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Abstract. Churches are part of heritage structures that take an important role in Europe´s 
cultural identity. As such, these structures must be protected to prevent catastrophic collapse 
and any damage must be reported timely to establish planning to maintenance and restoration. 
This can be achievable when the churches are monitored periodically with regular intervals. 
However, this monitoring strategy has not been available in most of the Europe’s churches for 
a number of reasons, complexity of the structures and limited budget are just two of them. Laser 
scanning has been widely used in capturing rich three-dimensional (3D) topographic data of 
visible surfaces of a structure with high accuracy. This paper presents a methodology to 
determine the shape and possible deviation from verticality of the church’s tower for 
monitoring deformation using a terrestrial laser scanner. The 500-year old wooden tower of 
St. Bavo Church in Haarlem, Netherlands is selected as a case study. First, point clouds of the 
tower captured from different views are registered into the same coordinate system. Second, a 
RANSAC method is employed to extract point clouds of a whole façades of the tower. Next, a 
point and surface-based method is proposed to compute the deformation of the surface from its 
data points. The results indicate that there is slightly different deformation between the tower 
facades in the same story and in neighbour stories. Moreover, the maximum total relative 
deformation at Story 7 of the tower by 0.63m. 

1 INTRODUCTION 
Monitoring of structures is becoming an important task allowing to discover deficiencies, 

movements, rotations and any time related effects, allowing to better protect the structures and 
to predict and prevent possible adverse events. Common methods are based on measured signals 
from sensors (e.g. accelerometers, deformometers) or on measured discrete points by using 
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digital levelling and total stations. However, for heritage structures, non-contact methods are 
preferable because of cultural value restrictions, that prohibit any structural alterations. By 
using traditional surveying equipment (e.g. digital levelling, total station), resulting 
deformations of structures are based on a point-wise approach. This requires high accuracy of 
the measuring devices. However, with such methods, as often only a few points on the structure 
can be measured, the deformation may not fully reflect the actual condition of the structure. As 
such, assessment results must only be interpreted by experienced inspectors. 
Laser scanning has appeared as one of the best available technologies to capture details of 
structures’ surfaces quickly, efficiently and accurately. The accuracy of a single point that can 
be achieved is about a millimetre, whereas it can be up to a centimetre for registered points 
coming from multiple scanning stations. Laser scanning has been widely used in various 
applications, e.g. finite element mesh generation [1], structural assessment [2, 3] and 
deformations [4]. In terms of using laser scanning for deformation measurements, the accuracy 
of registered points may not fully satisfy the requirements, but surface-wise methods are often 
used to determine the surface deformation based on a point cloud of the surface. Such 
approaches can compensate the accuracy of the point cloud by exploring correlations between 
the points, which allows to define an extent of a (surface) deformation or a surface anomaly in 
an accurate and reliable way [5]. In this paper, a methodology is presented to measure 
deformations of the wooden tower of St. Bavo Church in Haarlem, the Netherlands, by using 
terrestrial laser scanning data. Main challenge of this study is that the long-term behaviour of 
the wooden tower has resulted in non-uniform deformations in the entire structure, which 
requires to determine deformations of individual surfaces. Moreover, as complexity of the 
tower’s geometry is high, exterior planar surfaces of the tower are difficult to extract from 
massive point clouds.  

2 RELATED WORKS 
Laser scanning has been commonly used to capture surfaces of structural components for 

structural engineering’s purpose, e.g. deformation measurement, surface damage detection and 
finite element generation. A systematic overview of a wide range of applications of laser 
scanning in heritage and civil structures was recently published at [6]. This survey is restricted 
to deformation measurements of the heritage structures.  
 
