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A practical hybrid approach to the problem of surveying a working historical bell considering innovative measurement methods

Izabela Skrzypczak1  , Grzegorz Oleniacz1  , Agnieszka Leśniak2  , Maria Mrówczyńska3  , Marta Rymar4   and Mariusz Oleksy5  
(1)Faculty of Civil, Environmental Engineering and Architecture, Rzeszow University of Technology, al. Powstańców Warszawy 12, 35-959 Rzeszów, Poland

(2)Faculty of Civil Engineering, Cracow University of Technology, ul. Warszawska 24, 31-155 Kraków, Poland

(3)Institute of Civil Engineering, University of Zielona Góra, ul. Prof. Z. Szafrana 1, 65-516 Zielona Góra, Poland

(4)Craft Museum in Krosno, ul. Piłsudskiego 19, 38-400 Krosno, Poland

(5)Faculty of Chemistry, Rzeszow University of Technology, al. Powstańców Warszawy 12, 35-959 Rzeszów, Poland

 

 
Izabela Skrzypczak
Email: izas@prz.edu.pl

 
Grzegorz Oleniacz
Email: oleniacz@prz.edu.pl

 
Agnieszka Leśniak (Corresponding author)
Email: agnieszka.lesniak@pk.edu.pl

 
Maria Mrówczyńska
Email: m.mrowczynska@ib.uz.zgora.pl

 
Marta Rymar
Email: rymar.marta@um.krosno.pl

 
Mariusz Oleksy
Email: molek@prz.edu.pl



Received: 4 May 2023Accepted: 22 July 2023Published online: 26 July 2023
Abstract
The article proposes using a novel hybrid measurement method, with expected precision results, to determine the characteristic of the historic, 17th-century bell. In an interdisciplinary approach, modern and non-invasive physical and chemical measurement methods were used. Based on the monitoring (measurements and laser scanning), a three-dimensional geometric model was built to calculate the bell size and analyze its condition depending on material consumption. Next, chemical measures of the bell samples were carried out to determine the material properties. For that purpose, advanced precision microscopic techniques were used. Based on the geometric model and chemical studies, the material properties and density of the bronze were determined using additive assumptions. Measurement accuracy and data quality were evaluated statistically. The method allows reliably determining the bell's weight without needing to dismantle it or external intervention. The approach is helpful for practitioners performing conservation work on such objects.
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Introduction
Church bells, from the point of view of their function, are musical instruments that belong the group of idiophones. Their sound is generated by vibrations of the bell caused by repeated striking of the clapper. In the European tradition, this is most often achieved by swinging the entire bell, which results in significant inertial forces transferred to the supporting structure. Structural and material problems related to the design and use of bells are researched by modelling the behaviour of the bell and the dynamics of the belfry while the bell is striking [1, 2], and by analysing forces transferred to the belfry structure [3, 4]. For this reason, the impact of the swinging of the bell is important when checking the ultimate limit state of the structure of the entire building (belfry) [5–8]. The effect of bell-ringing on bell- towers was described in [9]. The paper [10] discusses a bell tower's structure reaction under service loads arising during use. In [11], dynamic experimental tests were used to detect excessive movements on the tower when the bell's moving.
Assessment of the technical condition of structures, including historical structures such as belfries, should comprise geodetic monitoring [12, 13], in particular, measurements of displacements and deformations, which are the first and basic symptom of unfavourable phenomena occurring in historical buildings. Geodetic monitoring is planned and conducted in a way that depends on the structure of the object, its location, the speed and size of the occurring deformations and the geodetic technology used [14, 15]. Monitoring also involves the need to perform periodically repeated measurements aimed at identifying changes in objects over time [16]. When geodetic methods are used, displacements are very often determined through a series of measurements carried out in a network of measurement and control points with an optimized structure set up on the object [17]. Modern measurement technologies enable geodetic monitoring of historical objects using classic geodetic methods [18], gravimetric measurements, the GNSS system [19], unmanned aerial vehicles, laser scanning [20], GIS technology and artificial intelligence [21, 22]. Displacements and deformations of elements of historical engineering structures can be determined using modern measuring instruments (laser total stations, laser measuring stations). These are classic measurement methods, which enable high precision distance measurements, reaching ± 15 µm + 6 µm/m when the distance is measured with a prism with an operational range of 120 m [23].
