Journal of Cultural Heritage 67 (2024) 541-552

journal homepage: www.elsevier.com/locate/culher

Contents lists available at ScienceDirect

Journal of Cultural Heritage

ournal
tural Heritage

Original article

Systematization proposal for the analysis of columns from point N

clouds

Check for
updates

Agusti Costa-Jover®™*, Amparo Niifiez Andrés?, Felipe Buill Pozuelo? David Moreno

Garcia®, Sergio Coll-Pla®

aEscola Técnica Superior d’Arquitectura (ETSA), Universitat Rovira i Virgili, 43204, Tarragona, Spain
b Department of Civil and Environmental Engineering, Division of Geotechnical Engineering and Geosciences, Universitat Politécnica de

Catalunya-BarcelonaTech, 08028, Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 29 August 2023
Accepted 24 April 2024
Available online 14 May 2024

Keywords:

Point cloud

Formal anomalies

Column

Massive data capture techniques

The research is framed in the significant development of massive data capture techniques in the 21st
century, with point clouds becoming essential in various fields. In the context of architectural heritage,
this topographical information is particularly useful in identifying and analysing formal anomalies, among
many other applications. The study focuses on systematizing the analysis of columns, vital structural el-
ements with diverse formal definitions, especially in historical buildings. The research proposes a simple
workflow based mainly on open-source software for the systematic formal study columns. The investiga-
tion explores two types of formal anomalies, namely buckling and bulging, testing different methodologi-
cal approaches. The results offer insights into the advantages and disadvantages of the proposed methods,
enabling detailed parameterization of the analysed anomalies. That information is crucial from the point

of view of diagnosis and conservation.
© 2024 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche

(CNR).
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The techniques for the massive capture of spatial information
have undergone significant development throughout the twenty-
first century. Notably, digital photogrammetry and terrestrial laser
scanning sensors (TLS) have emerged as prominent methods. Cur-
rently, these techniques allow for the acquisition of high-resolution
and high-precision point clouds in a relatively short period of time
and non-invasively.

These data can be exploited from various disciplines. Focusing
on the field of architectural heritage, these techniques often be-
come the sole feasible approach to achieve a comprehensive and
precise survey within a relatively short timeframe. Complex and
irregular shapes are common in this type of constructions, which
are frequently characterized by its large scale, making certain ele-
ments inaccessible. Numerous investigations have tested the tech-
nique’s reliability to survey a building’s geometry [1-4].

Obtaining topographic information regarding the present condi-
tion of construction elements is a key feature with multiple appli-
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cations, ranging from the definition of preventive or intervention-
based conservation strategies, if necessary, to historical and stylis-
tic studies and classification, among others. In recent years, tech-
nical advancements have significantly expanded the array of possi-
bilities for analysing these construction elements. A full overview
about laser scanner and the software to work with can be found
in [5].

The article proposes the systematization of the analysis process
of formal anomalies in ancient buildings, with a workflow that is
as simple as possible. Many studies have developed effective pro-
cedures using point cloud data to address that issue in ancient
structures. [6] and [7] analyse the deformations of churches from a
TLS survey, using graphic primitives and two-dimensional sections.
[8] presents several case studies for the analysis of deformations
from a point cloud by TLS, such as the leaning of walls from a
vertical comparison plane or the leaning of a tower from finding
the barycentre axis. [9] performs the deviation analysis, based on
a survey with TLS of a minaret by means of sections every certain
height, and from the centre of each section establishes the cen-
tral axis. It is also analysed from the cone that best approximates
the element, but the method used is not delved into. [10] devel-
ops a method for the analysis of displacements in a tower building
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from a 3D model obtained by photogrammetry with UAV imagery.
It is also remarkable the recent work in Notre Dame of Paris [11],
where simple procedures were needed to provide information in
short time, but with sufficient precision to analyse the construc-
tion after the fire from different datasets. Moreover [12], integrates
BIM (Building Information Model) modelling processes with defor-
mation analysis via open source software such as CloudCompare
from digital twins, which allows for a global analysis of formal
anomalies between the reference model and the point cloud. It is
an operation that combines different programs, in which special-
ized knowledge is necessary. Many of these examples propose sim-
ilar strategies, but in each case the analysis is resolved with differ-
ent methods and programs, adapted to the case study. The degree
of complexity is also variable, from more elementary solutions to
more complex methodologies, especially in recent years.