González-Aguilera el at. [7] measure deformation of the Mediaeval Wall of Avila (Spain) by 
analysing a point cloud of the wall acquired by a Trimble GX200 laser scanner. Surfaces of the 
wall are extracted by using a planar surface fitting and then multiple vertical and horizontal 
cross-sections of the fitted surfaces are used to determine wall deformation between different 
epochs. Also using a surface-based method, in measuring deformation of the Garisenda and 
Asinelli towers in Bologna (Italy), Pesci et al. [8] propose two reference surfaces, which are (i) 
the vertical surface through the base of the towers, and (ii) the best fitting plane of a point cloud 
of a surface. Deformation is herein the distance from the points to the reference points. 
Additionally, Bonali et al. [9] determine deformation of the Cantalovo church (Italy) as 
distances from point clouds to surfaces to its fitting primitive.  
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In measuring deformations of the Asinelli tower in Bologna, Bertacchini et al. [10] slices the 
point cloud of the tower in the elevation direction at an interval 10cm and computes the centroid 
of each horizontal slice, which is considered as the point of a barycentre axis for determining 
deviation from verticality (out-of-plumb) of the tower [10]. Similarly, Bhadrakom and 
Chaiyasarn [11] reconstruct the central line of a tower of the Ayutthaya temples (Thailand) by 
measuring a tilt angle. A point cloud of the tower is separated in multiple horizontal slices along 
elevation. As the tower shape is a cylinder, the center points of the horizontal slice are 
determined as the centre of a fitting cylinder. The strategy using a central line to determine a 
deformation is also applied by Muszynski and Milczarek [12] when they measure the 
inclination of chimney’s axis. 
 
Although those methods can determine deformations of historic structures, they still have some 
drawbacks. First, methods-based fitting surface through all points of the façade may not be 
applicable for structures subjected to non-linear or multi-linear deformations along the 
elevation of the façade. Moreover, using the best fitting surface as the reference surface may 
include an error of data acquisition and registration, and existing damage in the surface, which 
lead to relative low accuracy of the reference. Second, using a point cloud of horizontal slices 
to determine the central line is applicable only when the data points cover major surfaces of the 
section. In addition, when a small damage is available on the cross-section, a change of the 
centre point compared to one from an undamaged cross-section may not be detected because 
the centre point determination is dominated by a large amount of the points on an undamaged 
area. Moreover, when the structure is subjected to a large deformation, the horizontal slice is 
not perpendicular to the central line of the structure, which means the centre points of the 
horizontal slice is slightly offset the centre line. Therefore, this paper proposes a point and 
surface-based method to analyse a point cloud of a wooden tower of a heritage church to 
monitor its deformation. 
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a) A 1:25 scale of the timber frame b) A photo of the tower 

Figure 1. The wooden tower of St. Bravo church in Haarlem, The Netherlands 

3 CASE STUDY 
The St. Bavo church in Haarlem, Netherlands was built in 1370 and completed in 1520, with 

a total height of 49m excluding the tower [13]. The church was made from stone while the 
European Oakwood was used to build the current tower, which exterior surfaces of the tower 
were covered by the lead cladding. Figure 1 shows a skeleton and exterior texturing surfaces of 
the wooden tower. The skeleton model was made based on hand measurements. 

4 PROPOSED METHODS 
 A goal of this study is to determine the shape and possible deviation from verticality of the 
wooden tower of the St. Bavo Church, which is then used for monitoring its deformation. The 
proposed method consists of 3 steps as shown in Fig. 2. Step 1 and 2 extract point clouds of 
surfaces representing octagon facades of the tower, which are done using as-built tools in 
software, while the proposed automatic algorithm is developed to compute deformation of each 
surface of the tower (Step 3).  
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Figure 2. Proposed workflow for deformation measurement 

4.1 Data acquisition  
Geometric data of exterior surfaces of the tower are acquired by a Leica ScanStation P40 on 

Feb. 2019. This scanner was selected because it can capture visible surfaces at high details 
quickly and accurately from a long distance. A Leica ScanStation P40 has a maximum scanning 
range at 270m and an angular accuracy of 8 seconds of arc in both vertical and horizontal [14]. 
However, due to the complexity of the church itself and a limited budget, only parts of the 
exterior surfaces of the tower could be captured from the ground level. During data acquisition, 
a sampling step of 0.8mm at a range of 10m was used, which translates to an average sampling 
step of 6.2mm on the surface for an average scanning distance of 55.5m from the ground level.  
A total of 10 scanning stations was established to maximize data coverage (Fig. 3a). A total of 
57.64 million acquired points represent the tower. 
To register point clouds from 10 scanning stations, 4.5inches circular black-white artificial 
targets were used as mutual references between 2 scanning stations. The registration process 
was done within the Leica Cyclone software [15] with the registration error about 5mm. 
However, during data acquisition, although only parts of the tower was selected to capture, the 
overlap between scans from different stations and irrelevant surfaces are often available. As 
such, irrelevant surfaces were manually cleaned within the Leica Cyclone software [15]. 
Moreover, point density is linear proportional to the scanning range, which can cause a negative 
impact on surface extraction because of un-even point distribution. In addition, as dense data 
points in overlap areas may not be necessary in determining deformations, the point cloud is 
down-sampled with the distance between two adjacent points of no more than 5mm, which also 
reduces intensive computation in data processing. This reduced the initial scanning data set 
from 57.64 million points to 22.44 million points. Finally, the point cloud in the scanning 
coordinate system (Fig. 3b) is translated to a tower coordinate system (Fig. 1a), which means 
the elevation of the story-based point cloud matches the elevation on the sketched skeleton 
model (Fig. 1a). 
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a) Locations of the scanning stations b) A point cloud of the tower 