Laser scanning technology has been used for obtaining data and performing measurements to obtain the digital form of objects. It is one of the fastest and most economical methods for identifying the geometry of objects [24–26]. The importance of laser scanning has been confirmed by many researchers, and the areas of application in scientific research and engineering are very wide, including: mining [27], geology [28], topography [29], archaeology [30], civil engineering and architecture [31–33]. The use of 3D laser scanning technology to measure a building makes it possible to obtain a point cloud and produce digital documentation to create a BIM (Building Information Modelling) model of the object scanned. Nevertheless, it should be emphasized that TLS (Terrestrial Laser Scanning) and photogrammetric measurements have been used for visualization and modelling of steel structures [34], inventory of complex industrial, residential and historic buildings [35], monitoring the condition of structures, measuring displacements and strains [36, 37], and automatic classification of building materials [38]. TLS measurements are currently widely used for inventory work, also for modelling information about monuments or historical buildings—Historical Building Information Modelling (HBIM) [39–44]. This technology makes it possible to prepare precise architectural documentation including: projections, sections, elevations, 3D models or multimedia visualizations [45–47].
In HBIM it is not only important to build a model of the object, but also to obtain data about the characteristics of the material from which the object was made. In order to determine the characteristic structure and elemental composition of materials, microscopic techniques are most often used. They guarantee high precision and accuracy, and provide results very fast [48, 49]. The use of various microscopic techniques in historical, conservation [50–52] and archaeological research [53], including the study of monuments/artefacts [54–56] and materials [57–62], is aimed at obtaining enlarged images of small objects, their details and properties. In this way, various information is obtained on a microscopic scale, e.g. about the shape, size, structure or morphology and topography of the objects examined. In terms of the type of radiation and imaging methods, microscopes used for specialist examination of artefacts can be divided into two basic types: optical microscopes and electron microscopes [50, 53]. Optical microscopes are basic laboratory instruments that enable efficient observation and identification of the structure of objects/samples and performance of necessary micro measurements. Electron microscopes use an electron beam for imaging and provide accurate images of the surface microstructure of various small objects.
Scanning electron microscopy (SEM), on the other hand, is complementary to optical microscopy and enables more accurate imaging of the surface microstructures of various objects of much smaller size. This measurement technique consists in scanning the surface of a sample with an electron beam shaped by the microscope system. SEM can also be used to perform, quantitative point analyses of the chemical composition of samples. The Energy Dispersive X-ray Spectroscopy (EDS) technique is most often used for spot determination of the chemical composition of artefacts because quantitative results of analyses can be obtained from a particular point in a matter of seconds. Another type of optical research technology is glow discharge spectroscopy, which enables direct analysis of solid samples. Glow discharge spectrometers were first used mainly in the steel industry to examine galvanized sheets and passivation films on steel surfaces [51]. At present, it is one of the most favourable techniques used for surface analysis, i.e. for profiling the surface and depth of materials [53]. Since the use of modern microscopic techniques guarantees accurate measurements, and results are obtained immediately, these techniques were used for part of the research.
Since there is a need to analyse the structure of the church belfry in terms of statics and dynamics, and also because of arguments among local historians and ethnographers [63], research was undertaken to accurately determine the actual mass of the bell. The article proposes a methodology based on geodetic measurements of the geometry of the bell to indirectly determine its mass and the shape (external and internal surfaces), thus enabling the calculation of its volume. The measurements of the chemical structure of the bell carried out in the next stage consisted in analysing its chemical composition using modern microscopic EDS techniques. The subject of the research presented in this paper is the bell "Urban".
The authors were an interdisciplinary research team that consisted of construction engineers, geodesists, chemists and monument conservators. They defined the main goal of the research as determining the mass of the bell using the proposed novel hybrid approach including classical and precise modern geodetic measurements, laser scanning technology and advanced microstructural analyses (also analyses of chemical composition). To achieve the main objective, the following intermediate objectives were identified and implemented during the research:	(1)
Geometry measurements and development of a geometric model of the bell (outer and inner surface) using non-contact surveying inventory methods: the classic geodetic measurement method using a Total Station (TS) and the precise and modern Terrestrial Laser Scanning method.

