost damage 

movements of the 
structures (thermal 
movement, subsidence, 
etc.) 

impacts of the subsidence, 
cracking, etc. 

damage of structures that not 
protected in consequence of 
cracking, subsidence, etc. 

moisture load from 
vapor 

moisture defects caused by 
vapor 

secondary effects of the 
humidity, like mould or frost 
damage 

mechanical damage 
erosion, abrasion, wear 
and tear, staining, glass 
break, etc. 

decay of inner structures in 
consequence of the surface 
damage 

vegetation 
impact of plant growth and 
the vegetation around the 
building 

consequences of extra humidity 
caused by the plants 
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Application of the diagnostics 

In the practice of the maintenance monitoring all the presented systems should be 
applied in accordance of the actual need of the situation. In case of the daily operation of 
the building the use of the site-based diagnostics is recommended. In case of the first and 
the regular (annually) inspections of the maintenance service a mixture of the structure-
based and the impact-based diagnostics systems can be used. 

For achieving the above mentioned goals it seems to be useful to apply three 
different protocols for the monument maintenance. The first protocol (Table 3) is suitable 
for the owners and the caretakers. 

Table 3 – Maintenance protocol for owners and caretakers 

Daily work After storm, windstorm, earthquake 
handling of doors and windows (providing 
fresh air, closing windows before rain or 
in case of wind, etc.) 

controlling the rainwater goods, the roof 
coverings, the soundness of the doors and 
windows (in case of storm, windstorm) 

removal of the fallen leaves (at accessible 
places), take care of vegetation around 
the building 

controlling soundness of load bearing 
structures, façades (in case of major storm, 
earthquake) 

cleaning the windowsills, the terraces, 
and the sidewalks around the building 

controlling the soundness of 
superstructures on roof (antenna, cable-
pylon, chimneys) (in case of storm, 
windstorm, earthquake) 

removal/handling of snow and ice 
(avoiding salt if possible) 

removal of debris, bough, etc. from roof, 
sills, balconies, terraces (in case of storm, 
windstorm) 

controlling, cleaning and treating the 
claddings, coverings and the furniture  

controlling the installations (heating, 
water supply, etc.)  

controlling the lamps, changing light 
bulbs in time  

In case of need call for the monitoring service! 
 

The second protocol is for the first inspection and for the case of the repeated 
recording of the state (in every 5-10 years), if the building is non-restored but sound. The 
requested time of the repeated state-record at each building depends on the circumstances, 
but there is no doubt about the necessity of it in every 10 years. This protocol is the 
following: 
1 Inspection of the building by visual diagnostics (structure-based and impact-based 

diagnostics) 
2 Recommendation for instrumental diagnostics and specialist expertise if needed 
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3 Execution of instrumental diagnostics and inspection of a specialist 
4 State record by listing and describing the failures with attached photos involving 

the recommendation for repairs (if needed) 
5 In-site repairs 
6 Recommendation for the regular inspections (periods of inspections, weak spots, 

etc.) 
 
The third protocol is for the regular (terminal, annual) inspections. It is similar to 

the ones used by the known maintenance services in Western Europe: 
1 Inspection of the building by visual diagnostics (structure-based and impact-based 

diagnostics) 
2 State record by listing and describing the failures with attached photos involving 

the recommendation for repairs (if needed) 
3 In-site repairs 
4 Comparison with the results of the last inspection 
5 Recommendation for the further regular inspections (if needed). 

SUMMARY 

The monument watches are non-governmental organizations in Western Europe, 
taking care of historic buildings, using the tools of the continuous maintenance. The 
regular monitoring and the in-time interventions preserve the original fabric of the built 
heritage, and save money for the owners. Their main challenges are to let the owners to 
be well informed and to persuade the governments to support the continuous maintenance 
prior to the occasionally restoration. 

In East-Central Europe there is also a need for maintenance service systems, but 
the differing economical situation requires a reconsideration of the question, and can be 
recommended a somewhat differing diagnostic system that helps the maintenance of non-
restored buildings of constant state as well. 
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1827 ARTIST’S IMPRESSION OF HISTORIC FAÇADE  

 
 

HISTORIC PRESERVATION OF HOARE’S BANK IN LONDON 

 

2007 REFURBISHMENT AND PRESERVATION OF HISTORIC 
FEATURES 
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HISTORIC PRESERVATION OF A 19TH CENTURY BUILDING AT 
HOARE’S BANK IN LONDON 

Historical Context 

Hoare’s bank is situated on Fleet Street, London, which for centuries has been the 
center of both England’s legal profession and national press.  As a Grade 2* listed 
building, it has significant historical status. 

The oldest surviving independent bank in Britain, Hoare’s was established in 1672 
by Richard Hoare, a goldsmith who rose to become Lord Mayor of London and MP for 
the City.  In 1704 he was knighted by Queen Anne.  Today the bank is owned and run by 
members of the 10th and 11th generations of the Hoare family, all of whom are direct 
descendants of Richard Hoare. 

Famous clients have included the poet Lord Byron, the society painter Thomas 
Gainsborough, the diarist Samuel Pepys and the novelist Jane Austen as well as two 
Prime Ministers, Lord Palmerston and the Earl of Liverpool. 

Fleet Street has been the bank’s home since 1690.  But by the late 1820s the 
business had outgrown its original premises.  In 1829-30 therefore the bank was pulled 
down and replaced by the present building.  One of the earliest purpose-built banks in 
England, Hoare’s retains its dual role of private dwelling house and banking facility. 

 

Plate 1: 19th century representation of the Bank’s front façade  

Problems that Prompted Repair 

The building is a sandstone construction of load-bearing masonry whose 
blockwork was interconnected by wrought iron cramps and pins used to prevent 
movement of the stone during construction. 
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These metal fixtures remain in position some 100mm (4in) deep within the stone 
but (like all iron-based components) are prone to corrosion with the effects merely of 
environmental effect over time. Deeper components have been identified that were also 
shielded by lead; these were not surprisingly in near pristine condition. 

As water and oxygen (and urban contaminants) enter the stone they diffuse to the 
shallower iron surfaces where corrosion is initiated and the effects of expansion of the 
corrosion products will begin. 

The visual effect of the expansion of the iron component is to cause cracking of 
the stone with eventual fragmentation of the cover to the iron and loss of stone cover. 
This will continue to allow the environment to perpetuate the corrosion problem until the 
iron has corroded completely. 

 

Plate 2: Aesthetic deterioration caused by the unsightliness of cracking of the stonework. 
Note the crack developing from a previous repair where the iron was not removed. 

Well ahead of that are the aesthetic degradation of the façade and the unacceptable 
appearance of the building.  

The building over the past 20 years has been the subject of localised “Dutchman” 
repairs where the iron component is often (but not always) removed and a stone “patch” 
replaces the breakout area that was necessary to remove the ironwork. 