On the other hand, although the research does not directly deal
with these issues, it is important to have as context the studies
that addresses the typological definition of elements for segmen-
tation and classification based on point clouds, for the automatic
classification of 3D data [13,14]. In that context, some works deal
with the specific application of those strategies in architectural
heritage [15,16]. Focused on columns, it is of interest the works
[17,18], where the semantic characterization based on morphologi-
cal similarities allows the definition of simplified geometric recon-
structions of columns, and the methods used makes it possible to
evaluate geometric deviations of each element in the collection.

The research focuses on analysing a specific architectural ele-
ment: the column. It is a basic element of great conceptual sim-
plicity while also offering a plethora of compositional solutions.
Five basic typologies have been established, representing the most
common column types that can be found in historic buildings.
These typologies are defined based on the formal characteristics
derived from their sections. Of course, this classification does not
aim to encompass the entirety of possible typologies, as mentioned
earlier, since the richness of formal solutions can be very varied.
Therefore, the application of the proposed solutions to other case
studies would require a prior typological study to avoid confusing
accidental anomalies with those that may be intentional.

The proposed methodology builds upon previous work related
to the formal analysis of masonry structural elements such as
columns, vaults and arches [19-21] and also [22,23], among others.

2. Research aim

The aim of the research is to systematize an easy and accessi-
ble workflow, based on existing tools, to analyse column formal
anomalies. The investigation is focused on ancient columns, but
could be perfectly used in modern elements.

To ensure accessibility and ease of use for all users, the study
is conducted with limited computing resources, primarily rely-
ing on the open-source software CloudCompare (V2.12.4) for point
cloud processing. Supplementary calculations are performed using
a worksheet (Open Office 4.1.11) and Matlab (MathWorks, R2022a
Update 1).

3. Materials and methods
3.1. Study sample

The methodology is defined by directly working with the point
clouds of the columns acquired from the terrestrial laser scanner,
so potential errors arising from meshing processes are avoided. The
analysis approach must be adapted to accommodate the variety of
basic sections that can be found in ancient buildings. The study
proposes a representative sample of pillars with the most common
sections: round, square, octagonal, and clustered. A fifth subtype is
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considered, named irregular, for cases in which, despite having a
basic geometric shape (in the case analysed, rounded), the phys-
ical reality presents significant discrepancies with respect to that
shape. In addition, the survey exhibits relevant heterogeneities in
terms of point cloud density.

A sample of 4 pillars (representing those that define a struc-
tural span of a bay) has been selected for each type (named by
letters from a to d, ie. Pa, Pb, Pc, Pd) of the following Spanish build-
ings: churches of Bossost, Castell6 d’Empdries and Batea, and the
Cathedrals of Mallorca and Tortosa. Due to the presence of cap-
itals and/or bases with sculptural motifs, the analysis focuses on
the shaft of the pillars.

The survey of Bossost, Batea and Tortosa was carried out with
the Leica ScanStation P20 scanner (Lluis i Ginovart, Coll-Pla, Costa-
Jover 2014 campaigns), while in Mallorca and Castelld the Leica
RTC360 scanner was used (Coll-Pla, Costa-Jover, Moreno Garcia,
Samper-Sosa 2020 and 2022 respectively). The point cloud of each
pillar was obtained in the context of the general survey of the
buildings. The criteria for selecting the number of stations was
the same in all buildings. A minimum of 4 stations are performed
on each column to ensure that there are no occlusions. The point
cloud is complemented with other nearby stations, in the process
of surveying the rest of the building.