Figure 3. Data acquisition for the tower of the St. Bravo Church 

4.2 Segmentation 
Well-known segmentation methods for point clouds are region growing-based methods [16, 

17] and Random Sample Consensus (RANSAC) methods [18]. However, as region growing 
based methods are time consuming and difficulty to select appropriate parameters to segment 
surfaces of the complex structures like this tower, the RANSAC method efficient in extracting 
planar surfaces is selected in this study. The RANSAC method starts randomly to select a 
number of points to generate a hypothesis close to a truth geometric model, and the hypothesis 
is then evaluated based on the number of inlier points, which are the points having an error, 
which is commonly Euclidian distance, less than a threshold. The final estimation model is the 
model having the largest number of the inlier points.  
As the tower is made from wood, its behaviour may not be fully rigid. That implies a 
deformation of each surface/facade in each story and of each story are different. As such, 
surfaces on the octagon façades of each story are needed to extract. However, if the RANSAC 
method is applied on the data set of the tower, the desired results may not be obtained because 
the point clouds of different stories may impact to evaluate a local surface of a façade. 
Moreover, using the point cloud of the tower as a whole input data for segmentation is 
unnecessary since in this case the RANSAC method must process a large data set to extract the 
façade surfaces. 
As such, the point cloud of each story is first manually extracted based on the elevations of the 
bottom and top of the story (Fig. 4a), and then the point cloud of each façade for each story was 
manually separated through the columns between the facades (Fig. 4a and b). This work was 
done within CloudCompare software [19]. Notably, although this work is manually, it does not 
affect the façade surface extraction. Finally, the RANSAC method proposed by Schnabel et al. 
[18], which is implemented in CloudCompare [19], is selected to extract planar surfaces. The 
segmentation is required to define three important input parameters: (1) the minimum number 
of points to define the final model - min_ptc, (2) the maximum distance from the point to the 
model max, and (3) the deviation of points’ normal vectors to the model normal at the points - 
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. These values are respectively pre-defined as 300 points, 0.01m and 5 degrees. Although the 
RANSAC method can extract planar surfaces efficiently, a resulting segment may contain 
several objects’ surfaces, so-called spurious surfaces. This issue can be eliminated by 
implementing a connected component labelling [20] to cluster the points of the segment, in 
which the distance between the points in the cluster is no larger than 0.2m. The final resulted 
segments for each façade for deformation measurement are shown in Fig. 4c.   
 

 

 

  
a) Point clouds after 

registration and cleaning 
b) Point cloud of Story 6 (top) and its 

façades after separation (bottom) 
c) Resulting segmentation 
from RANSAC method 

Figure 4. Extracting a point cloud of facades’ surfaces  

4.3 Deformation measurement 
As the tower is made from wood, a deformation of each surface/facade in each story and of 

each story can be different because connections between elements are not rigid. In this study, 
the deformation of the tower computed from the point cloud is based on following assumptions: 
(1) an un-deformed or initial surface is the perfectly vertical surface, (2) a segmented surface 
represents  the façade surface, (3) the deformation of the tower is herein defined as the out-of-
plumb of the vertical surface and (4) the deformation is a relative deformation respecting to the 
bottom story or the bottom of Story 5. The schematic diagram for computing relative 
deformation of the surface at each story is shown in Fig. 5. 
From the point cloud of the segmented planar surface, a fitting surface is estimated using a 
principal component analysis [21], in which the normal vector of the surface is the eigen-vector 
(n1 = (n1.x, n1.y, n1.z)) corresponding to the smallest eigen-value determined from a covariance 
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matrix (Eq. 1).  