The dilemma that faced the Owner was that given the historical significance of the 
structure and the unknown quantity of the iron components then 

1) How many areas were vulnerable and  
2) If the policy of localised repair was to continue then what would the façade’s 

appearance be like after all had been removed over time? 
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A further dilemma would be felt later with the need to preserve the appearance 
caused by the slow historical color change to the façade that was preferred to remain in its 
bronze (honey-colored) hue. 

 

Plate 3: Hoare’s Bank in 2006 prior to the remediation works commencing 

An extensive assessment program was viewed as essential to put some substance 
to quantifying the problem and to make recommendations on the holistic approach to 
solve the developing corrosion problem. 

CONDITION ASSESSMENT OF THE IRON COMPONENTS WITHIN 
THE STONEWORK 

With such a peculiar problem it was unlikely that conventional survey techniques 
would not provide the depth of information that was necessary to answer the Owner’s 
dilemmas. 

Techniques adopted therefore employed as far as possible non-destructive 
techniques but based on technological advances. These included the cross-correlative use 
of metal detection, magnetic mass probe and infra-red (thermography) surveys that could 
be undertaken from street accessed “cherry-picker”. 

The specialist survey team assessed the entire surface of the façade over multiple 
visits spanning 12-months to accommodate street access restrictions imposed by the City 
of London and due to the nature of working in such a busy thoroughfare. 

Infra-red (thermography) was chosen to assess the retained moisture profile of the 
façade as this is inextricably linked to the vulnerability pattern of the iron within the 
stone. Where moisture is retained then it is likely that the ironwork in that location would 
be prone to corrosion initiating and propagating. 
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Plate 4: Accessing from the Street for Surveying 

 

Plate 5: Thermography output showing areas of moisture retention within the stone and 
heat loss around the windows as well as locations of previous repairs. 
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However whilst this would provide a vulnerability pattern it would not allow 
assessment of quantity, location and current corrosion condition and to this end a mixed 
use of standard metal detection and state-of-the-art magnetic mass probe techniques were 
adopted.  

Magnetic mass probe is an evolution of radar techniques that was specifically 
developed by the specialist survey company and is able to detect the presence of the metal 
component and assess its condition relative to an assumed “healthy” condition. 

Iron components were graded as low, medium and high risk depending on the 
combined results of the survey techniques and a CAD drawing produced that showed the 
precise locations of all detectable iron components. 

 

Plate 6: CAD representation of iron component positions including color-coding of 
corrosion risk assessment. Note that the red-shaded area was the location chosen for the 

ICCP Preview study. The blue-shaded area was to test surface-applied corrosion 
inhibitors that did not take place. 
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This was used as the basis for the next phase that considered the best approach to 
provide a durable and long-term solution that would allow more control over the problem 
without radically changing the appearance of the building. 

 

Plate 7: Iron cramp exposed during Preview to show condition; this agreed with a position 
that was deemed high risk by the condition survey. Note the end of the “dog cramp” to 

the left shows the emergence of a crack in the stone developing from the tip. 

CHOICE OF REPAIR SYSTEM 

The prospect to the Owner of replacing - in a piecemeal fashion - all of the iron 
components was not only a daunting one but one that would cause unacceptable and 
continual disruption to the operation of its business. 

The problem it also faced however was that any other solution was largely 
untested in this type of building. The electrochemical solutions were to use either surface-
applied or drilled-in “capsule” corrosion inhibitors or to use cathodic protection. 

Inhibitors were not favored in any form as they would be likely to require 
retreatment/ replacement in a period that did not compare to the historical longevity of the 
building. 

The Owner was advised that cathodic protection may be an option but again for 
the removal of the need for future replacement then galvanic systems were not advisable. 

This left impressed current (ICCP) as the only feasible option but without the 
benefit of any feasibility testing having been performed before on this type of application; 
in this sense he was facing an innovative development of known technology. 
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The iron components identified during the condition assessment numbered over 
500 random, isolated and therefore electrically discontinuous dog-cramps and pins. 

The task of discretely positioning anodes was relatively “simple” in comparison 
with the intricacies of ensuring interconnection of all iron components to make a fully 
continuous cathode whilst also avoiding the risk of short-circuits by the cross-pathing of 
cathode interconnecting wire with the titanium wire of the anode circuits. 

Moreover any end system would require the internal routing of the cabling and 
positioning of power, control and monitoring units. The internal features of the building 
were also covered by the Grade 2* status of the building and had recently undergone 
renovation; they could not therefore be disturbed. 

Facing these barriers the feasibility of employing an ICCP solution to the building 
looked to be difficult to achieve. 

However, the phase 2 works were agreed to install a Preview (mock-up) study of 
the proposed ICCP installation and to temporarily power-up to ensure correct operation. 
This stage would also be used to convince the City’s conservation specialists that a full 
scale scheme could be employed. 

Conservation policy favors the principle of ‘minimum intervention’ whereby any 
repairs should preserve the historically important features of the architecture. The choice 
of anode technology and their method for discrete installation in harmony with the 
establishment of the cathode in a single rather than disparate entity was therefore the key 
to achieving an acceptable way forward. 

In terms of cathodic protection performance its use does not coincide entirely with 
the principles of either the NACE RP02:90 recommended practice or European BS EN 
12696: 2000 standard relating to its use in reinforced concrete but the relevant anode 
types were likely to be those employed in that sector. 

The absence of alkalinity in the substrate and the presence more of a neutral 
environment meant that performance criteria especially associated with potential decay 
were less relevant; this would also extend to the use of the technology in transitional 
steelframe applications where voiding in the mason’s mortar infill is usually present. 

These issues will no doubt evolve to new performance criteria in the future as 
organizations like ICRI develops, for example, its Masonry Repair Guide. 

The performance expectations were therefore routed in the ability of the power 
systems to provide stable and continuous supply of controllable current and the ability of 
the iron over time to take advantage of the cathodic reaction of oxygen and water to 
produce alkalinity to induce renewed passivation; this would take time and the first stage 
is to ensure adequate polarization to the immunity level for the iron-water system. 

The practicalities of the installation meant some intervention to the ironwork and 
as such the break-outs were made by a specialist masonry repair contractor who also had 
previous experiences with the application of ICCP to transitional steelframe buildings. 

Care was the watchword and the Preview installation was highly successful. Data 
showed that the electrochemical condition could be altered and controlled and the end 
aesthetic passed the inspection by third party conservation specialists. 

The project was ready to proceed to the full installation phase. 
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INSTALLATION OF THE ICCP COMPONENTS 

During the project installation phase each iron component was photographed and 
catalogued for condition to compare with the magnetic mass probe survey.  

Moreover the contractor used a metal detector to further confirm the presence or 
absence of the iron component; this yielded a further 3 positions where ironwork was 
present that was not identified from the street access but access from scaffolding gave a 
more accessible method of testing. 

A discrete anode was chosen that had the physical dimensions to minimally disturb 
the bed joints (these were only 1mm in width but an 8mm anode was viewed as 
acceptable). The interconnecting wire was 1.2mm in diameter and therefore the amount of 
over-widening of the joints was contained to very discrete hole positions and only slight 
along the length of the bed joints. 