The accuracy of the P20 scanner is 6 mm at 50 m. In these
scans, a combination of Black&White and reflective targets was
used to perform the cloud-to-cloud alignment with the Cyclone
program, and the resulting average cloud-to-cloud register error is
3 mm. In the case of the RTC360 scanner, the precision is 5.3 mm
at 40 m, therefore, comparable to the previous case, and the align-
ment between clouds is done automatically with the Leica Cyclone
Register 360 program, where the average register error between
clouds in Castell6 d’Empiiries is established at 2 mm, while in Mal-
lorca it is 4 mm.

Before analysing the pillars from the point clouds, the following
processes are carried out:

- Manual segmentation of each column.

- Subsample and Resample establishing a minimum space be-
tween points of 0.005 m (according to the average resolution
of the TLS used).

- Manual segmentation of each column shaft.

- Cleaning of noise points with the CloudCompare tool Noise Fil-

ter (the absolute maximum error is set to 0.02 m)

Manual cleaning of outlier points and adjacent elements.

To obtain an initial approximation of the dimensional charac-
teristics of the columns shaft, in relation to the point clouds, the
main dimensional (height and area of the central section) and the
number of points is recorded in the following steps: the number
of original points for each complete pillar, the number after apply-
ing subsampling, and the number of points in the stem after noise
reduction and manual cleaning (see Table 1). For the so-called ir-
regular pillars, subsampling was not applied, as the original point
cloud already exhibited very low point density.

Based on the resulting points and the surface area, it is possible
to approximate the resolution of each column. The typology with
a lower average resolution is the clustered, with 8913 point/m?,
while the typology with the highest resolution is the octagonal,
with 19,509 point/m?2.

3.2. Analysis parameters

The identification and parameterization of formal anomalies in
historical constructions poses a challenge, as there is often limited
information about the initial shape, making it necessary to estab-
lish a hypothesis about a reference shape. These anomalies may re-
sult from errors during the setting-out or construction process, or
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Table 1
Main characteristics related to dimensions and number of points for each column.
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Height (m) Avg. Area (m?) Ne of original Ne of subsample Percentage Ne of clean Avg. resolution
Points Points OP-SP (%) Points (point./m2)
Irregular
Pa 3.405 0.80 239,970 - - 193,282 15,877
Pb 3.302 278,951 - - 217,782
Pc 3.340 167,428 - - 128,915
Pd 3.233 210,209 - - 158,302
Round
Pa 10.646 0.86 9,778,847 995,690 10.18 607,091 20,094
Pb 10.611 9,487,277 949,753 10.01 704,364
Pc 10.574 10,384,558 997,701 9.61 721,068
Pd 10.597 9,468,487 945,540 9.99 703,746
Square
Pa 7.33 133 1,181,659 861,382 72.90 503,701 12,884
Pb 7.355 1,085,732 829,523 76.40 488,198
Pc 7.350 1,135,511 828,531 72.97 453,742
Pd 7.399 1,197,243 798,272 66.68 431,582
Octagonal
Pa 20.488 235 21,565,393 4,249,940 19.71 2,791,040 19,510
Pb 20.62 24,009,436 4,441,892 18.50 2,618,387
Pc 20.473 19,160,685 3,926,646 20.49 2,380,896
Pd 20.602 22,274,951 4,466,484 20.05 2,520,805
Clustered
Pa 10.350 2.37 958,833 831,632 86.73 666,753 8913
Pb 10.354 1,080,607 937,697 86.78 743,034
Pc 10.349 705,130 617,184 87.53 488,068
Pd 10.155 702,713 593,000 84.39 466,465

they may have occurred after construction due to settlement pro-
cesses, interactions with nearby elements, or accidental incidents.

For the analysis of columns, certain assumptions can be made:
that the base has not experienced horizontal displacements, that
they were built to plumb, and that their vertical development was
uniform (unless intentional changes in the section were made ac-
cording to their typology or design).