 

	(2)
Statistical evaluation of measurements to determine the actual deviation of the values measured in relation to the developed model and to evaluate the results. Parametric tests were used to verify the parametric hypotheses: T, T2, T3 and F, assuming the significance level α = 0.05.

 

	(3)
Analysis of the chemical composition of the historic bell using traditional (optical microscopy) and modern microscopic techniques (scanning electron microscope, glow discharge optical emission spectroscopy) to determine the average density of the bronze.

 




The rest of the article is organized as follows: in "Results and discussion" we present the research methods, in “Results and discussion” we describe the results of the research and a discussion of the results, and “Conclusion” includes a summary of the research. The course of the research using the hybrid approach to determine the mass of the bell is illustrated in Fig. 1.[image: ]
Fig. 1A flowchart of the research according to the proposed novel hybrid method



Materials and methods
Case study
The bell "Urban" is one of the largest historical bells in Poland (Fig. 2a). It is hung on the church tower in Krosno (Poland) together with two other bells: "Jan" and "Maryan" (Fig. 2b). Its diameter is 1535 mm. The three bells are suspended on a supporting steel structure using steel yokes. In theory, based on historical sources [62], the total mass of the bells is estimated at about 4200 kg. Only the bells “Zygmunt” from the Wawel Cathedral in Krakow and “Tuba Dei” from St. Johns’ Cathedral in Toruń are bigger. The bell "Urban" is very rich in architectural detail. The details of the ornaments are delicate but very expressive. On its bell there are two 6 cm high friezes with a motif of lilies, anthems and acanthus leaves. Between them there is an inscription in Latin “SANCTA TRINITAS DEUS MISERERE NOBIS A.D. 1639” (Holy Trinity, God have mercy on us 1639). The lower frieze circling the bell is decorated with campanulas suspended below and closed on the sides with acanthus leaves. There are two plaques on the bell. One with a depiction of the Holy Trinity (dimensions 22 × 18 cm) is signed with the bell founders’ inscription: "DEI AU XILIO STEPHANUS MEUTEL ET GEORGI OLIVIER ME FECERUNT" (Stefan Meutel and Jerzy Olivier cast me with God's help). The other plaque shows Robert Wojciech Portius' mark, containing three stars, a book, a sword, a merchant's ell (dimensions 16 × 14 cm) and the abovementioned foundation inscription. Both friezes with ornamental decorations are closed on the bottom with an astragal and on the top with a half cylinder. A unique element is the crown of the bell, which is shaped in the form of six-pointed bows decorated with a motif of lions’ heads [62, 63].[image: ]
Fig. 2a Bell “Urban”, general view. b Bells and their supporting structure in the belfry of the parish church in Krosno, Poland


In order to determine the actual forces transferred to the structure during the swinging of the bell “Urban”, it was necessary to calculate its mass. For this purpose, measurements of its volume and chemical composition were carried out using the proposed in the article hybrid method.

