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a b s t r a c t 

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/ ) 
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. Introduction 

The techniques for the massive capture of spatial information 

ave undergone significant development throughout the twenty- 

rst century. Notably, digital photogrammetry and terrestrial laser 

canning sensors (TLS) have emerged as prominent methods. Cur- 

ently, these techniques allow for the acquisition of high-resolution 

nd high-precision point clouds in a relatively short period of time 

nd non-invasively. 

These data can be exploited from various disciplines. Focusing 

n the field of architectural heritage, these techniques often be- 

ome the sole feasible approach to achieve a comprehensive and 

recise survey within a relatively short timeframe. Complex and 

rregular shapes are common in this type of constructions, which 

re frequently characterized by its large scale, making certain ele- 

ents inaccessible. Numerous investigations have tested the tech- 

ique’s reliability to survey a building’s geometry [ 1-4 ]. 

Obtaining topographic information regarding the present condi- 

ion of construction elements is a key feature with multiple appli- 
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ations, ranging from the definition of preventive or intervention- 

ased conservation strategies, if necessary, to historical and stylis- 

ic studies and classification, among others. In recent years, tech- 

ical advancements have significantly expanded the array of possi- 

ilities for analysing these construction elements. A full overview 

bout laser scanner and the software to work with can be found 

n [ 5 ]. 

The article proposes the systematization of the analysis process 

f formal anomalies in ancient buildings, with a workflow that is 

s simple as possible. Many studies have developed effective pro- 

edures using point cloud data to address that issue in ancient 

tructures. [ 6 ] and [ 7 ] analyse the deformations of churches from a

LS survey, using graphic primitives and two-dimensional sections. 

 8 ] presents several case studies for the analysis of deformations 

rom a point cloud by TLS, such as the leaning of walls from a 

ertical comparison plane or the leaning of a tower from finding 

he barycentre axis. [ 9 ] performs the deviation analysis, based on 

 survey with TLS of a minaret by means of sections every certain 

eight, and from the centre of each section establishes the cen- 

ral axis. It is also analysed from the cone that best approximates 

he element, but the method used is not delved into. [ 10 ] devel-

ps a method for the analysis of displacements in a tower building 
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rom a 3D model obtained by photogrammetry with UAV imagery. 

t is also remarkable the recent work in Notre Dame of Paris [ 11 ],

here simple procedures were needed to provide information in 

hort time, but with sufficient precision to analyse the construc- 

ion after the fire from different datasets. Moreover [ 12 ], integrates 

IM (Building Information Model) modelling processes with defor- 

ation analysis via open source software such as CloudCompare 

rom digital twins, which allows for a global analysis of formal 

nomalies between the reference model and the point cloud. It is 

n operation that combines different programs, in which special- 

zed knowledge is necessary. Many of these examples propose sim- 

lar strategies, but in each case the analysis is resolved with differ- 

nt methods and programs, adapted to the case study. The degree 

f complexity is also variable, from more elementary solutions to 

ore complex methodologies, especially in recent years. 

On the other hand, although the research does not directly deal 

ith these issues, it is important to have as context the studies 

hat addresses the typological definition of elements for segmen- 

ation and classification based on point clouds, for the automatic 

lassification of 3D data [ 13 , 14 ]. In that context, some works deal

ith the specific application of those strategies in architectural 

eritage [ 15 , 16 ]. Focused on columns, it is of interest the works

 17 , 18 ], where the semantic characterization based on morphologi- 

al similarities allows the definition of simplified geometric recon- 

tructions of columns, and the methods used makes it possible to 

valuate geometric deviations of each element in the collection. 

The research focuses on analysing a specific architectural ele- 

ent: the column. It is a basic element of great conceptual sim- 

licity while also offering a plethora of compositional solutions. 

ive basic typologies have been established, representing the most 

ommon column types that can be found in historic buildings. 

hese typologies are defined based on the formal characteristics 

erived from their sections. Of course, this classification does not 

im to encompass the entirety of possible typologies, as mentioned 

arlier, since the richness of formal solutions can be very varied. 

herefore, the application of the proposed solutions to other case 

tudies would require a prior typological study to avoid confusing 

ccidental anomalies with those that may be intentional. 

The proposed methodology builds upon previous work related 

o the formal analysis of masonry structural elements such as 

olumns, vaults and arches [ 19-21 ] and also [ 22 , 23 ], among others.

. Research aim 

The aim of the research is to systematize an easy and accessi- 

le workflow, based on existing tools, to analyse column formal 

nomalies. The investigation is focused on ancient columns, but 

ould be perfectly used in modern elements. 

To ensure accessibility and ease of use for all users, the study 

s conducted with limited computing resources, primarily rely- 

ng on the open-source software CloudCompare (V2.12.4) for point 

loud processing. Supplementary calculations are performed using 

 worksheet (Open Office 4.1.11) and Matlab (MathWorks, R2022a 

pdate 1). 