 𝐶𝐶 = ∑ (𝑝𝑝𝑖𝑖 − 𝑝𝑝0)(𝑝𝑝𝑖𝑖 − 𝑝𝑝0)𝑇𝑇𝑁𝑁
𝑖𝑖=1  (1) 

where p0 is the centroid point computed from the points P = {pi  R3 | i = [1,N]} 

 
Figure 5. Schematic diagram for estimating deformation 

 
The fitting plane S1 can describe as the point P1 = (x1, y1, z1) and the normal vector n1. Based 
on the assumptions above, an initial or undeformed surface S0 of the façade is the vertical 
surface through an intersection between the fitting surface and the horizontal bottom surface 
(Sbottom) of the story (Fig. 5). The process starts to determine the intersection line (L) between 
S1(P1, n1) and Sbottom (P’0, nz), where P’0 = (x1, y1, z0), nz = (0,0,1), and z0 is the elevation of the 
bottom story. Next, the initial or undeformed surface S0 is defined by the point P0 and the normal 
vector n0, where P0 and n1 are the projection of P1 and n1 onto L and Sbottom, respectively. 
To estimate the deformation, a vertical slope of each surface is calculated as given in Eq. 2. 

∆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠=  𝑑𝑑(𝑃𝑃2, 𝑃𝑃2
′)

𝐻𝐻  (2) 

where d(P2, P’2) is the distance from the point P2 to S0, P2 is the projection of P1 onto the 
intersection line between S1 and the horizontal top surface of the story, H is the height of the 
story.  
Next, point and surface-based methods for computing a relative deformation of the surface is 
given as expressed in Eq. 3, which are distances from the data points of the segmented surface 
to the undeformed surface S0(P0, n0).  

𝛿𝛿𝑟𝑟𝑠𝑠𝑠𝑠 = 𝑑𝑑(𝒑𝒑𝑖𝑖, 𝑆𝑆0) =  𝑛𝑛0. 𝑥𝑥 ∗ 𝑥𝑥𝑖𝑖 +  𝑛𝑛0. 𝑦𝑦 ∗ 𝑦𝑦𝑖𝑖 +  𝑛𝑛0. 𝑧𝑧 ∗ 𝑧𝑧𝑖𝑖  +  𝑑𝑑0

√𝑛𝑛0
2. x + 𝑛𝑛0

2. y + 𝑛𝑛0
2. z

 (3) 

where P = {pi  R3 | i = [1,N]} are the point cloud of the façade surface and 𝑑𝑑0 =  𝑛𝑛0. 𝑥𝑥 ∗ 𝑥𝑥0 +
 𝑛𝑛0. 𝑦𝑦 ∗ 𝑦𝑦0 +  𝑛𝑛0. 𝑧𝑧 ∗ 𝑧𝑧0. For the surface-based method, pi is the point on the fitting surface S1. 
 
Finally, cumulative relative deformation (cumrel,i) of Story i is calculated according to Eq. 4.  

𝛿𝛿𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑠𝑠𝑠𝑠,𝑖𝑖 =  𝛿𝛿𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑠𝑠𝑠𝑠,𝑖𝑖−1 + 𝛿𝛿𝑟𝑟𝑠𝑠𝑠𝑠,𝑖𝑖  (4) 

where cumrel,i-1 is the cumulate relative deformation-based surface at Story i-1, and rel,i is the 
relative deformation from the point- or surface-based methods of Story i. 
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4.4 Results and Discussions 
As exterior surfaces of the tower are captured by laser scanning, geometric data of the tower 
skeleton is not available. Based on dimensions from the skeleton models and point clouds of 
exterior facades of the tower, in this data acquisition, only data points representing the exterior 
surfaces of Story 5 to Story 7 are available. Vertical slopes of facades are illustrated in Fig. 6, 
in which the absolute vertical slopes vary from 0.26% (Façade 2) to 3.21% (Façade 8) for Story 
5, from 0.12% (Façade 2) to 3.66% (Façade 8) for Story 6, and 0.44% (Façade 2) to 3.73% 
(Façade 8) for Story 7. Even though in the same story, the vertical slopes of two opposite 
facades are different. For example, in Story 5, the vertical slopes of Façade 3 and 7 are 
respectively -1.36% and 2.47%. Moreover, the slopes of the same facades in different stories 
are also different, which can be seen when comparing the vertical slopes of Façade 7 are 2.47%, 
3.04% and 1.81% for Story 5, 6 and 7. From resulting vertical slopes, it can conclude that the 
shape of the stories are not in line and each story is slightly tilted compared to the neighbour 
stories. 
 
