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ABSTRACT: Non-destructive and minor destructive testing methods enable a classification of historic structures,
building processes, applied building technologies and materials. Therefore, these methods should be part of
the global investigation of historic buildings which is usually required before the planning of any building intervention. The case study presented herein encompasses experimental work carried out at the St. Servatius
Church in Quedlinburg, Germany. Within a comprehensive restoration campaign, non-destructive on-site investigations were carried out with radar and ultrasonics. The results were combined with plans, views and
cores recorded in advance.

INTRODUCTION
For the development of long term preservation concepts of the built cultural heritage, a comprehensive assessment of the building structure should be adopted considering construction history, applied interventions in
the past and the usage of the object. This assessment should base on all available information (plans, documentation, room book, previous investigations etc), experiences and measurement methods generating reliable data for gathering knowledge about structural and material condition (ICOMOS, 2005).
As measurement methods, non-destructive testing (NDT) and minor destructive testing (MDT) methods can be
applied without any or with only small interventions of the object to be examined. Information is gained about
irregularities within the historic structure, which itself is often inhomogeneous. This enables a classification of
structures, building processes, applied construction technologies and used materials. Therefore, NDT and MDT
applications should be a part of the global investigation of the building. They do not replace other investigation techniques completely but in the case of historic monuments, NDT should be preferred instead of traditional tests on extracted samples when both types of techniques can solve the problem.
A careful planning of a measurement campaign and a precise definition of the questions and the resulting
testing problem(s) are essential for a successful tray. An on-site measurement campaign clearly shows the advantages of complementary application of different conventional, NDT and MDT methods and can be regarded as the touchstone for each method developed in laboratory (Maierhofer et al, 2006).
The case study presented herein encompasses experimental work carried out at the St. Servatius Church in
Quedlinburg, Germany. Within a comprehensive restoration campaign, non-destructive on-site investigations
were carried out with radar and ultrasonics. The results were combined with plans and views already recorded
in advance. Radar and ultrasonics are complementary related to the sensitivity to metal inclusions, moisture
and air gaps (voids) (Maierhofer et al, 2008).
CONSTRUCTION HISTORY OF ST. SERVATIUS CHURCH IN QUEDLINBURG
The Quedlinburg Schlossberg with the architectural ensemble of the Church St. Servatius and the preserved
housings and estate buildings of the former imperial palatinate and women’s convent rises above the town of
Quedlinburg. Relics of first settlements refer to the Stone Age. However, Quedlinburg gained its outstanding
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importance during the tenth century when King Henry I (876-936) erected his castle on the top of the Quedlinburg rock. When he had died, his widow developed the castle chapel to the central Ottonian memorial
church. The buildings on the rock and the town became one of the most important imperial palatinates where
Otto I, Otto II, Henry II and Henry IV resided. The castle itself was changed into a noble women’s convent
which existed until the beginning of the Nineteenth century. After the Ottonian times leading figures of the
German and European intellectual and political history stayed or lived there.
Because of the outstanding quality of its architecture and panoply the Convent Church St. Servatius can be
regarded as embodiment of the German high Romanesque building epoch. In 1994 the whole city of
Quedlinburg was admitted to the UNESCO world heritage list.
In the course of time the buildings of the imperial palatinate and the noble women’s convent were repeatedly
changed. Some buildings vanished completely; others like the towers were rebuilt after fires or collapses. In the
mid of the nineteenth century the ensemble became one of the most important conservation objects of the
Prussian. Serious damage affected for several times the retaining walls as well as the southern external wall of
the church. All the engagements left their marks which shall be preserved as historical documents.
Between 1863 and 1882 the church was reconstructed. This campaign tasked to the recovery of the original
Romanesque situation. Concerning the methods of construction the master-builders of the nineteenth century
wanted to imitate the Romanesque style with very regular stones and narrow joints. The two towers and the
connecting building, the Westwerk, were nearly completely reconstructed. But already in 1911, comprehensive repair became necessary.