The relevant alterations considered for the analysis are buck-
ling and bulging. Buckling is understood as the displacement rel-
ative to the longitudinal axis of the entire section of the column.
This displacement can occur in multiple forms, depending on fac-
tors such as the monolithic nature of the column or the restraint at
the ends, together with the load conditions. Buckling occurs when
the column bends outward relative to its central axis, resulting in
a horizontal section that is larger than the initial one. In columns,
we can also find the phenomenon of torsion, which refers to the
rotation or twisting experienced by a structural column around its
longitudinal axis. Torsion is not analysed, as its incidence is much
lower compared to the other parameters under examination. Set-
tlements have also been excluded from the analysis, as their detec-
tion requires a more comprehensive investigation, while the cur-
rent focus is on specific examples. (Fig. 1) summarizes the work-
flow for the analysis developed.

3.2.1. Buckling

The buckling alteration in columns induces transverse displace-
ments in the main direction of compression. It can manifest in var-
ious ways, with the type of structural union at the ends playing a
decisive role, along with other dimensional parameters. In cases
where the base is fixed and the upper end is free, the deformation
can result in a loss of verticality at the top. In the study, these for-
mal anomalies will be characterized based on distances and angles.

For the analysis, sections of points at different heights are used.
The study directly operates with the coordinates of the points
comprising these sections, after cleaning the point clouds to elim-
inate outliers that could distort the results.

The sections are defined by manually segmenting the point
cloud of each pillar, dividing it into four equal parts. It is con-
sidered that 4 parts are the minimum to identify anomalies along
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the height of columns, as it establishes a “checkpoint” on each half
(top and bottom) of the column. Depending on the magnitude and
location of possible anomalies identified, or the desirable accuracy
of the study, it would be necessary to increase the number of sec-
tions (in the overall column or focused on a certain area) to be
able to analyse the anomalies in greater detail, but the methodol-
ogy would be the same.

Thus, five sections are obtained, including the base, top, and
three intermediate ones. A step of 0.02 m is applied during the se-
lection of points for each section to ensure an adequate number of
points in each segment. Obviously, the criteria used to determine
the number of sections are designed to facilitate result compari-
son among different pillars. In a specific case study, the number
of necessary sections should be adjusted based on the state of the
pillar (more or less altered) and its height.

To ensure consistency in analysing various shapes of pillars, it
was decided to work based on the definition of the centroid of
points within each horizontal section. The position of this centroid
can be determined using different methods, and the reliability of
the analysis will depend on the quality provided by each method.

Three methods to obtain the centroid are tested, seeking to op-
timize the relationship between the complexity of the process and
the precision of the result. The proposed approaches, from least to
most complex, are:

a) calculation of the arithmetic means of the coordinates (x, y) of
the points in each section (spreadsheet)

b) calculation of the box containing each section (CloudCompare)

¢) calculation of the conic that best approximates the points of
each section (Matlab)

Once the centroid coordinates have been obtained by each
method, and one is selected to carry out the analysis of buckling
for each type of pillar. These are studied taking the centroid of the
column base section as the reference point (0,0), and the distance
between the reference point and the coordinates (x, y) of the cen-
troid of each section is established. The centroids also allow you to
establish the angle of the collapse, both in section and in plan.

Among the proposed methods, the first approach (a) is very ele-
mentary and does not involve any complexity. The second method
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Fig. 1. Workflow for the analysis of buckling and bulging in columns.