 

Plate 8: Anode drilled and grouted into position with interconnection wire ready for re-
tucking. 

The cathode interconnections were made using 1.2mm steel wire and formed in 
joints on the opposite side (where possible) to the anode wire. Where cross-over was a 
problem then the titanium anode wire was sleeved with a low diameter tubing to insulate 
the two wires. 

The final installation is controlled in 3 zones (by building level) that are networked 
together internally and the cables managed within the floor space to avoid internal 
disruption. 

The performance is managed using remote access to data and Internet access to 
reporting and has been issued with a warranty for a period of at least 25 years. 

The end product for the Owner is a repaired building that has on the face of it 
remained unchanged from their first reconstruction of the building in 1827 but with a new 
lease of life that is protected and controlled for the foreseeable future. 

The summary of the scope of the full contract is provided below of the full scope 
of the project which had a contract value of $1.5M (equiv in sterling) with the ICCP 
element costing around 25% of that sum. 
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Plate 9: Position showing discrete breakout for drill and tap steel connections and 
reference electrode monitoring installation. 

FULL CONTRACT SCOPE IN ADDITION TO ICCP WORKS 

• Replacement of lead flashing to coping, window heads and balconies and string 
courses. 

• Existing windows, frames and cills were overhauled and refurbished prior to 
repainting with traditional oil-based eggshell. 

• Cement pointing to perimeter of sash window frames and stonework were 
repointed with traditional lime mortar. 

• Balcony railings were refurbished and finished with traditional oil gloss in black. 
• Underside of balconies were coated with smooth masonry paint. 
• Hardwood external double doors were refurbished prior to coating with matching 

traditional wood stain and polish. 
• Replacement of 2 pier caps to match original features at door entrance. 
• Street level railings and entrance gates were refurbished and coated as per 

balconies. 
• Lightwell to Basement level was recoated with masonry paint. 
• Tiled wall surfaces to Basement were jet washed and related pipework, security 

grating and support angles were refurbished and coated as per railings and 
balconies. 
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• Original boot scrapers at entrance were refurbished and coated to match external 
paintwork. 

• Refurbishment of neighboring 33, Fleet Street including replacement of slate tile 
roof, repairs to dormers, repointing brickwork, gold and silver leaf replacement to 
crest and purse features and replacement of lead flashing. 

• Clean entire building to comply with conservation specialist’s requirement to 
maintain historic color. 
All ICCP zones were started up and achieved the required polarization well within 

the specified requirements on February 2nd  2007. 
The ICCP system is currently under a 25 year monitoring and maintenance 

contract through the specialist cathodic protection sub-contractor directly to the Owner as 
part of the warranty.    

Unforeseen Conditions Found 

There were few unforeseen conditions due to the extensive nature of the 
assessment program. 

There were however dog cramps at Ground level that were found to be in pristine 
condition after 180 years due to the depth of the component (1ft) and the shielding of the 
component from the environment by lead within the stonework that were originally 
included in the scope of the ICCP works. 

These were omitted from the ICCP scheme and a watching brief added to the 
planned preventative maintenance strategy to provide visual alert of any distress in the 
future. 

SPECIAL FEATURES OF THE PROJECT 

Uniqueness 

• Only building in the world containing small discrete wrought iron components to 
embrace ICCP technology to solve an ageing problem. 

• Provision of a 25-year ICCP warranty that incorporates a planned preventative 
maintenance plan for all components and includes for the replacement of stone if 
the ICCP does not function in the future. 

State-of-the-Art Methods 

• Anode system choice to comply with 25-year warranty requirements and aesthetic 
appearance. 

• Management system that can be remotely monitored and controlled over the 
Internet for immediate and proactive operation and reporting 

• Acceptance of variation from standard reinforced concrete performance criteria to 
provide environmental exposure relevance as it relates specifically to historic 
masonry buildings. 
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• The specialist design and evaluation team completed the comprehensive and 
necessary steps to determine the root cause, quantify the components and 
specifically locate them to meet the Owner’s requirements. 

Aesthetics 

• Compliance with all the requirements of the City of London Conservation 
guidelines. 

• Despite the requirement to be intrusive during the repair of the stone and the 
installation of the ICCP stone inserts the building looks largely untouched 
following completion. 

• Maintenance of the bronze (honey) color of the façade by specific choice of 
cleaning methods 

SUMMARY AND CONCLUSIONS 

The strategy to protect the iron cramps and pins within the front façade of this 
bank building was less likely to succeed than it was to fail on the outset. 

However, with the formation of a specialist team that showed great care and 
diligence achieved the objective with a beautiful end product. 

 

Plate 10: A view of Hoare’s Bank after the works have been completed 

It is stressed that special projects such as these are rarely achieved without close 
team effort and this project had that in abundance from the owner and his design team to 
the contractor and his team. 
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 Proposing the Structural Health Monitoring System for 

Heritage Holly Golden Dome of IRAN 

Mohammad Mahdi Amiri 
Faculty of Islamic Azad University, Firouzkooh Branch 

Abstract 
Heritage structures are unique structures that have lots of importance for a country. They 

could present the history of the country and improve tourism industry. These structures were under 
ambient loads during recent centuries and may have damaged. Damage detection and strengthening 
of heritage structures are the most common subjects in maintenance of these kinds of structures.  

Structural health monitoring (SHM) of the structures help one to have a good evaluation of 
the structural existing status such as structural integrity, structural damages and etc. unlike to visual 
survey and local testing of the structural damages, various types of the SHM systems could present 
the general and local response of structures. It is possible to predict damages, by monitoring the 
structural response during a period of time. Using the results of these systems could help the 
engineers to have more efficient proposals for structural strengthening.  

Iran is one of the most historical countries in the world that has lots of heritage structures. 
Structural maintenance of the heritage structures (especially holly structures) has significant 
importance. The Holly golden dome located in Mashhad city is one of these structures that have 
been built about 400 years ago. For proposing the strengthening model of these dome, a SHM 
performed for recent four years. The type of sensors in the proposed SHM system was 
accelerometers, inclinometers, pressure cell, electrical joint meter and a processing unit. Since force 
vibration measurements may have some damages on the dome, it was preferred to perform ambient 
vibration measurements on the dome. This paper proposed monitoring system for heritage dome 
and discusses on the results of these measurements and exposure the preliminary method for 
structural strengthening. 

Keywords: Health Monitoring, Dome, Crack, Deflection, Inclination, Gravitational 
Loads 
 
 

M. M. Amiri 
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INTRODUCTION 

There are lots of heritage structures in the world which have strong correlation 
with civilization, culture and religion of the people and categorizes as import structures. 
Generally, governments have planning's for maintenance of these structures and this 
needs to have evaluation of structural characteristics. Monitoring of the structural 
behavior (i.e. dynamic response) is one of the advanced and most common practices 
methods in the recent years for evaluating the structural healthy. 