Figure 1: Castle and Church St. Servatius on the castle hill of Quedlinburg.
Testing problems
The building ground as well as the preferred building material of the Church St. Servatius is fine-grained sandstone with medium or high porosity. Therefore a lot of problems which affect the church and the other buildings of the former noble women’s convent are connected to the influences of water and/or to the alteration
of freezing and thawing.
On the other hand the access to the architectural ensemble which is situated on the Schlossberg, a steeprugged rock, is difficult. This concerns especially the two towers. During the preparation of the current repair it
had to be found out that the scaffold needed an own foundation by drilled piles. Therefore it does not wonder
that the last repair campaign of the top of the towers took place in the years after World War II.
In 2007 the lightning protection had to be renewed. In this context after more than fifty years it had been possible to have a direct view onto the facades. The rich decorated friezes as well as the wall areas show crustifications caused by air pollution. But also cracks are visible and most of the joints are damaged. In some cases
the complete joint plaster is lost. The sills of the windows as well as other horizontal faces feature open joints so
that water could easily find a way into the masonry. Because of this the presence of voids inside the masonry
as well as delaminations of a certain part of the surface of the stones had to be assumed.
During the reconstruction work at the church in summer 2007, it was decided to perform radar and ultrasonic
investigation for getting additional information about the internal structure of the masonry at different areas. A
few core drillings were performed, but there was still a great lack of information about the internal structure of
the stone masonry. The testing problems concerned the determination of thickness of the first stone layer, the
detection of voids and delaminations, the location of ungrouted joints and the location of enhanced moisture
content. Different structural elements were tested. But NDT methodologies were also tested in order to find
possibilities of future monitoring and early damage detection.
In the following, two testing problems related to the north tower and the Westwerk are discussed in detail.
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North tower
Recently, at the north and west facade of the north tower, a comprehensive mapping was performed of
cracks, edge breakups, unfilled joints and the condition of joint filling by the restorers (Restauratorenkollegium
Blankenburg, 2006). Beyond this, the presence of voids was assumed as a result of simple knocking tests. The
results of the mapping were different for the bottom and the top of the tower. At the top, more cracks and
empty joints were located. Therefore, two measurement areas were selected as shown in figure 2.
Westwerk of the church
The Westwerk, the building which is connecting the both towers up to the height of the roof of the church and
which is in its northern part a relic of the twelfth century (the southern part was attached during the restoration
campaign of the late nineteenth century), showed (an still shows) a bulge (see Fig. 3, left). The Harz region with
its karst areas is one of the regions where since the Middle Ages gypsum had been used as building material.
Therefore it had been necessary to foreclose that chemical reaction between the mortars and water could be
the origin of the deformation.

Figure 2: Area 1 and area 2 at the western façade of the north tower.
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At this position, the laboratory of building restoration of Naumburg (Labor für Baudenkmalpflege Naumburg)
took a dry core in spring 2007. This core had a diameter of about 50 mm and a length of up to 92 cm. In addition, the holes were explored with a videoscope. Small voids and empty joints could be detected as well as
enhanced moisture inside the mortar. But no larger air gaps were detected (Labor für Baudenkmalpflege,
2007).
For getting an overview about the whole area of the bulge, radar investigations were planned and performed
as shown in Fig. 3, right. Here, in the view of the measurement area, two arches are indicated from inside,
which are not visible at the façade outside (see Fig. 3, left). The northern arch (arch I) is related to the original
masonry, which was constructed in 1070. The southern arch was reconstructed in 1866/67, together with the
reconstruction of the towers.

Figure 3: Westwerk of the church
STRATEGY OF NON-DESTRUCITVE INVESTIGATION
First, for the investigation of the internal structure, larger areas were selected and radar measurements were
performed along parallel and perpendicular traces. As for each measurements position with ultrasonic the
transducer array has to be pressed onto to the surface (see below), ultrasonic investigations took much longer
time and only selected areas of the radar traces were tested. The performance of measurements with radar
and ultrasonics at the western façade of the north tower is shown in Fig. 4.
Radar
Radar is based on the transmission of short electromagnetic impulses by an antenna at frequencies between
300 MHz and 2.5 GHz (Daniels 2004). These impulses are reflected at interfaces with changing dielectric properties of the materials. Also the propagation velocity depends on the dielectric properties. Since moisture is influencing this parameter, radar can also be applied to detect enhanced moisture content and to determine
the moisture distribution. With radar, reflection measurements from one surface as well as transmission measurements from both sides are usually performed to obtain information about the internal structure of the structural element under investigation. For data visualisation, the detected signals (intensity as a function of time, Ascan) recorded at different antenna positions can be displayed as images (radargram or B-scan). Here, the intensity is converted into a grey scaled or coloured presentation. If the propagation velocity in the investigated
medium is known, the travel time of the reflected impulses can be presented as a depth scale.
For the presented investigations, a commercial system (SIR 20, GSSI) with two different antennas radiating with
mean frequencies of about 1.5 GHz and 900 MHz was applied (Maierhofer, 2000).
Ultrasonic echo
Similar to radar, the ultrasonic echo method works according to the impulse echo principle. Ultrasonic impulses are reflected at the interfaces, where the elastic impedance of the materials changes. In comparison
to electromagnetic waves, elastic waves are influenced much more by air inclusions and gaps than electromagnetic waves. On the other side, ultrasonic waves are not very much influenced by moisture content. Due
to the required coupling, ultrasonic echo transducers can only be moved step by step. The elastic sensor device must be pressed onto the surface.
Here, ultrasonic echo measurements were performed with point contact transducers (24 point contact probes,
55 kHz from ACSYS) permitting measurements without any coupling agent. 12 transducers were working as
parallel transmitters sounding shear waves with a mean frequency of about 50 kHz, while 12 transducers were
acting as parallel receivers (Shevaldykin, 2003).
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RESULTS
For the transmission of the electromagnetic waves (radar) with a frequency of about 1 GHz and a similar
bandwidth, a mean propagation speed of about 0.16 m/ns was measured for the sandstones. For the acoustic
waves (55 kHz), a speed of approx. 1780 m/s was obtained. These values differ up to a maximum of about 10 %
for the tested areas. A direct comparison of the thickness of the different stones determined with radar and ultrasonics reveals a maximum deviation of about 20 %.