(b) relies on the coordinates provided by the CloudCompare pro- Table 2. ) ) ) )
gram for the bounding box containing the point cloud of each sec- Synthesis of the results an.d comparison of the centrmq cooranates obtained
. . . . . by the three methods: conics (CON), boxes (BOX), an arithmetic mean (MED).
tion. Both of these approximations offer a simple and rapid way
to determine the centroid. Additionally, the calculation of the cen- Difference between  Difference between
troid using a script developed for Matlab, which involves adjusting CON-BOX (m) CON-MED (m)
conics to the points of each section, is described in detail. Irregular  mean 0.003 0.120
A conic is the locus of the points in the (x, y) plane that sat- min. gggg g-g;g
. . . . . max. . .
isfy a complet(? quadratic equation, whose general expression is the Round mean 0.001 0.008
one collected in Eq (1). min. 0.000 0.001
2 2 _ max. 0.007 0.041
Ax" + By +Cxy +Dx+Ey+F =0 1) Square mean 0.012 0.070
For each of the points of each section at different heights, an min. 0.004 0.028
equation of this type is proposed, and later the system is solved Octagonal zzzn g'gg; g‘éil
!)y least squares, so that i_nformation on the goodness of the ad- min. 0001 0.021
justment made can be available. max. 0.028 0.115
Next, the results obtained were analysed using different statis- Clustered  mean 0.004 0.100
tical tests based on the covariance matrix of unknowns and ob- $‘£{ 8'8(1)2 g'gég
servgbles. and the residues of the latter, ellmlnatlpg those pomts Global mean  0.005 0.068
considered as gross errors or noise, and recalculating the solution Global min.  0.000 0.001
for each section. Global max.  0.052 0.365
Once we have the definitive values, we proceed to classify the
conic, and obtain its axes, centre, and rotation if applicable. To do E
this, we base ourselves on the matrix expression proposed once Ao = Q1o = R Aoy = Ay = P (3)

the coefficients of the curve are known, Eq (2). . )
The conics can be classified as follows:

Qoo Qo1 dgz\ (1 o
(lxy)lao an ap||x]=0 (2) - Ellipse:

Gy G ap y o Real .

o Imaginary
A conic is thus defined by a symmetric matrix. Starting from - Hyperbola
the invariants and the attached matrices A;; we proceed to ob- - Parabola
tain all the values, as well as the centre/pole and the diameters, - Pairs of lines:
in those that are possible, Eq (3). o No real parallels
C o No imaginary parallels

Ay =F, ap=A, ap =B, ap=a; = 5 o Real parallel or matching lines
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Fig. 2. Graphs of the results of the buckling distances (m

o Imaginary parallels
o Matching lines

Starting from the general equation of a conic, its reduced equa-
tion can be reached by consecutively applying a rotation and a
translation in an appropriate way.

The reduced equation of a conic is a simplified equation of the
curve that locates the centre (if it exists) of the conic at the ori-
gin of coordinates, while the axes have specific relations with the
conic. In the case at hand, it would be ellipses with general equa-
tion, Eq (4).
a’'oo+ @'1X° +a'y* =0 (4)

For all columns, sections with sufficient resolution and point
density were available to consider them complete. Therefore, for all
cases an ellipse can be calculated as a conic since it is a closed set.
Even so, we worked adjusting the general equation of the conics
(Eq. (2)), with equation systems with a high degree of redundancy.
After classification we verify that the conic is an ellipse. From the
coefficients, Eq. (2) and Eq. (3). the centre can be obtained. Actu-

y 4
=

N

0,03

) obtained in each pillar.

ally, this is the parameter that we need to compare to the other
methodologies applied in the study.

3.2.2. Bulging

When buckling occurs, it manifests across the entire section, re-
sulting in anomalies on one side of the column corresponding to
those on the opposite side. We will speak of 'bulging’ when this
alteration in the vertical development occurs only on one side.

The sections carried out in the study of buckling provide an ini-
tial approximation to the problem but offer only partial informa-
tion. As a result, the developed analysis focuses on exploring the
possibilities of conducting a 3D study.

Thus, the analysis of bulges is carried out by comparing the
point cloud with a reference shape that makes it possible to iden-
tify and quantify the alterations. Two analysis methods are pro-
posed in function of the procedure to define the reference form,
which in both cases will be a 3d mesh:

- Analysis from a digital twin
- Analysis from a primitive form of reference
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Fig. 3. Buckling representation in floor plant: a) plan representation of the centroids from the overlap of each section; b) example of representation contextualized in the
building, of the direction of the buckling.
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Fig. 4. Results for each type of pillar, from the comparison between the point cloud and the digital twin.
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Fig. 5. Analysis of the distance ranges (in meters) between the digital twin and the point cloud, based on the histograms of each pillar.