. Materials and methods 

.1. Study sample 

The methodology is defined by directly working with the point 

louds of the columns acquired from the terrestrial laser scanner, 

o potential errors arising from meshing processes are avoided. The 

nalysis approach must be adapted to accommodate the variety of 

asic sections that can be found in ancient buildings. The study 

roposes a representative sample of pillars with the most common 

ections: round, square, octagonal, and clustered. A fifth subtype is 
542
onsidered, named irregular, for cases in which, despite having a 

asic geometric shape (in the case analysed, rounded), the phys- 

cal reality presents significant discrepancies with respect to that 

hape. In addition, the survey exhibits relevant heterogeneities in 

erms of point cloud density. 

A sample of 4 pillars (representing those that define a struc- 

ural span of a bay) has been selected for each type (named by 

etters from a to d, ie. Pa, Pb, Pc, Pd) of the following Spanish build-

ngs: churches of Bossòst, Castelló d’Empúries and Batea, and the 

athedrals of Mallorca and Tortosa. Due to the presence of cap- 

tals and/or bases with sculptural motifs, the analysis focuses on 

he shaft of the pillars. 

The survey of Bossòst, Batea and Tortosa was carried out with 

he Leica ScanStation P20 scanner (Lluis i Ginovart, Coll-Pla, Costa- 

over 2014 campaigns), while in Mallorca and Castelló the Leica 

TC360 scanner was used (Coll-Pla, Costa-Jover, Moreno Garcia, 

amper-Sosa 2020 and 2022 respectively). The point cloud of each 

illar was obtained in the context of the general survey of the 

uildings. The criteria for selecting the number of stations was 

he same in all buildings. A minimum of 4 stations are performed 

n each column to ensure that there are no occlusions. The point 

loud is complemented with other nearby stations, in the process 

f surveying the rest of the building. 

The accuracy of the P20 scanner is 6 mm at 50 m. In these 

cans, a combination of Black&White and reflective targets was 

sed to perform the cloud-to-cloud alignment with the Cyclone 

rogram, and the resulting average cloud-to-cloud register error is 

 mm. In the case of the RTC360 scanner, the precision is 5.3 mm 

t 40 m, therefore, comparable to the previous case, and the align- 

ent between clouds is done automatically with the Leica Cyclone 

egister 360 program, where the average register error between 

louds in Castelló d’Empúries is established at 2 mm, while in Mal- 

orca it is 4 mm. 

Before analysing the pillars from the point clouds, the following 

rocesses 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- 

eristics of the columns shaft, in relation to the point clouds, the 

ain dimensional (height and area of the central section) and the 

umber of points is recorded in the following steps: the number 

f original points for each complete pillar, the number after apply- 

ng subsampling, and the number of points in the stem after noise 

eduction and manual cleaning (see Table 1 ). For the so-called ir- 

egular pillars, subsampling was not applied, as the original point 

loud already exhibited very low point density. 

Based on the resulting points and the surface area, it is possible 

o approximate the resolution of each column. The typology with 

 lower average resolution is the clustered, with 8913 point/m2 , 

hile the typology with the highest resolution is the octagonal, 

ith 19,509 point/m2 . 

.2. Analysis parameters 

The identification and parameterization of formal anomalies in 

istorical constructions poses a challenge, as there is often limited 

nformation about the initial shape, making it necessary to estab- 

ish a hypothesis about a reference shape. These anomalies may re- 

ult 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. 

Height (m) Avg. Area (m2 ) Nº of original 

Points 

Nº of subsample 

Points 

Percentage 

OP-SP (%) 

Nº of clean 

Points 

Avg. resolution 

(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 1.33 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 2.35 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 
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hey may have occurred after construction due to settlement pro- 

esses, interactions with nearby elements, or accidental incidents. 

For the analysis of columns, certain assumptions can be made: 

hat the base has not experienced horizontal displacements, that 

hey were built to plumb, and that their vertical development was 

niform (unless intentional changes in the section were made ac- 

ording to their typology or design). 

The relevant alterations considered for the analysis are buck- 

ing and bulging. Buckling is understood as the displacement rel- 

tive to the longitudinal axis of the entire section of the column. 

his displacement can occur in multiple forms, depending on fac- 

ors such as the monolithic nature of the column or the restraint at 

he ends, together with the load conditions. Buckling occurs when 

he column bends outward relative to its central axis, resulting in 

 horizontal section that is larger than the initial one. In columns, 

e can also find the phenomenon of torsion, which refers to the 

otation or twisting experienced by a structural column around its 

ongitudinal axis. Torsion is not analysed, as its incidence is much 

ower compared to the other parameters under examination. Set- 

lements have also been excluded from the analysis, as their detec- 

ion requires a more comprehensive investigation, while the cur- 

ent focus is on specific examples. ( Fig. 1 ) summarizes the work- 

ow for the analysis developed. 