Extracting structural behavior, damage detection and structural strengthening are 
three important steps for maintenance of the heritage structures. The benefit of 
monitoring method is evaluating the structural behavior without causing any damage. In 
this method, one could obtain the structural static/dynamic characteristics including the 
interaction between all parameters (i.e. structural stiffness, mass distribution, material 
characteristics and etc.). The results could help for strengthening the structure against 
random loading (i.e. earthquake, wind storm and etc.) and updating existing repairing 
methods. 

Iran is one of the historical countries in the world that has lots of heritage 
structures. Emam Reza, peace be upon him, is one of the Holly leaders of Islam that has 
been killed by injustice of Mamoon about 1200 years ago. A shrine which has been built 
around his tomb has two domes. The older is the internal dome and the newer is the 
external holly golden dome that has been built about 800 and 400 years ago respectively. 
Fig. 1 shows the isometric view of the golden dome. 

        

Figure 1. Isometric views of holly golden dome 

This shrine includes lots of heritage structures and completed during recent 
centuries. Monitoring of these structures is not in scope of this paper. 
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A monitoring system has been installed on this dome for determining and repairing 
probable damages on this structure. This paper proposed the monitoring system, presents 
results of recent  two years data acquisition (from 2006 to 2008) and has some 
engineering discussions on these results. 

HOLLY GOLDEN DOME GENERAL SPECIFICATIONS 

Holly golden dome is located in Mashhad - Iran. Two external and internal domes 
have been constructed in this shrine. Maximum height of the external golden dome and 
internal dome is 31.2 m and 18.8 m respectively. The golden dome has two cylindrical 
and torque parts. Cylindrical part which has 7.3m diameter were constructed from EL 
14.8m to EL 27.7m and the torque part has the height of 3.5 m from EL 27.7m to EL 
31.2m. Fig. 2. shows elevations of the golden dome. 

 

Figure 2. Elevations of the golden dome 

INSTRUMENT SELECTION AND SENSOR ARRANGEMENT 

Generally, because of probability of occurring damages during force vibration 
monitoring, it is not possible performing this kind if tests on the heritage structures and 
ambient vibration monitoring is the most common method for extracting structural 
response. 

The results of ambient vibration monitoring could be categorizes as structural 
static and dynamic response. Static responses (i.e. deflection, deformation, inclination, 
pressure) and dynamic response (i.e. mode shapes, damping and time period of structure) 
are influenced from serviceability/operating and dynamic/extraordinary loads 
respectively. 

Wind is the only ambient load that affect on golden dome but this load could not 
excite the structure for extracting the dynamic characteristics impressively.  This is 
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because of the dome is not slender and also has slight height. Although some 
accelerometers were installed on this dome, but the amplitude acceleration response were 
so weak that even with filtering of the records, the results could not extracted from other 
noises perfectly and it has decided to have more focus on the structural static response. 
Electrical joint meter (JM), electrical deform meter (EDF) and beam clinometers (BC) 
were sensors that used for acquisition of structural static response (Fig.3). 

   
a b c 

Figure 3. Sensors used in monitoring of golden dome a. joint meter (JM), b. deform meter 
(EDF), c. beam clinometers (BC) 

  

Figure 4. Sensors Layout and arrangement 

Fig.4 shows the Layout and arrangement used sensors.Electrical joint meter (JM) 
has been selected for determining the extension of crack and gaps in the dome structural 
elements. Seven analogue Joint meters that used in this study are One-axial and could 
determine until 25 mm extension.  

Electrical deform meter (EDF) could be detect the relative deformation between 
opposite columns and walls. Two horizontal and one vertical deform meters were 
installed in the dome. 
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Four Beam clinometers have been used for detecting the inclination of the walls 
and columns of dome. Locations of all sensors are presented in table 1. 

Table 1. Location of sensors in the golden dome 
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JM-1 Below column 
No. 16. HDF*-1 

Between 
column No. 17 
to column 7. 

BC-1 Beside column 
No. 7. JM-2 Below column 

No. 13. 

JM-3 Below column 
No. 6. 

HDF*-2 
Between 
column No. 2 
to column 12. 

BC-2 Beside column 
No. 17. 

JM-4 Below column 
No. 8. 

JM-5 Above column 
No. 13. 

VDF** Below column 
No. 6. 

BC-3 Beside column 
No. 2. 

JM-6 

Below column 
No. 13 and 
through column 
No. 12. BC-4 Beside column 

No. 12. 

JM-7 Above column 
No. 11. 

*-Horizontal deform meter. 
**-Vertical deform meter. 
 

DOMES STRUCTURAL LOAD TRANSFERING  

Except steel, lots of the materials (i.e. masonry, concrete and etc.) could not 
suffering tension loads in structures and steel (i.e. bars) is used for strengthening or 
confinement of these kinds of materials (i.e. concrete). This method is using in new 
buildings and the problem has been solved for heritage structures in different methods. 

In some heritage structures (i.e. dome) this problem were solved by using arc. As 
could be seen in Fig. 5, all the masonry materials in the arc are in compression and the 
connection between arc and walls is suffering from lateral load and tension in materials. 
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Figure 5. Dome structural load transferring 

This problem has been solved in heritage domes in two different methods: 
1-  Using arcs and domes together as shown in Fig. 6. In the "A" location of this 

figure, both of the arcs impress compression loads and walls should resist against 
limited lateral loads. All the domes and arcs are in stable condition. 

2- Using support beams in the dome.  

 

Figure 6. Using arcs and domes together for reducing lateral loads on walls 

Because of architectural considerations and height of the golden dome, this 
method did not used in this structure. The dome was supported with some beams as could 
be seen in Fig. 4.and some inclination/ horizontal displacement are inevitable during long 
years.  Results of these kinds of damages will be discussed in the section 6 of this paper. 

RESULTS OF THE HOLLY GOLDEN DOME MONITORING AND 
DISCUSSIONS 

Lots of heritage structures (i.e. golden dome) were constructed from masonry 
materials and one of the important items that have impacts on these structures is global 
climate change. Fig. 7 presents variation of ambient temperature during monitoring 
period. As could be seen in this figure, ambient temperature variation are cyclic with 
maximum 32.2 °C  and minimum 7.6 °C temperature. The difference between highest and 
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lowest temperature is 24.6°C and this wide range variations cause some expansions and 
contractions and totally concluded to some permanent deformation/ inclinations on the 
heritage structure. 

 

Figure 7. Ambient temperature during monitoring of golden dome 

Fig. 8 shows results of inclinometer's monitoring in two orthogonal directions. 
There are asymmetric Inclination variations in four inclinometers and BC-1 and BC-4 
have more variations in this regard. Some of reasons for obtaining this result maybe 
initial inclination during construction, direct sunshine on these locations concluding more 
expansions of the material and asymmetric loading like wind loads. Since domes should 
have symmetrical load transferring, these asymmetric inclinations may cause some weak 
points and further damages. 

 

Figure 8. Columns inclination during monitoring of Golden dome 

Increasing permanent deformations as a result of cyclic inclination that is shown in 
Fig. 9 is a confirmation on the above mentioned. In addition to HDF sensors, VDF results 
show that not only the dome has some horizontal permanent deformation but also has 
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some vertical permanent deformations. This mater could be better understood considering 
vertical load transferring method in the domes.  