Geometric inventory measurements of the bell "Urban"
The TLS method and geodetic tacheometric measurements were used to perform inventory measurements of the outer and inner surfer of the bell. A FARO Focus 3D laser scanner was used to perform a 3D scan of the internal and external surface of the bell. This is a phase scanner that can measure up to 1 million points per second (in low resolution mode). The manufacturer of the device does not provide full data on the accuracy of determining the position of a single point in 3D space, only the measurement error for distance, which is ± 2 mm at a range of up to 25 m. A Faro Focus is a relatively small and light device that can be regarded as the basic model for terrestrial 3D laser scanning. The scanning was performed from six scanner stations with a resolution of 6 mm/10 m. Each scanning procedure took approximately 10 min (Fig. 3).[image: ]
Fig. 3Examples of scan preview from Faro Focus 3D with visible positions for tacheometric measurements and laser scanner reference spheres marked with red circle: a scanning the inner surface of the bell, b scanning the outer surface of the bell


The scans were initially processed with Faro SCENE software. Then, using 6 reference spheres (Fig. 3a), the point clouds from single scans were combined into a full point cloud reflecting the entire object (Fig. 4).[image: ]
Fig. 4Point cloud from the combined scans inside the belfry, visible scanner stations marked with the instrument symbol: a top view, b bottom view


Tacheometric measurements were performed with a Trimble M3 Total Station in mirrorless distance measurement mode. This total station has an angle accuracy of ± 1″ and a distance accuracy of ± 3 mm.
The outer surface of the bell was measured from 3 positions (two of them are visible in Fig. 3a, b, respectively). The measurement results were transformed to a common coordinate system determined by 5 adjustment points. The adjustment points were marked with targets attached temporarily to the walls of the belfry. The first attempt to measure the inner surface of the bell was unsuccessful. The instrument was not able to measure that surface. A probable cause was the technical limitations of mirrorless measurements, such as the angle of incidence of the beam and the ability of the surface to reflect it [64–66], or too short a distance to the object measured [67]. Another attempt was successful and took place after changing the position of the instrument. The measurement of the internal surface was performed from one stand.

Microstructure and chemical composition analysis using microscopic techniques
The properties of metals and alloys used to make bells, including density, depend on the construction of their internal structure, i.e. macro and microstructural characteristics. For this reason, the purpose of subsequent research was to determine the chemical composition of the alloy and to analyse its microstructure. Unfortunately, microscopy techniques are invasive methods that require cutting out a fragment of the material for testing. The fragment should be much larger than the sample examined under a microscope because the sample has to be cut out in a special device that ensures that the material is cooled to a degree that prevents its structure from changing while it is being cut. Moreover, the key issue is to ensure that samples are representative of the structure, i.e. selected at random. However, in this case, due to the historical construction of the bell, the wear and damage to the clapper, and to minimize interference with the structure, the test samples were obtained only from the damaged clapper. Usually bells are made of bronze, and bell clappers are made of steel. Although the alloys used to make bells must measure up to current standards and obtain characteristics that give them considerable durability, field observations confirm the occurrence in Poland of bells whose bell and heart were made of the same material, which unfortunately characterizes them with poor musical qualities. In the considered case, the damaged clapper was made of bronze in a steel casing. Making such a clapper involved forcing liquid bronze into a hole in the steel casing. Since the clapper was hung on an Urban bell, the authors assumed in their research that it was part of that bell and made of the same material. Spectral analysis of the chemical composition carried out with a LECO GDS500A optical spectrometer with a glow discharge made it possible to determine the quantitative elemental composition of the alloy. Based on stoichiometric calculations, this test determined the grade of the material in relation to the materials used in the past and the density of the alloy.


Results and discussion
Geodetic measurements of the bell
Due to slight deficiencies in the set of points reflecting the outer surface and insufficient information about the precision of mapping of the bell and its clapper, it was decided to model the data set using manual interpolation of the outer and inner surfaces of the bell. AutoCAD software was used to filter points, separate the object tested and specify both surfaces of the bell separately (Fig. 5).[image: ]
Fig. 5Point cloud of the whole object and division into the external and internal parts of the point cloud


The shape of the bell was interpolated using circular sections in a horizontal projection. These cross-sections were made on the basis of diameters determined from a vertical projection oriented in six directions (each time the vertical projection of the point cloud was rotated by 30°). Subsequently, a spatial surface was stretched on the cross-sections (Fig. 6) and the volume of the thus formed solid was determined.[image: ]
Fig. 6Example of cross-sections of the bell, the surface stretched on them and the solid