When creating a digital twin, the existence of a buckling must
be taken into account, since it can mask the results of the analysis
by altering the vector from the centre of mass. In order to min-
imize the distance between the point cloud and the digital twin,
this is generated from the section at the base of the column and
is developed in height from the vector resulting from joining the
centroids of the extreme sections.

Additionally, the analysis based on primitives is a consolidated
method (see references in the Introduction section). In this study,
we have chosen to use robust methods, as is the well known Ran-
dom sample consensus (RANSAC) method [24].

Once the reference shape is obtained by these both methods,
the distances between said shape and the point cloud are calcu-
lated. In this way, it is possible to analyse the results obtained by
these methods. The analysis based on reference primitives is not
applicable in the case of clustered columns, due to their formal
complexity.

4. Results
4.1. Buckling analysis

As previously introduced, the buckling analysis involves cal-
culating the centroids of different sections in each column. First,
the centroid coordinates obtained for each column using the three
proposed methods are studied and compared between conics and
boxes (CON-BOX) and conics and arithmetic mean (CON-MED).
Table 2, summarizes the results obtained, indicating the maximum
and minimum differential distances (in absolute value), and the
mean value of the difference in each set of columns (irregular,
round, square, octagonal and clustered).

If we analyse the differences between the calculation of the
centroid using different methods, the total mean difference when
comparing conics with boxes (CON-BOX) is 0.005 m, with a range
of values of [0.000, 0.052 m]. On the other hand, when comparing
conics with the arithmetic mean (CON-MED) the mean difference
is 0.068 m, and the range of values is [0.001, 0.365 m].

The difference in the first case (CON-BOX) is considered neg-
ligible, as it corresponds to the measurement noise itself, (avg.=
0.005 m). However, the calculation using the mean (CON-MED) re-
sults in larger discrepancies (avg.= 0.068 m). These results can be
attributed to the lack of homogeneity in the point cloud. The high-
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est differences are observed in the case of irregular columns, with
a mean difference of 0.120 m, and slightly lower, 0.100 m, for clus-
tered columns. These typologies exhibit greater heterogeneity in
the distribution of points due to the data collection and the geom-
etry of the column (variation of the radial distance). This evidences
that the calculation of the centroid through the arithmetic mean is
highly sensitive to the distribution of points, making it less reliable
in unfavourable cases.

Next, the buckling of each pillar is analysed based on the results
obtained from the conical method. The analysis involves defining
the horizontal displacement vector of each centroid and its angle
of inclination with respect to the vertical plane. These parameters
enable the identification of whether the buckling occurs homoge-
neously (linear throughout all the height), or heterogeneously (it
can be progressive or irregular).

The coordinates of the centroid at the base are considered the
reference point (0,0). From there, the horizontal displacement vec-
tor of each centroid with respect to the reference point (0,0) and
the angle formed by the displacement in relation to the vertical
axis are determined.

Fig. 2 displays the results obtained in each column. For each
section, the height, buckling value, and angle with respect to the
vertical are specified. Naturally, the maximum buckling value is
found in the upper sections, specifically in the Pb pillar of the oc-
tagonal typology, which is the tallest at >20 m. On the other hand,
the steepest angle is observed in the Pb column of the irregular ty-
pology. Despite its height being just over 3 m, this inclination does
not lead to a large leaning.

In the cases of the irregular, round, and square typologies, note-
worthy patterns emerge in the distance measurements, grouping
the columns according to where they are located. To interpret the
results from a qualitative point of view, it is necessary to under-
stand the context of the columns, located in the central nave of the
buildings. According to the central axis of the nave, the columns
Pa and Pc are located on one side, and the pillars Pb and Pd are
on the opposite side. According to the results of the analysis, the
pillars located on the same side present similar inclinations, both
partial and total.

The provided information quantifies the buckling regardless of
its direction. A plan representation (Fig. 3a) is used to indicate the
displacement with respect to the base point (0, 0) by operating
graphically from the centroids’ coordinates in (X, y) of each section.
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6. Results of the comparison between the point cloud and the primitives. In Square and Octagonal typologies, only the histogram of the indicated plane is displayed.