As could be seen in Fig. 10, crack expansions/contractions are cyclic but some 
permanent displacements are increased during the monitoring period. 

Considering results of the monitoring, golden dome could be categorizes as locally 
damaged structures that should be strengthened for avoiding further damages. Some of 
the methods for strengthening of this locally damaged structure are as the following: 
1. Crack Confinement using supporting plates. 
2. Limiting of the dome inclination by adding some support beams in two worst 

orthogonal directions in the dome. 
3. Confine of the cracked beams and external/internal circumference of the dome by 

FRP. 

 

Figure 9. Deform meters displacement during monitoring of Golden dome 

For choosing the strengthening method the following items should be considered: 
• Supporting beams could only used in some limited directions while the dome walls 

have increasing inclination in all directions.  
• Durability of FRP is more than other systems and using FRP could give better 

finishing for strengthening of the structure.  
• Adding some supporting elements may cause other damages during execution 

while this is not acceptable for heritage structures at all.  
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Figure 10. Joint meters (JM) displacement during monitoring of Golden dome 
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Figure 10. Joint meters (JM) displacement during monitoring of Golden dome (continue) 

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

4/3/06 7/12/06 10/20/06 1/28/07 5/8/07 8/16/07 11/24/07 3/3/08 6/11/08 9/19/08

Date

D
is

pl
ac

em
en

t (
m

m
)

JM-3

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

4/3/06 7/12/06 10/20/06 1/28/07 5/8/07 8/16/07 11/24/07 3/3/08 6/11/08 9/19/08

Date

D
is

pl
ac

em
en

t (
m

m
)

JM-4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

4/3/06 7/12/06 10/20/06 1/28/07 5/8/07 8/16/07 11/24/07 3/3/08 6/11/08 9/19/08

Date

D
is

pl
ac

em
en

t (
m

m
)

JM-5



CSHM-3; 11-13 August 2010, Ottawa-Gatineau, CANADA P a g e  | 465 

Amiri, “Proposing the Structural Health Monitoring System for Heritage Holly Golden 
Dome of IRAN”, 11/12 

 

 

 

Figure 10. Joint meters (JM) displacement during monitoring of Golden dome (continue) 
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columns and etc. using FRP is proposed for strengthening of the circumference dome for 
avoiding further local damages. 
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Abstract 
The Johanniskirche in Schwäbisch Gmünd suffers from condensation generated by humid 

climate throughout the year. The church is not equipped with a heating system and at certain 
climate conditions condensed water runs down the walls damaging the old paintings on the walls. 
To reduce condensation it is planned to insulate the roof or to optimize indoor climate by installing 
additional ventilation or climate control systems. To study the situation before and after the 
construction work a wireless monitoring system is installed to monitor indoor and outdoor climate 
conditions. The monitored data is used to identify critical climate conditions as well as to validate 
the success of the improved insulation and the additional climate control solutions. In this paper 
some results of the first measurement campaign are presented that show the actual status of the 
climate inside the church. A dew point calculation is used to provide risk indices showing areas 
with critical microclimate conditions inside the church. For the data acquisition a competitive 
wireless sensor network system is used that is further developed in the SMooHS-Project (Smart 
Monitoring of Historic Structures, Collaborative Project in the 7th Framework Programme of the 
EU). Furthermore, the reliability and applicability of wireless monitoring systems is discussed on 
the basis of the obtained measurement data. 

Keywords: Cultural Heritage, Indoor Climate Monitoring, Case Study, Wireless 
Monitoring System, Condensation Problem, Dew Point Analysis, Church 
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INTRODUCTION 

The use of wireless monitoring systems often are supposed to have several 
advantages compared to wired monitoring systems, that is for example easy installation, 
cost-effectiveness and autonomous operation over longer periods providing remote 
control and analysis features. Therefore, a lot of research and development activities are 
ongoing with regard to wireless monitoring systems to be applied on civil engineering 
structures like bridges [1, 2] as well as on historic structures [3]. At first glance 
continuous monitoring with wireless sensor networks seems to be a perfect solution to get 
more detailed information about structures than from visual inspection only. However, 
wireless monitoring is often not that simple if the monitoring task is more complex than 
just acquiring and transferring relatively simple data like temperature or humidity every 
hour. For such simple tasks many competitive solutions with adequate reliability in form 
of data loggers, partly also equipped with wireless communication, are nowadays 
commercially available. 

The situation becomes challenging if the desired monitoring is targeted on 
acquiring and analyzing data like stress, strain, inclination, salt and moisture content 
inside materials or even vibration or acoustic emissions caused by fracture processes that 
require higher sampling rates. A main problem in this context is the power supply (mainly 
primary batteries are used) so that the wireless monitoring hard- and software is subject to 
several restrictions. To remain cost-effective and practicable, a balance between the 
monitoring task respectively the expected result from the monitoring and the time and 
effort to perform the continuous monitoring must be found. This is why wireless 
monitoring systems mostly have to be customized for the desired monitoring objective. 
Thus, structural health monitoring is also to be seen as an interdisciplinary engineering 
task. 

Most of the wireless sensor networks under development consist of several multi-
sensor nodes, called motes, and a minimum of one base station, which also could have an 
integrated modem (GPRS/UMTS etc.) for internet connection and remote control. With 
respect to power consumption, network robustness, and the possibility to build up big 
meshes multihop-networks are often supposed to be the best solution for monitoring large 
structures.  

The motes are the main components of a wireless monitoring system. There are 
different tasks a sensor mote has to perform, which are to collect and digitize data from 
different sensors, to store sensor data, to analyze data with simple algorithms, to send and 
receive selective and relevant data to and from other nodes as well as the central unit and 
to work for an adequate time period without a wired power supply. There are a lot of 
different wireless sensors that have been developed by several researchers all over the 
world to be used for structural health monitoring (SHM). A comprehensive review of 
available wireless sensing units is given by Lynch and Loh [4] that show the state-of-the-
art at that time. However, a lot of shortcomings especially with respect to reliability are 
obvious. The biggest problem is still the conflict between power consumption, storage 
capacity and system bandwidth. The system bandwidth is mainly restricted by the 
wireless communication throughput that is limited. That is why multihop network 
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algorithms, mote clustering and in-mote data processing and reduction are considered in 
the recent research [4, 5]. Another drawback is the lack of adequate sensors especially 
with respect to sensitivity, reliability and robustness as well as their integration into a 
mote [6]. 

Although numerous commercialized smart sensors are also available together with 
some application software from different companies, most of these sensor networks are in 
a basic configuration just wireless data acquisition systems for evaluation purposes that 
only transmit measured raw data to a central base station for further processing. 
Moreover, most of the systems do not fulfill the requirements with respect to robustness, 
long-term stability, long-term battery operation or sensor data reliability. 