For the point cloud obtained by terrestrial laser scanning, it was possible to create an average of 35 cross-sections, which gave an average density of 3.5 cm at the height of the bell. Due to the smaller set of points obtained from geodetic tachometric measurements, the number of cross-sections for the outer and inner surfaces of the bell in each direction oscillated around 20, i.e. on average one cross-section per every 6 cm at the height of the bell. In this way, 4 solids were created, two limited by the external and two by the internal surfaces of the bell, in both cases, one for each measurement method.
The volume of the bell was determined from the difference between the volume of the solid limited by the surface of the outer and the surface of the inner of the bell. The results are presented in Table 1.Table 1Comparison of the results of volume measurements for the outer and inner surface of the bell


	No.
	Volume measurement − total station
	Volume measurement − TLS

	Outer surface [m3]
	Inner surface [m3]
	Outer surface [m3]
	Inner surface [m3]

	1
	1.040
	0.839
	1.046
	0.826

	2
	1.057
	0.831
	1.051
	0.834

	3
	1.043
	0.833
	1.040
	0.836

	4
	1.054
	0.826
	1.044
	0.831

	5
	1.052
	0.824
	1.047
	0.828

	6
	1.043
	0.835
	1.039
	0.826

	Average value
	1.048
	0.831
	1.045
	0.830

	Standard deviation
	0.007
	0.006
	0.005
	0.005




The terrestrial laser scanning method gave the results of the volume of the bell as 0.215 m3, and the geodetic total station measurements as 0.217 m3. It can be noticed that the results of surface interpolation given by the total station measurements are subject to a slightly greater uncertainty (higher standard deviation values Table 1). This was most likely caused not by the accuracy of the measurements, but by the lower density of the measurement points reflecting the surface measured.
The volume values obtained using the total station method and TLS were compared using parametric tests for the average value and variance. In the test T3 the statistical value was calculated according to the formula:[image: $$T3 = \frac{{\overline{d} \cdot \sqrt n }}{{S_{d}^{*} }}$$]

 (1)


where: [image: $$\overline{d}$$] = 0.003 m3—average from the differences between the measurements of the respective cross-sections obtained from both measurements, [image: $$S_{d}^{*}$$] = 0.012 m3—standard deviation for differences between the TLS and the total station measurements, n = 12—number of both samples.
Therefore, at the assumed significance level of α = 0.05, the volumes determined using both measurement methods do not differ significantly. To test the hypothesis in relation to volume, the test T2 was used.
At the assumed significance level of α = 0.05, the volumes determined using both measurement methods do not differ significantly. Therefore, the target volume of the bell can be determined as the arithmetic mean from both methods, i.e. 0.216 m3.
The F test was used for the analysis of variance. At the assumed significance level of α = 0.05, the values of volume variance calculated using both measurement methods are comparable. Despite the statistically confirmed lack of significant differences in the accuracy of volume determination using both methods, the advantage of the laser scanning method over the classic geodetic measurements is that a much larger data set can be collected in a shorter time. Based on the measurements carried out using the two measurement techniques: TS and TLS, and statistical analyses, the target volume of the bell can be determined as the arithmetic mean from both measurement methods, i.e. 0.216 m3.

Material examination using microscopic techniques
The material was examined based on samples taken from the damaged clapper of the bell. A spectral analysis of the chemical composition was performed using a LECO GDS500A optical spectrometer with a glow discharge. Thus, the quantitative elemental composition of the bell alloy was determined. On the basis of the samples, the average percentage chemical composition of the bell alloy was also determined. The measurement results are shown in Fig. 7.[image: ]
Fig. 7Average chemical composition of the bronze used for the bell “Urban” [%]