Relative deformation from the point-based method is illustrated in Fig. 7a. Large relative 
deformation is found in Story 5, with values varying from -0.24m to 0.41m outward and inward 
to the towers´ central line, respectively. For other stories, the relative deformation is not more 
than -0.22m outward and 0.25m inward. Additionally, cumulate relative deformation shows 
that the largest deformation of the tower is up to 0.59m and -0.64m inward and outward the 
tower central line, respectively (Fig. 7b). As the deformation from the point-based method 
computed from the points of the fitting surface S1, it does not reflect overall deformation of the 
facades or the tower. Therefore, the deformation of the facades can be seen through the 
cumulate relative deformation from the surface-based method (Fig. 8). Except for Façade 2 and 
6, other façades are subjected to a large deformation. The maximum cumulate relative 
deformation is 0.51m inward and -0.63m outward of the tower central line. Moreover, the 
cumulate relative deformation also illustrate that deformation of the tower is not following a 
linear relationship, for example, in Façade 8, the cumulative relative deformation from the 
bottom of Story 5 and the top of Story 7 is respectively 0.0m, -0.41m, -0.22m, and -0.38m. 
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(*) Note: (i) Negative slopes mean facades deformed inward to the tower central line and vice-versa;  
(ii) Continuous lines represent the fitting surface while dashed lines are extrapolation surfaces 

Figure 6. Vertical slopes of Facades   

  
a) Relative deformation-based point b) Accumulate relative deformation-based point 

(*) Note: Negative values represent a relative deformation inward to the tower central line and vice-versa 

Figure 7. Point-based relative deformation of the tower (*)  
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A visualization check shows that the tower is clearly inclined in North-West direction, which 
is completely in agreement with the resulted deformation estimated from the 3D point cloud. 
Moreover, the last measurement in 2011 reported that the total displacement of the tower from 
1898 to 2011 is about 32 cm. That implies the tower deformation is more than 2 times larger 
than that of the last record. As the tower deformation is increased significantly in the last 8 
years, it would recommend to monitor the tower’s deformation with higher frequency and 
additional technique should be implemented to measure deformations of the entire tower. 
However, the deformation of St. Bavo church’s tower is still smaller than that of Walfridus 
church (Bedum, Netherlands) and San Bendetto Church (Ferrare, Germany), which total 
deformations are of 2610mm [22] and 2530mm [23], respectively.  

 
Figure 8. Cumulate relative deformation of the tower from a surface-based method 

5. CONCLUSIONS 

Heritage structures are delicate with environmental impact, which must be monitored with high 
frequency and accuracy, but limited budget does not always allow to implement this strategy. 
Using 3D Laser scanning to monitor cultural heritage structures could allow for a better 
understanding of the state of the structure with respect to its shape and dimensions. This is a 
fast and efficient technology and allows for extraction of data that can be used in structural 
analysis. This paper presents a methodology to measure relative deformation of a wooden tower 
of the St. Bavo Church in Haarlem, Netherlands. Surfaces describing the tower are extracted 
from point clouds of octagon facades in each story by using a RANSAC method. Next, a 
deformation of each surface is computed from point- and surface-based methods with the 
assumption that an initial or undeformed surface is perfectly vertical. The results show that the 
deformation of each façade in the same story and in different story are different and the large 
deformation is found in Story 5 with a relative deformation about 0.41m outward the tower 
central line. Moreover, a total relative deformation at the top of Story 6 is up to 0.63m outward 
the tower central line, which is about 2 times larger than the last record in 2011 with a total 
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deformation of 0.32m comparing to that in 1898. As a cost to measure deformation of an entire 
tower is relatively low, a monitoring campaign can easily increase a measurement frequency to 
identify anomaly response of the tower. Moreover, the permanent scanning can capture a 
change of the tower in a specific interval time, which allows to report the deformation in nearly 
continuously. However, in this case, only parts of the structure within the effective range of the 
scanner can be measured. 
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