THE JOHANNISKIRCHE IN SCHÄBISCH GMÜND 

The St. Johanniskirche (see Figure 1 and Figure 2) is a typical late Romanesque 
column basilica build from about 1220 to 1250 above the foundations of an earlier 
church, which came from the 12th century. The church is rich in sculpture ornaments 
from the animal and fable world as well as plant ornaments. In the Gothic and Baroque 
periods the church experienced encroaching changes. During the 19th century a “Re-
Romanisation” was carried out (mainly from 1869 to 1880), to restore the original 
condition. During this restoration interior decoration was also conducted. The choir is a 
reconstruction from the 19th century and in 1879 it was the painter Karl Dehner from 
Rottenburg who painted out the walls of the nave. Nowadays the church is mainly a 
Museum that is sometimes used for special public events. The side aisles contain original 
sculpture fragments from the Johanniskirche itself and from the Cathedral, which is 
located nearby. The church is mainly built from local sandstone, which is a rather fragile. 
The roof is a wood construction with tiles on top. An intermediate ceiling made from 
timber blanks separates the attic from the nave. However, neither the roof nor the 
intermediate ceiling is draught-proof or thermally insulated. Moreover, there are many 
gaps between the tiles and the blanks that allow for permanent air flow from outside to 
inside or vice versa. 

During the last decades a degradation of the paintings of Karl Dehner as well as of 
the paintings from former centuries was recognized, that is in detail: 
• delamination and deformation of paint layer in gilded areas 
• painting and pigment loss due to binder degradation; paint particles fallen down on 

the zones beneath or are washed away by condensate 
• dust deposit on the paint surface  

Dust deposit is not only visible on the paint layers, also the not painted sandstone 
show dust deposition in combination with residue from condensation water running down 
the walls from time to time. Condensation of water is one of the major problems inside 
the church. Because no heating system is installed, the climate throughout the year is 
rather humid. Very often traces of water running down beneath the clerestory windows 
could be observed and puddles of water are frequently allocated on the ground stone 
floor. The stone floor is made of a very dense limestone with reduced capillarity. 
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Although the stone floor is beared on sandy dry substrate water remains on the floor for 
certain time periods. 

 

 

Figure 1: Longitudinal section and plan view of Johanniskirche with sensor positions. 

  

Figure 2: Cross section with sensor positions and insight view of Johanniskirche. 

Additionally to the damages mainly caused by the condensation water, debonding 
of mortar in the joints and material loss was noticed. In addition, salts in the lower wall 
areas were observed that raise questions regarding durability of the sandstone.  
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Actual preservation activities 

In year 2009 conservation work has started on the painted areas, which are almost 
1000 m². Lose dust deposits are removed carefully from the paint layers and a 
consolidation and reforming of the paint layers with a water-insoluble binder material is 
conducted. The binder is applied through Japanese paper that is removed afterwards. The 
usage of Japanese paper was proposed to be the best method in terms of preservation of 
the low cohesive paint layers. Cracks are also consolidated and filled with special lime 
mortar. 

As condensation is seen to be a major problem with respect to the preservation of 
the paintings also in future a discussion on how to handle the condensation problems is 
ongoing. For that reason a structural-physical analysis was made. Heat transmission 
calculations in combination with vapor diffusion and dew point calculations according to 
DIN 4108 resp. DIN EN ISO 6946 were conducted to characterize the risk of 
condensation throughout the year and to analyze potential solutions for prevention of 
further condensation. A basic prerequisite was not to interfere with the original visual 
appearance of the church. Therefore, one suggested solution was to put a 24cm thick 
thermal insulation in combination with permeable sheeting on top of the intermediate 
wooden ceiling. The objective of this procedure was to increase room temperature and 
simultaneously to reduce the ambient air humidity.  

  

Figure 3: Insight view of Johanniskirche with detail of heavily damaged wall paintings 
and salts in lower wall area. 

A problem with this approach is still the fact that no active heating is installed 
inside the church so that all calculations are made on rough assumptions that do not 
reflect actual climate conditions. For that reason it is not guaranteed that ambient air 
humidity is reduced sufficiently with the additional insulation. Also the problem of the 
cold surfaces of the walls and windows is almost still the same. Due to these uncertainties 
another approach is an intelligent moisture manipulation, either without or in combination 
with the suggested additional insulation. Three possible solutions have been proposed: 
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• Control of the natural ventilation by supervised door and window opening and 
additional structural modifications to adapt natural air exchange rate 

• Installation of a climate controlled electrical ventilation system in the intermediate 
wooden ceiling 

• Installation of an air dehumidifier and or heating system to lower air humidity  
To overcome all the uncertainties and to find the best solution or best combination 

of the different approaches it was decided first to monitor indoor and outdoor climate 
throughout a period of one year. Therefore, a wireless monitoring system was installed as 
it is described in the following.  

THE WIRELESS MONITORING SYSTEM 

Figure 4 shows an example of an actual development installed inside the 
Johanniskirche. It shows a wireless sensor mote equipped with low-power 
microcontroller, wireless transceiver, primary batteries and several sensor boards for 
multiple sensing. The hardware is optimized to work under harsh environmental 
conditions as they occur in case of structural health monitoring and supports several ultra-
low power modes. Therefore, the sensor node is water and dust protected (IP65) and 
could work in a temperature range of -20°C - 80°C. Different kinds of sensors could be 
attached to the wireless mote simultaneously that is various MEMS 
(Microelectromechanical systems) sensors with digital output, e.g. for the acquisition of 
acceleration, temperature, humidity, inclination, solar radiation etc. Additionally analog 
sensors like resistive strain gauges or piezobased vibration sensors are connectable by 
using especially developed electric circuits for the signal conditioning. This modular 
concept allows for customization and optimization for specific monitoring objectives. 

The basic functionality common to all sensor nodes, e.g. communication, data 
processing etc., is integrated into the so-called processor board. This processor board 
allows also the interfacing of different sensors not requiring specific signal conditioning. 
In addition to this processor board, several sensor boards were developed for interfacing 
sensors requiring a specific signal conditioning functionality that is not provided by the 
processor board. These sensor boards are connected to the processor board. Currently, 
five different sensor boards are available: i) a signal conditioning board for interfacing 
piezo- and PVDF-sensors for acoustic emission and dynamic analysis; ii) a multi-sensor 
signal conditioning board for strain gauges, displacement transducers and pressure cells in 
combination with temperature/humidity and vibration measurements; iii) an inclination 
sensor board; iv) an air velocity measurement board for low air speed; v) an impedance 
converter system for electrochemical analysis and impedance spectroscopy.  

For measuring air temperature and humidity, a MEMS sensor (SHT15 from 
Sensirion) that is equipped with a digital interface could be connected to the multi-sensor 
board. The SHT15 digital humidity and temperature sensor is a fully calibrated MEMS 
sensor that offers high precision, self-calibration functionality and excellent long-term 
stability. The digital technology integrates two sensors and readout circuitry on one single 
chip. Accuracy for temperatures measurements is ±0.3°C at a resolution of 14 bit and for 
humidity ±2.0% at a resolution of 12 bit within a range of 10 to 90% RH. 
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A total of ten wireless nodes with implemented SHT15 sensors have been installed 
inside the Johanniskirche. At five nodes an additional external SHT15 sensor have been 
attached by wire to allow for a placement e.g. outside the church through a small hole or 
through the small gaps between the planks of the intermediate ceiling etc.  