The analysis of chemical composition showed that the content of copper was 78.33% and tin 15.20%. The level of lead in the alloy is relatively high and amounts to 2.84%. The other elements are impurities and their content is respectively: 0.41%—Ni; 0.15%—Ag; 2.69%—Sb (Fig. 7). Since it was not possible to conduct invasive tests (the structure is listed), the other properties of the tin bronze were determined using information from available literature [68]. Based on comparison with the data provided in [69], the hardness of the tin bronze can be estimated at approximately 180 in the Brinell scale (HB), the tensile strength value is 330 MPa, and the yield point is 280 MPa.
In study, the structure of the alloy was analysed using an optical microscope (Fig. 8) and a scanning electron microscope (Tables 2, 3) to determine the size and distribution of solid and gaseous inclusions. Microscopic observations showed the presence of inclusions in the alloy (Fig. 8). The inclusions were distributed in the structure unevenly and formed clusters (Fig. 8), some of them were heterogeneous (Tables 2, 3).[image: ]
Fig. 8Image of the samples obtained using an optical microscope at × 500 magnification

Table 2SEM EDS image of the sample at × 530 magnification with marked measurement points and the chemical composition of the samples at individual measurement points


	 	Measurement point number
	Element
	% of atomic mass

	[image: ]
	1
	Cu
	21.43

	C
	70.36

	Sn
	1.77

	O
	6.44

	2
	Cu
	28.54

	C
	6.34

	Sn
	57.87

	O
	7.25

	3
	Cu
	24.76

	C
	64.84

	Sn
	6.37

	O
	3.84

	Sb
	0.19

	4
	Cu
	28.88

	C
	63.68

	S
	7.44

	5
	Zn
	24.46

	C
	57.29

	S
	13.12

	Cu
	2.88

	O
	2.25



Table 3SEM EDS image of measurement point No. 6 with marked measurement subpoints at × 800 magnification and the chemical composition of the samples at individual measurement subpoints of measurement point No. 6


	 	Measurement point number
	Element
	% of atomic mass

	[image: ]
	1
	C
	75.57

	Zn
	12.53

	Cu
	3.56

	S
	5.12

	O
	3.22

	2
	Cu
	17.75

	C
	75.99

	S
	3.79

	O
	2.47

	3
	Pb
	9.94

	C
	64.53

	Cu
	7.85

	O
	17.00

	Sn
	0.68




Scanning electron microscopy (SEM) combined with the EDS technique made it possible to microanalyse the elemental composition of the surface of the samples (Tables 2, 3). The location of the measurement points together with the visible impurities and inclusions on the sample taken for testing are shown in Tables 2 and 3. The tests were performed at two magnifications: × 530 and × 800. For × 530 magnification, 6 measurement points were selected on the test sample. For measurement point 6, the tests were also carried out at × 800 magnification, and another 3 measurement subpoints were selected for testing. Table 2 shows the chemical composition in individual places with visible solid and gaseous inclusions at × 530 magnification, and Table 3 at × 800 magnification.
The analyses indicated many gaseous inclusions: oxygen (Tables 2, 3) and non-metallic inclusions: carbon and sulphur (Table 2). The high level of carbon may indicate the original method of smelting the alloy. This is most likely a remnant of the charcoal used as fuel during the smelting process. Inclusions of zinc, antimony (stibium) (Table 2) and lead (Table 3) were also detected. It is assumed that “resonant” bronze for bells is most often a two-component alloy of copper and tin with a tin content of 18–22%. Observations of the microstructure indicate the old bronze recipe, in which the ratio of copper to tin is 5:1 [69]. Figure 9 shows the position of the chemical composition of the material used for the bell "Urban" on a copper-tin equilibrium diagram [69–71].[image: ]
Fig. 9Copper-tin equilibrium diagram of the material used for the bell "Urban"


Based on Fig. 9, it is possible to analyse the phase transformations of the alloy and to understand the process of its solidification. Solidification begins at the temperature defined by point A and ends at the temperature defined by point B. After solidification, the alloy has a structure consisting of phase α (a solid solution of tin in copper containing up to 15.2% Sn) and phase β (an intermediate electronic phase containing 22.0–26.0% Sn). The analyses of the chemical composition made it possible to determine the share of individual elements and, above all, to calculate the average density of the bronze. The density of the bronze was determined assuming additivity, i.e. the density of bronze is equal to the sum of the product of the share of individual elements (according to Fig. 7) and their density in the alloy (Table 4). In this case, the average density of the bronze is 8.677 g∙cm−3.Table 4Results for the density of the bronze