Fig. 3b illustrates an example of representation within the con-
text of a building, indicating the direction of the inclination rela-
tive to the longitudinal axis of the structure. The longitudinal axis
of the nave is determined from the centroids of the four pillars,
and the angle of the point buckling vector with respect to this axis
is indicated. This angle represents the horizontal component of the
vector resulting from joining the coordinates (x, y) of the end sec-
tions of each pillar.

4.2. Bulging analysis

The bulge analysis is tested using two different methods to ob-
tain the reference shape: digital twin modelling from the end sec-
tions and primitive shapes obtained by the RANSAC method in
CloudCompare.
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Below are the distance maps obtained from the comparison of
the point cloud with its digital twin for each type of pillar. The
visualization of the distance ranges in each typology has been op-
timized for the detection of formal anomalies (Fig. 4).

The generated images allow the identification of formal anoma-
lies in the column shaft, but they require interpretation. It is im-
portant to verify if there is correspondence between opposite sides,
as it indicates the existence of buckling:

- Irregular: this typology exhibits great discrepancies with re-
spect to the digital twin, and no correspondence between sides
is observed.

- Round: this typology shows the highest level of agreement
between the point cloud and the digital twin. The identified
anomalies have correspondence between opposite sides.
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Fig. 7. Analysis of the distance ranges (in meters) between the primitive shape and the cloud of points, based on the histograms of each pillar.
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8. Comparison of the results obtained by the two proposed methods (digital twins - RANSAC primitives). In the case of the results obtained by Ransac primitives, in the
square and octagonal pillars the mean of the percentages in each plane analysed is shown for each range.

- Square: the main differential distances are found in the upper
part of the column, with correspondence between sides. How-
ever, small discrepancies (around 0.01 m) are also identified ap-
proximately in the middle of the shaft.

- Octagonal: this typology experiences the greatest discrepancies
due to the buckling it presents, a consequence of the column’s
significant height. There is correspondence between sides.

- Clustered: Various areas with discrepancies without correspon-
dence on the opposite side are identified. It is important to note
that the values are of small magnitude (—0.015 m to 0.010 m).

It should also be noted that the distances in all cases are small
on an architectural scale, on the order of centimetres (Fig. 5).
At least 99.41% of the values do not exceed the range [—0.025,
0.025 m] in any typology, except for the octagonal typology where
the percentage of points falling within the range is 71.99%. The lat-
ter exhibits greater discrepancies due to the existence of the afore-
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mentioned buckling in the central third, and it is also the column
that notably exceeds the height of the rest of the study cases.

Next, we present the results obtained through primitive forms.
The primitives were obtained using the Ransac Shape Detection
plug- in the CloudCompare program. For the irregular and round
typologies, the cylinder primitive was used, while for the square
and octagonal types, we sought the plane that best approximates
each face. The clustered pillar has not been analysed due to its for-
mal complexity.

Fig. 6 displays the distance maps on the point cloud obtained,
where the level of coincidence can be observed in relation to those
obtained with the digital twin:

- Irregular: the range of distances is significantly greater than
with the digital twin, and the distribution of the greater dis-
tances is not coincidental.

- Round: the range of distances is still very small [-0.010, 0.010]
compared to the analysis with respect to the digital twin, and
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most of the points are within a range of millimetres. Even so,
the distance distribution is not coincident with respect to the
digital twin.

- Square: both the range of distances and their distribution is
very similar in both cases.

- Octagonal: due to the distance ranges obtained in each plane,
it is not possible to match the display parameters. Despite this,
the distribution of values is very similar between both methods.

In the case of the octagonal typology, notable differences are
identified in the distribution of points based on the range of dis-
tances in each comparison plane. This distribution varies among
different planes. Some planes have a high percentage of points in
the higher distance ranges [—0.025, 0.025] and [-0.020, 0.020], but
then the percentage is smaller for small ranges. These differences
can be related to the already established existence of a relevant
inclinations.