Table 1 as well as Figure 1 and Figure 2 show the wireless nodes and sensor 
positions. Note that the wireless node with the ID 43 is simultaneously used as a sink of 
the sensor network. Therefore, node 43 is attached to the base station (called smartgateWS) 
by USB. The largest distance between a wireless node and the smartgateWS is 
approximately 38m (Sensor ID 38). The smartgateWS is a small industrial PC with Linux 
equipped with a GPRS/UMTS-modem. All data collected from the wireless sensor 
network is transmitted through the internet and stored in a SQL-database. From that 
database further data analysis is conducted. There are also visualization tools available 
that show actual data from the monitoring campaign in a web browser through the 
internet (see www.smartmote.de/Johanniskiche/Johanniskirche.html).  

 

Figure 4: Robust wireless sensor node (mote) for multiple sensing and modular node 
components (© www.smartmote.de). 

The overall power consumption of a wireless node for a worst case scenario 
(maximum repetitions of data package sending as well as additional frequency sweeping) 
taking into account a data transmission interval of 5 minutes is calculated to be less than 
30µA. With the implemented 7.7Ah Lithium Thionyl Chloride Battery (Li-SOCl2), which 
has very low nominal self-discharge rate (less than 1%/year), the lifetime of the system 
could be tenth of years if only power consumption is considered. Note that the high 
capacity battery is used because of other sensors that could be attached to the wireless 
nodes and that consume much more energy. 
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Table 1: Wireless node and sensor positions inside and outside Johanniskirche 

Node ID Position of wireless node Position of external sensor  
(external sensors marked with “e”) 

5  Placed on the north ledge in the middle of the main 
aisle - 

7  
7e 

Placed on top of the intermediate wooden ceiling in 
western area 

Approximately 1 m below the intermediate 
ceiling. 

35 
35e 

Placed on top of the intermediate wooden ceiling 
almost in the middle of the church 

Approximately 1 m below the intermediate 
ceiling. 

37  Placed on the north ledge in the middle of main aisle - 
38 
38e 

Placed on the window ledge of the upper northwest 
window Outside at the upper northwest window 

39  Placed 30 cm above the ground floor in the eastern 
part near column between main and south side aisle - 

40 
40e 

Placed on the window ledge of the upper southwest 
window Outside at the upper southwest window 

41  Placed on ceiling of balcony in northeastern part. - 
43 
43e Placed on the southeast ledge of the main aisle Outside at the southeast; sensor put through 

a hole in the gable of the south side aisle 

51  Placed 30 cm above the ground floor in the western 
part near column between main and south side aisle - 

 

System reliability and its optimization 

In many publications wireless monitoring systems and monitoring results are 
presented that do not reflect on system reliability. However, system reliability is one of 
the key features for the determination of usability of wireless monitoring systems from 
the practitioner’s point of view. System reliability could be defined in several ways, e.g. 
capacity of a system to perform as it is designed or resistance to failure of a device or a 
system. In the context of continuous monitoring with wireless sensor networks reliability 
could be determined e.g. with respect to hardware, sensors, software, environmental 
conditions etc. It could be assumed that all the hard- and software components are 
designed to fulfill predetermined requirements. For the actual monitoring task at the 
Johanniskirche no specific requirements on system reliability have been proposed at the 
beginning. However, due to the fact that the monitoring system might be used as an 
instrument for moisture control reliability should be checked and, if possible, be 
optimized. The improvement of the hardware is costly for which reason its optimization 
during a monitoring campaign is not favorable. This means that the hardware should be 
well designed and validated before putting it onto a structure. It is more or less the 
software and the way of data handling that provides an opportunity for further 
optimization. An assumption is that relevant data should be at reliability level of 100% 
whereas irrelevant data could be at a level of 0%. Obviously a reliability level could never 
reach 100% for an indefinite time.  

For the actual monitoring task we have proposed an exemplary reliability level of 
99% measurement data availability within a time period of 15 minutes after detection of 
critical ambient air moisture inside the church for the notification via internet to the user. 
It was found in the past that such a high reliability level could not be achieved with 
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multihop-networks efficiently (with respect to power consumption and long-term 
operation). For that reason the star topology is the favored network topology. There are 
two aspects identified that mainly influence the reliability in a wireless sensor network; i) 
package loss between wireless sensor and gateway (smartgate) and ii) malfunction of the 
smartgate resp. UMTS/GPRS connection. Both aspects could only be observed 
empirically for each application and thus must be handled individually by the monitoring 
system.  

Package loss between sensor node and gateway could have got several reasons like 
exceeding radio range or electromagnetic interference. Although minimization of the 
package loss rate is elementary the following constraints have to be taken into account: 
• Power consumption (reduction of maintenance) 
• Data storage capacity of each component 
• Calculation power (of the wireless devices) 
• System bandwidth 

 

Figure 5: Sensor data loss rate per sensor (4 weeks period) 

In the presented wireless sensor network system data loss due to temporary 
disconnections is reduced by repeated sending of the data packages until an 
acknowledgment message from the gateway is received. For the actual software setup a 
maximum of ten (software selectable) repetitions are implemented. The achieved sensor 
data loss rate for this actual setup, which is obviously not equivalent to the package loss 
rate, is shown in Figure 5. It could be seen that availability of data from Sensor ID 38 and 
39 is partly worse. A first suggestion was that the low availability of Sensor ID 38 might 
mainly be caused by the large distance to the gateway. However, from the availability rate 
shown in Figure 5 this is just half the truth, because after a while the connection has 
stabilized without having changed configuration. Surprisingly was also the low 
availability of sensor ID 39 at the beginning of the measurement campaign, because 
distance between gateway and sensor was less than 9m. It was assumed that 
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electromagnetic interference caused bad signal quality. To overcome this problem the 
wireless node was just moved a few cm from its original position at the 04.01.2010. It 
could be clearly seen that the connectivity problems are solved from that time.  

It has to be noted that in the following connection quality optimization by 
adjusting RF transmit power or sweeping frequency is neglected. The reduction of the 
data loss rate is only achieved by temporary storing measurement data in the wireless 
node. If no acknowledgment message is received, the wireless node temporary stores the 
actual data set and falls into sleep mode until the internal timer wakes up the system for 
the next measurement. With the next measurement the old and the new data set is tried to 
send to the gateway. With respect to the measurement time interval of 5 minutes and the 
reliability level basis of 15 minutes it was decided to allow the wireless node to 
temporary store a maximum of the last three data sets in case of longer radio malfunction. 