	 	Element/Calculation value
	Cu
	Sn
	Pb
	Sb
	Zn
	Fe
	Ni
	Ag

	(1)
	Average content of elements in the bronze for 6 determinations
[–]
	0.7833
	0.152
	0.0284
	0.0269
	0.0035
	0.0003
	0.0041
	0.0015

	(2)
	Element density [g∙cm−3]
	8.92
	7.29
	11.34
	6.69
	7.14
	7.87
	8.91
	10.49

	(3)
	Product: (1) × (2)
	6.9870
	1.1081
	0.3221
	0.1800
	0.0250
	0.0024
	0.0365
	0.0157

	Bronze density [g∙cm−3]: sum of the values from line (3)
	8.677




The density value obtained was compared with the density value found in literature [72], which said that the density of metal classified as bronze could be assumed as 8.800 g∙cm−3. To verify if the average density obtained from the tests was in compliance with the value found in literature, a parametric test for the average value was used—the test T.
Based on the test of the hypothesis at the assumed significance level of α = 0.05, and the density of the bronze determined during the research, it can be concluded that this density value is significantly different from the value of 8.800 g∙cm−3 found in literature. The tests conducted on the hypothesis for the average density confirm that tin bronze in terms of its physical characteristics, in this case density, is different in each historical bell, and information about this material found in literature may not always be reliable. They also confirm that although the use of the additive method for density calculations is an approximate approach, it is sufficient for structural and construction analyses.

Determination of the mass of the bell and discussion of the results
Based on the geodetic measurements and chemical tests, the volume and density of the bell were determined, which made it possible to determine its mass: m = 0.216m3·106cm3·8.677 g∙cm−3 = 1872.07 kg. The weight of the damaged clapper of the bell is 65.52 kg. The total weight of the bell, including the clapper, is 1937.59 kg. The authors also attempted to determine the mass of the bell on the basis of dynamic tests, for which a portable Scadas Mobile analyzer and one acceleration sensor were used. The results were similar, however, due to the clapper damage, it was decided that it would be more advantageous to use the proposed hybrid method.
To this day, tin is used for making bronze and constitutes 15–20% of its weight. The share of harder, high-tin phases in the structure of the alloy affects the tone and sound of a bell. For this reason, the materials used in the past to cast bells were characterized by individual properties that guaranteed their characteristic and unique sound. Despite attempts to replace rare and expensive tin with other elements, it has not been possible to obtain an alloy with similar sound properties. At this point, it is worth emphasizing that bronzes containing less tin have lower hardness and greater plasticity, and for this reason, they are resistant to all kinds of impacts. Bronzes containing a higher admixture of tin are harder and more brittle.
In the samples obtained from the bell, apart from the content of copper (78.33%), tin (15.20%) and lead (2.84%), there are also contents of other elements that are impurities. For example, there is a relatively high content of antimony (2.69%). At present, antimony is considered to be a harmful impurity that makes alloys brittle. Lead (2.89% in the tested material) is also considered an undesirable admixture because it does not dissolve in bronze and forms separate inclusions that increase the ability of the material to damp vibrations. However, using the bell casting technique of the time (seventeenth century), it is not possible to avoid such defects. The metallurgical research conducted in this case indicates that the bell "Urban" represents a high level of 17th-century bell founding technology. At this point, it is worth quoting the results of analyses of the chemical composition of materials from other bells located in various parts of the world available in literature and comparing them with the results obtained in this case [72–74]. The comparison is shown in Table 5. A similar content of tin as in the bell "Urban" was found in the material of the bell from Japan dating back to the eighth century. The other bells listed in Table 5 were made of materials containing different contents of tin.Table 5Chemical composition of the tested material compared with other cases. Prepared by the authors, based on [74]