.2.1. Buckling 

The buckling alteration in columns induces transverse displace- 

ents in the main direction of compression. It can manifest in var- 

ous ways, with the type of structural union at the ends playing a 

ecisive role, along with other dimensional parameters. In cases 

here the base is fixed and the upper end is free, the deformation 

an result in a loss of verticality at the top. In the study, these for-

al anomalies will be characterized based on distances and angles. 

For the analysis, sections of points at different heights are used. 

he study directly operates with the coordinates of the points 

omprising these sections, after cleaning the point clouds to elim- 

nate outliers that could distort the results. 

The sections are defined by manually segmenting the point 

loud of each pillar, dividing it into four equal parts. It is con- 

idered that 4 parts are the minimum to identify anomalies along 
543
he height of columns, as it establishes a “checkpoint” on each half 

top and bottom) of the column. Depending on the magnitude and 

ocation of possible anomalies identified, or the desirable accuracy 

f the study, it would be necessary to increase the number of sec- 

ions (in the overall column or focused on a certain area) to be 

ble to analyse the anomalies in greater detail, but the methodol- 

gy would be the same. 

Thus, five sections are obtained, including the base, top, and 

hree intermediate ones. A step of 0.02 m is applied during the se- 

ection of points for each section to ensure an adequate number of 

oints in each segment. Obviously, the criteria used to determine 

he number of sections are designed to facilitate result compari- 

on among different pillars. In a specific case study, the number 

f necessary sections should be adjusted based on the state of the 

illar (more or less altered) and its height. 

To ensure consistency in analysing various shapes of pillars, it 

as decided to work based on the definition of the centroid of 

oints within each horizontal section. The position of this centroid 

an be determined using different methods, and the reliability of 

he analysis will depend on the quality provided by each method. 

Three methods to obtain the centroid are tested, seeking to op- 

imize the relationship between the complexity of the process and 

he precision of the result. The proposed approaches, from least to 

ost 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) 

c) calculation of the conic that best approximates the points of 

each section (Matlab) 

Once the centroid coordinates have been obtained by each 

ethod, and one is selected to carry out the analysis of buckling 

or each type of pillar. These are studied taking the centroid of the 

olumn base section as the reference point (0,0), and the distance 

etween the reference point and the coordinates (x, y) of the cen- 

roid of each section is established. The centroids also allow you to 

stablish the angle of the collapse, both in section and in plan. 

Among the proposed methods, the first approach (a) is very ele- 

entary 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. 
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Table 2 

Synthesis of the results and comparison of the centroid coordinates obtained 

by the three methods: conics (CON), boxes (BOX), an arithmetic mean (MED). 

Difference between Difference between 

CON-BOX (m) CON-MED (m) 

Irregular mean 0.003 0.120 

min. 0.000 0.025 

max. 0.052 0.255 

Round mean 0.001 0.008 

min. 0.000 0.001 

max. 0.007 0.041 

Square mean 0.012 0.070 

min. 0.004 0.028 

max. 0.051 0.131 

Octagonal mean 0.007 0.044 

min. 0.001 0.021 

max. 0.028 0.115 

Clustered mean 0.004 0.100 

min. 0.000 0.010 

max. 0.015 0.365 

Global mean 0.005 0.068 

Global min. 0.000 0.001 

Global max. 0.052 0.365 

a

b) relies on the coordinates provided by the CloudCompare pro- 

ram for the bounding box containing the point cloud of each sec- 

ion. Both of these approximations offer a simple and rapid way 

o determine the centroid. Additionally, the calculation of the cen- 

roid using a script developed for Matlab, which involves adjusting 

onics to the points of each section, is described in detail. 

A conic is the locus of the points in the (x, y) plane that sat-

sfy a complete quadratic equation, whose general expression is the 

ne collected in Eq (1) . 

x2 + By2 + Cxy + Dx + Ey + F = 0 (1) 

For each of the points of each section at different heights, an 

quation of this type is proposed, and later the system is solved 

y least squares, so that information on the goodness of the ad- 

ustment made can be available. 

Next, the results obtained were analysed using different statis- 

ical tests based on the covariance matrix of unknowns and ob- 

ervables, and the residues of the latter, eliminating those points 

onsidered as gross errors or noise, and recalculating the solution 

or each section. 

Once we have the definitive values, we proceed to classify the 

onic, and obtain its axes, centre, and rotation if applicable. To do 

his, we base ourselves on the matrix expression proposed once 

he coefficients of the curve are known, Eq (2) . 