Table 2: Availability levels for sensor data packages and reliability index 
Node ID Data package 

to gateway 
availability 

Data package to 
gateway availability 
considering 
redundancy 
information 

Data package to 
gateway availability 
considering a 15 
minutes reliability 
interval 

Data package to gateway 
availability considering 
redundancy information 
and a 15 minutes 
reliability interval 

5 99.91 99.91 100 100 
7 99.10 99.10 100 100 
7e 99.60 99.60 100 100 
35 99.95 99.95 100 100 
35e 99.58 99.58 100 100 
37 99.97 99.97 100 100 
38 77.80 99.60 *) 86.03 100 *) 
38e 77.49 77.49 86.03 86.03 
39 46.07 99.93 *) 62.92 100 *) 
40 99.95 99.95 100 100 
40e 99.60 99.60 100 100 
41 99.95 99.95 100 100 
43 99.90 99.90 100 100 
43e 99.53 99.53 100 100 
51 99.93 99.93 100 100 
Average 93.22 98.27 95.67 99.07 

*) Redundant information from sensor 40e and 51 is used  
 

Malfunction of the UMTS/GPRS connection could not comprehensively be 
optimized by the user because connectivity problems are sometimes caused by the 
selected mobile network operator. The only method to avoid data loss during such 
connectivity problems is to buffer data on the gateway temporarily. The presented 
monitoring system is using permanent UMTS/GPRS connectivity to transmit data to the 
database on an external server. Proper connection is checked in two ways, one is with 
sending periodically a simple ping command with an autonomous bash-script and the 
other one is checking the connectivity to the database by the gateway software. Although 
availability of UMTS/GPRS connectivity as well as of database connection was identified 
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to be 100% for the actual test setup, the buffer functionality on the gateway is additionally 
increasing reliability.  

In Table 2 the availabilities of the sensor data for the four weeks period shown in 
Figure 5 is presented and an average availability index based on this data is given. Four 
types of availability indices based on real user resp. monitoring demands are given. These 
types include actuality of the monitoring data and redundancy information. Redundancy 
is given for sensors that show similar behavior, e.g. sensor 51 and 39. Considering the 
real monitoring demands, a final average data availability rate of 99.07% is given, which 
is more than the desired exemplary reliability level of 99%. 

DATA ANALYSIS AND INTERPRETATION 

Climate monitoring is often seen as a simple task. However, data analysis and 
especially interpretation is sometimes more complex or even time consuming. Figure 6 
shows some monitoring results for indoor climate within a 4 weeks period during 
wintertime with very low temperatures. The sensors are positioned in different heights 
inside the church and, as expected, temperature variance as well as humidity is higher for 
the sensors (7 and 7e), which are allocated near the intermediate ceiling, than for the 
sensor installed in the lower parts of the church. Table 3 gives a statistics of the relative 
frequency of sensor data regarding humidity greater than 99% RH. From that data most 
critical area for condensation could be expected at sensor positions 7, 35, 7e and 35e, 
resp. above and beneath the ceiling.  

 

Figure 6: Monitoring data of sensor 51, 37, 7e and 7 within a 4 weeks period. 

Table 3: Relative frequency of RH>99% of measurement data within a 4 weeks period. 

Sensor ID 5 7 35 37 38 39 40 41 43 51 7e 35e 38e 40e 43e 

Relative frequency of 
RH>99% in % 0 65 40 6 7 0 26 7 5 0 41 43 83 64 84 
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Risk indices and resulting actions 

The determination of the air exchange rate is at the early stage of the measurement 
campaign an unknown factor that will also vary over time depending on actual indoor and 
outdoor climate conditions, on artificial ventilation caused by door or window opening or 
either on public traffic. Due to the unknown status of the air exchange rate as well as of 
moisture content inside the walls a calculation of the amount of condensate as well as of 
the water evaporated from the walls is not conducted up to now. The sandstone of the 
walls and the wooden intermediate ceiling act as indoor climate regulating buffers, both 
for temperature and for humidity and it is not clear if the hygroscopic behavior might be 
influenced by the actual preservation activity. However, first actions can be taken by 
analyzing climate data. It is a step by step procedure that is conducted as shown in Figure 
8. There are different scenarios identified mainly focusing on the condensate problematic. 
First of all the dew point temperature is calculated from the outside climate. Due to the 
fact the sensors No. 40e and 43e are affected by direct sunlight sensor No. 38e is used for 
the calculation. The dew point temperature ϑe.dew is then compared with the indoor 
temperatures ϑi.ID (an example is given in Figure 7). A condensation risk is identified if 
any of the indoor sensors show temperatures below the calculated dew point temperature. 
If that is the case further condensation water calculation (not implemented at this time) 
could be conducted and a resulting action should be to keep all doors and windows 
closed. For other cases further condensation risk is determined by introducing α as a 
temperature correction factor to minimize measurement errors and further uncertainties. 
For the moment α is set to 1°C but it is suggested to adjust the factor with the increasing 
monitoring time. The analysis is now conducted on the average value of a certain time 
period (Δt) that is for the actual configuration set to 15 minutes resp. the data set of the 
three last measured values.  

 

Figure 7: Temperature curve of Sensor 38e ϑe(38e) and dew-point calculation ϑe,dew(38e) 
on basis of monitoring data compared with sensor data ϑi(41). 

Again two scenarios are now identified, condensation risk and evaporation 
probability. The probability of evaporation is expressed with Pevap. Pevap is a function that 
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considers the trend of the outdoor climate change within the time period Δt to estimate 
the indoor and outdoor climate change for a short future period, in this case further 15 
minutes. Thus activities for influencing the indoor climate could be more specifically 
planned taking into account the inertia of indoor climate change. Actually Pevap is mainly 
based on a quadratic spline interpolation in combination with averaging indoor climate 
changes. However, the formula must be evaluated throughout a year period to rate its 
reliability. To manage resulting actions in time Pevap is further evaluated by β (actually set 
to 0.5) that gives a threshold for identifying either critical or non critical expected climate 
conditions. Depending on this decision in an additional analysis frost risk is estimated. 
Following the analysis scheme presented in Figure 8 it is suggested to use the output 
directly for controlling window and door closing. Future steps are then the calculation 
resp. estimation of the amount of evaporated water and condensed water throughout the 
measurement campaign. 

CONCLUSIONS AND OUTLOOK 

As described the Johanniskirche suffers from condensate problems. By the 
installation of a wireless monitoring system climate conditions are monitored throughout 
a period of one year to study climate change. Data availability and reliability was seen to 
be adequate for the desired monitoring task. The monitored data is stored in a SQL 
database and is then further processed. On the basis of this data actually critical climate 
conditions could be identified and actions like closing or opening doors and windows are 
initiated. After the first measurement campaign of one year in a next step a decision is 
made on which activities will be sufficient to minimize future condensation. The installed 
wireless monitoring system will be used to validate the success of these activities and 
might serve as measurement system for controlling indoor climate. In further 
investigations it is also suggested to implement short-term weather forecasts into the 
prognosis procedures to further optimize the climate control activities and to implement 
self-adapting algorithms to stabilize indoor climate conditions.  
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