	Country/time of manufacture
	Content of elements [%]

	Cu
	Sn
	Zn
	Sb
	Pb
	Ni
	Fe
	Other

	Poland, bell Urban, 17th c
	78.33
	15.20
	0.35
	2.69
	2.84
	0.41
	0.03
	0.15 Ag

	China, 1110-221 BC
	 	17.45
	0.08
	 	8.46
	0.03
	 	 
	Japan, 8th c
	 	15.45
	 	8.32
	5.63
	1.35
	 	 
	England, 10th c.
	 	18.75
	 	 	4.35
	1.00
	 	 
	Russia, Tsar-kolokol bell, 18th c
	84,51
	13.91
	 	 	 	 	 	1.25 S

	Korean Sangwonsa bell 8th c
	83.87
	13.26
	0.32
	 	2.12
	 	 	 
	Japan, Japanese bell, 20th c
	82.10
	9.00–13.00
	1.00–1.70
	 	 	 	 	 
	USA, Los Angeles, 20th c
	86.07
	13.3
	0.14
	0.01
	0.08
	 	0.07
	 





Conclusions
During the conservation of historic buildings, it is advisable to measure the physical and chemical properties of their elements using methods that are as little invasive to their structure as possible. For this reason, the authors of the research proposed an interdisciplinary hybrid approach to determine the mass of the historic bell "Urban", combining non-contact measurements of the geometry of the object with geodetic methods and chemical material tests.
The use of tacheometry and terrestrial laser scanning (TLS) enabled non-contact measurements of the geometry of the outer and inner of the bell, construction of its 3D model and eventually calculation of the volume of the bell. It should be emphasized that the results of the interpolation of the surface of the bell from tacheometric measurements are subject to a slightly greater uncertainty, which probably results from the lower density of measurement points. The values of the volume of the bell obtained with both methods were compared using statistical parametric tests for the mean value and variance. It was shown that at the assumed significance level of α = 0.05, the volumes determined using both measurement methods did not differ significantly. Finally, the volume of the bell was determined as the arithmetic mean of both measurement methods, which was 0.216 m3.
Extensive chemical research, in this case in the field of metallurgy, carried out using modern microscopic techniques, made it possible to determine the essential characteristics of the material used to cast the bell and to formulate conclusions about the conditions in which it had been cast. It was found that apart from the content of copper (78.33%), tin (15.20%) and lead (2.84%) the material of the bell contained other impurities, e.g. antimony and lead. Scanning electron microscopy combined with the EDS technique enabled microanalysis of the elemental composition of the surface of the samples and showed many gaseous and non-metallic inclusions. The determination of the chemical composition and the share of individual elements made it possible to calculate the average density of the bronze. The density of the bronze was determined assuming additivity (the density of bronze is equal to the sum of the product of the share of individual elements and their density in the alloy). In this case, the average density of the bronze is 8.677 g∙cm−3. The proposed hybrid method, made it possible to determine the volume of the bell and the density of the material without the need to dismantle the bell. Thus, the mass of the bell was determined, which was the goal of the research. The mass of the bell is 1872.07 kg, and including the damaged clapper it is 1937.59 kg. It should be emphasized that microscopic examinations were performed on samples from the damaged clapper. The results of the detailed examination of the chemical composition of the samples are very important, also in terms of repair work since they can contribute significantly to the reconstruction of the clapper and also enable other repairs or conservation work in a way that is safe for the research object. Moreover, the use of laser scanning enabled the construction of a spatial model that can complete the conservation documentation of the bell and facilitate possible conservation work in the future.
Based on the conducted research, we propose a novel hybrid method as a tool to be used by practitioners. Both the proposed method and the review of the state of the art can then be used to determine the mass of bells (also during conservation work assessing the degree of wear of materials), with accuracy that meets the requirements of the work, as evidenced by an example of the analysis.
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