Figure 4: Measurements with radar (left) and ultrasonics (right) at the western facade of the north tower.
Western façade of the north tower
With radar, two areas with a size of about 2 m x 1.65 m located at different heights at the western facade of
the north tower were investigated (see Fig. 2 right). Several horizontal traces were recorded with both antennas with a distance of about 15 cm. Additional, a few vertical traces were gathered.
Only a few traces were measured along the width of selected stones with the ultrasonic array. The distance of
single measurement points was 2.5 cm.
Radargrams of a horizontal trace recorded in area 1 (bottom area) with the 1.5 GHz and the 900 MHz antennas are shown in Fig. 5, left. In the top radargram (1.5 GHz), weak reflections are visible at depths between 30
and 60 cm, which can be related to the interfaces of the external stone layer. In the bottom radargram
(900 MHz antenna), a very clear reflection can be seen at 1.1 m, which belongs to the backside of the wall. As
no further reflections are visible due to internal structures, the wall seems to be very homogeneous.
Radargrams of the second area (top area) are shown in Fig. 5, right. In the top radargram (1.5 GHz antenna),
the backside reflection from the first stone layer appears now very clear at a depth varying from 45 to 20 cm.
Close to the surface, hyperbolas can be recognised, which are related to unfilled joints and which fit to the
map of stones shown between the radargrams. In the bottom radargram (900 MHz), no reflections can be detected from the backside.
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Figure 5: Radargrams of area 1 (left) at the bottom and area 2 (right) at the top of the tower. The radargrams
on the top of this figure were recorded with the 1.5 GHz antenna, on the bottom with 900 MHz. In the middle,
the position of traces and stones is shown.
In Fig. 6, radargrams and ultrasonic B-scan from the same trace along single stones in area 1 (left) and area 2
(right) are compared. Although the resolution of the ultrasonic data seems to be less than in the radargrams,
the intensity of the reflections from the backside of the first stone layer is more clear and homogeneous.

Figure 6: Radargrams recorded with the 1.5 GHz antenna (top) and ultrasonic B-scans (bottom) of area 1 (left)
and area 2 (right)
In summary, the following results were obtained by comparing the data of different radar antennas and of ultrasonics:
Area 1 seems to be more homogeneous than area 2, as in area 1, always a backside reflection could be detected and much less reflections from the internal part of the wall appear.
Reflections from the backside of the first (external) stone layer could be detected much clearer in area 2 than
in area 1. Therefore, the connection might be tighter in area 1. Another explanation might be, that at area 2,
the moisture content inside the wall behind the first layer is higher, which also leads to a higher reflectivity at
the interface. This assumption is supported by the absence of any backside reflection at area 2.
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Reflections from joints are much stronger at area 2, which is consistent with the observed empty joints at this
position. The empty joints might promote the penetration of rain and thus explains the higher moisture content.
In both areas, no reflections could be detected related to voids or cracks close to the surface.
Westwerk of the church
At the Westwerk, a scaffold was mounted at the internal side, at the location of the former loge of the emperor. The radar traces recorded in this area are shown in Fig. 3, right. The radargrams recorded with the
900 MHz antenna along trace 1 and trace 2 are displayed in Fig. 7. A clear backside reflection is visible at a
depth of about 90 cm along the left (southern) arch and at a depth between 90 and 120 cm along the right
(northern) arch. At the northern arch, there is a definite increase of the thickness of the wall which occurs at a
position corresponding to the bulge of the wall visible from outside. Therefore, the bulge seems to be due to
an increase of total wall thickness and is not solely related to a delamination and/or void.
Between surface and backside reflection, there appear more intense reflections in the northern part of the
wall than in the southern part. This is supporting the different periods of (re-)construction of both arches. These
reflections can be related to moist and partly empty joints as well as to a slightly inhomogeneous internal masonry structure. As the backside reflection is clear, high moisture content and strong inhomogeneities can be
excluded.
Along the southern arch, there appears a reflection band at a depth between 30 and 50 cm, which presumably belongs to the backside of the internal first layer of stones. In the areas close to the surface, more reflections from joints appear along the northern arch in comparison to the southern arch.