In the same way as in the previous method, the distances
are still small, in architectural terms, of the order of centimetres
(Fig. 7). The relative distribution of the points according to rank,
although similar, does not coincide with the digital twin method
(this fact is analysed in more detail below), and the octagonal ty-
pology continues to be the one that presents the greatest differ-
ences between the cloud of point and the reference form.

When comparing the distance ranges obtained by the two
methods (Fig. 8), we observe that, in general terms, there is no
significant difference between them:

- Irregular: the correspondence with the point cloud is noticeably
lower with the method using graphic primitives.

- Round: the values are practically the same, with the percentage
of points in the range [—-0.005, 0.005] being slightly smaller in
the case of the digital twin.

- Square: the differences in the percentage distribution of points
for each range of distances in this case are negligible.

- Octagonal: as in the previous case, the differences are also very
small.

5. Discussion and conclusions

The research has systematically characterized the main formal
anomalies in pillars from point clouds, proposing a simple and ac-
cessible methodology using readily available software. In general
terms, the proposed approach is applicable to all types of pillars
and columns without the need to adapt the processes to specific
typologies commonly found in historic buildings, especially in the
case of buckling. However, it is important to acknowledge that the
selected cases for analysis have been chosen based on typological
considerations, specifically focusing on instances where the section
remains unaltered intentionally all over its height. Therefore, a ty-
pological characterization is imperative in all instances to deter-
mine the suitability of the study methods.

In relation to buckling, testing different procedures for calcu-
lating the centroid of each pillar at different heights revealed that
the arithmetic mean method is more sensitive to the density of the
point cloud than the other two methods. As such, it is not con-
sidered adequate. Between calculating the centroid from the conic
that best approximates the section (CON) and from the box that
contains it (BOX), the differences in metrics are very small (consid-
ering architectural elements). Although it is difficult to specify the
best process in this case, the conical method offers more method-
ological guarantees, despite requiring more time investment.

In terms of time consumption for obtaining centroids using dif-
ferent methods, once the points from each section are isolated,
the box method is immediate, as CloudCompare itself allows direct
visualization of the information. The arithmetic mean and conic
methods require importing coordinates and then performing the
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relevant calculations, with the mean method being very fast, while
with conics, it’s necessary to prepare the coordinate file before-
hand. This results in higher time consumption compared to the
box method, especially in the case of conics. Once the centroid co-
ordinates are obtained, they need to be manually input into the
spreadsheet to calculate the deflections.

Regarding the characterization of buckling, the calculation of
the centroid has proven to be a sound strategy, allowing for a sim-
ple and valid operation across all types of columns. The identified
buckling values are small from an architectural perspective, except
for the octagonal typology. The study enables the identification and
tracking of anomalies and their progression, along with determin-
ing the direction, which is relevant information that can be related
to anomalies in other construction elements in a comprehensive
study, with significant implications from a mechanical perspective.

Though it was not the main objective of the investigation, the
documentation provided also makes possible the identification and
quantification of torsion in polygonal (square and octagonal) and
clustered pillars. This type of anomaly has not been observed in
the cases analysed, but if it had existed, it would have been ev-
idenced in the superposition of the sections, through the differ-
ences in position between the edges of each section.

Regarding bulges, the two proposed methods (digital twin and
primitive shape) enable the identification and visualization of af-
fected areas in three dimensions. Buckling deformations are also
distinguishable from bulges based on whether the anomaly affects
only one side of the column or both.

There is no significant difference between the two methods in
terms of the distribution of points according to ranges of distances.
For clustered columns, obtaining a reference shape is limited to the
proposed method of defining a digital twin. From the time con-
sumption standpoint, analysing columns that can be assessed as
cylinders is considerably fast in both cases, with perhaps the dig-
ital twin modelling being slightly slower. However, in the case of
columns with flat faces, the use of primitives results in a greater
time consumption, as each face must be analysed independently,
while providing the benefit of independent analysis for each plane.
In this case, digital twin modeling turns out to be faster, as it can
generate all the faces at the same time.
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