Figure 7: Radargrams of trace 2 (top) and trace 1 (bottom) at the Westwerk recorded with the 900 MHz antenna.
SUMMARY AND CONCLUSIONS
In summary, the following results were obtained at the investigated positions of the church:
Bottom area of the western façade of the tower: A clear backside reflection recorded with radar and only few
reflections from inhomogeneities revise that the stone masonry is homogeneous and dry. Weak reflections from
the backside of the first stone layer can be related to good connections of the single leaves. Voids close to
the surface cannot be detected.
Top area at the western façade of the north tower: From the backside of the wall, no reflection can be detected. Several reflections from the internal structure can be related to inhomogeneities. The strong reflection
from the backside of the first layer of stones leads to the conclusion, that the internal material of the wall has
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higher moisture content. Joints close to the surface can be detected with high intensity, which is due to empty
joints.
Westwerk: Along the whole width of the Westwerk, a clear backside reflection from the total wall thickness can
be detected at depths between 0.9 and 1.2 m. At the position of the bulge, the wall seems to be thicker (1.2
m). The reflection from the interface between the first layer of stones (counted from inside) and the internal
layer can be partly detected. There are some reflections from inhomogeneities, but no larger voids or delaminations could be found. Therefore, the results of radar data are in a good agreement with the endoscopic investigations.
For the application of radar and ultrasonic, it can be concluded that with ultrasonics, the thickness of the first
layer of stones could be measured with high reliability, also if the connection of the layer to the internal leave
is good. But no further information could be obtained from deeper structures behind the first layer. This method
is not very sensitive to enhanced moisture content. With radar, in several cases the thickness of the outer layer
of stones could be measured, but in most cases with less contrast than ultrasonic. But the radar method is more
suitable for the investigation of the whole cross section of the walls. The penetration of the electromagnetic
waves is highly influenced by the moisture content and the frequency of the used antennas.
Related to the construction history of the building, it can be concluded that all masonry structures which were
investigated show a regular and homogeneous structure with only a few inhomogeneities. Structures from different construction and reconstruction periods differ only marginally. In most cases, open joints result in enhanced moisture content behind the outer layer of stones. No larger cracks or delaminations could be detected.
REFERENCES
Daniels, D. J., 2004: Ground-Penetrating Radar. 2nd Edition, London: The Institution of Electrical Engineers.
ICOMOS International scientific committee for analysis and restoration of structures of architectural heritage:
Recommendations for the analysis, conservation and structural restoration of architectural heritage, 2005
(www.international.icomos.org/charters).
Labor für Baudenkmalpflege Naumburg, Naumburg/Saale, 2007: Untersuchung des Mauerwerks des Westwerks der Stiftskirche St. Servatius in Quedlinburg. Bericht No. 15/2007.
Maierhofer, Ch., 2000: Radar investigation of masonry structures, NDT & E International, Vol. 34, No. 9, pp. 139147.
Maierhofer, Ch.; Köpp, Ch.; Binda, L.; Zanzi, L.; Santiago, J. R.; Knupfer, B.; Johansson, B.; Modena, C.; da Porto,
F.; Marchisio, M.; Gravina, F.; Falci, M.; Galvez Ruiz, J. C.; Tomazevic, M.; Bosiljkov, V.; Hennen, Ch., 2006: Project Report EUR 21696 EN - Onsiteformasonry project - On-site investigation techniques for the structural
evaluation of historic masonry buildings. European Commission, Luxembourg: Office for Official Publications
of the European Communities, Brussels, 141 pages.
Maierhofer, Ch.; Köpp, Ch.; Hamann, M.; Hennen, C.; Binda, L.; Saisi, A.; Zanzi, L., 2008: Non-destructive investigation of structural elements of the "Altes Museum" in Berlin. WIT Transactions on the Built Environment 97,
Wessex Institute of Technology, pp. 513-522.
Restauratorenkollegium Blankenburg GbR, 2006: Westwerk der Stiftskirche – Schadensdokumentation Teil 1
Nordturm–Nordseite / Nordturm-Westseite.
Rienäcker, Ch., 1992: Die Stiftskirche St. Servatius in Quedlinburg. DKV-Kunstführer Nr. 403/4, 10. Auflage,
Deutscher Kunstverlag GmbH München Berlin.
Shevaldykin, V.; Samokrutov, A.; Kozlov, V., 2003: Ultrasonic Low-Frequency Short-Pulse Transducers with Dry
Point Contact. Development and Application. In: DGZfP (Ed.); International Symposium Non-Destructive
Testing in Civil Engineering (NDT-CE) in Berlin, Germany, September 16-19, Proceedings on BB 85-CD, V66,
Berlin.
ACKNOWLEDGEMENT
This work was gratefully supported by the Stadt Quedlinburg.