 

1 x y ) 

⎛ 

⎝ 

a00 a01 a02 

a10 a11 a12 

a20 a21 a22 

⎞ 

⎠ 

⎛ 

⎝ 

1 

x 
y 

⎞ 

⎠ = 0 (2) 

A conic is thus defined by a symmetric matrix. Starting from 

he invariants and the attached matrices Aii we proceed to ob- 

ain all the values, as well as the centre/pole and the diameters, 

n those that are possible, Eq (3) . 

00 = F , a11 = A , a22 = B , a12 = a21 = C 
, 
2 

544
01 = a10 = D 

2 

, a02 = a20 = E 

2 

(3) 

The conics can be classified as follows: 

- Ellipse: 

◦ Real 

◦ Imaginary 

- Hyperbola 

- Parabola 

- Pairs of lines: 

◦ No real parallels 

◦ No imaginary parallels 

◦ Real parallel or matching lines 
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Fig. 2. Graphs of the results of the buckling distances (m) obtained in each pillar. 
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- Analysis from a primitive form of reference 
◦ Imaginary parallels 

◦ Matching lines 

Starting from the general equation of a conic, its reduced equa- 

ion can be reached by consecutively applying a rotation and a 

ranslation in an appropriate way. 

The reduced equation of a conic is a simplified equation of the 

urve that locates the centre (if it exists) of the conic at the ori- 

in of coordinates, while the axes have specific relations with the 

onic. In the case at hand, it would be ellipses with general equa- 

ion, Eq (4) . 

′′ 
00 + a′′ 

11 x
2 + a′′ 

22 y
2 = 0 (4) 

For all columns, sections with sufficient resolution and point 

ensity were available to consider them complete. Therefore, for all 

ases an ellipse can be calculated as a conic since it is a closed set.

ven so, we worked adjusting the general equation of the conics 

 Eq. (2) ), with equation systems with a high degree of redundancy. 

fter classification we verify that the conic is an ellipse. From the 

oefficients, Eq. (2) and Eq. (3) . the centre can be obtained. Actu- 
545
lly, this is the parameter that we need to compare to the other 

ethodologies applied in the study. 

.2.2. Bulging 

When buckling occurs, it manifests across the entire section, re- 

ulting in anomalies on one side of the column corresponding to 

hose on the opposite side. We will speak of ’bulging’ when this 

lteration in the vertical development occurs only on one side. 

The sections carried out in the study of buckling provide an ini- 

ial approximation to the problem but offer only partial informa- 

ion. As a result, the developed analysis focuses on exploring the 

ossibilities of conducting a 3D study. 

Thus, the analysis of bulges is carried out by comparing the 

oint cloud with a reference shape that makes it possible to iden- 

ify and quantify the alterations. Two analysis methods are pro- 

osed in function of the procedure to define the reference form, 

hich in both cases will be a 3d mesh: 

- Analysis from a digital twin 
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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. 

546
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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. 
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When creating a digital twin, the existence of a buckling must 

e taken into account, since it can mask the results of the analysis 

y altering the vector from the centre of mass. In order to min- 

mize the distance between the point cloud and the digital twin, 

his is generated from the section at the base of the column and 

s developed in height from the vector resulting from joining the 

entroids of the extreme sections. 

Additionally, the analysis based on primitives is a consolidated 

ethod (see references in the Introduction section). In this study, 

e have chosen to use robust methods, as is the well known Ran- 

om sample consensus (RANSAC) method [ 24 ]. 

Once the reference shape is obtained by these both methods, 

he distances between said shape and the point cloud are calcu- 

ated. In this way, it is possible to analyse the results obtained by 

hese methods. The analysis based on reference primitives is not 

pplicable in the case of clustered columns, due to their formal 

omplexity. 

. Results 

.1. Buckling analysis 

As previously introduced, the buckling analysis involves cal- 

ulating the centroids of different sections in each column. First, 

he centroid coordinates obtained for each column using the three 

roposed methods are studied and compared between conics and 

oxes (CON-BOX) and conics and arithmetic mean (CON-MED). 

able 2 , summarizes the results obtained, indicating the maximum 

nd minimum differential distances (in absolute value), and the 

ean value of the difference in each set of columns (irregular, 

ound, square, octagonal and clustered). 

If we analyse the differences between the calculation of the 

entroid using different methods, the total mean difference when 

omparing conics with boxes (CON-BOX) is 0.005 m, with a range 

f values of [0.0 0 0, 0.052 m]. On the other hand, when comparing

onics with the arithmetic mean (CON-MED) the mean difference 

s 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- 

igible, as it corresponds to the measurement noise itself, (avg. = 

.005 m). However, the calculation using the mean (CON-MED) re- 

ults in larger discrepancies (avg. = 0.068 m). These results can be 

ttributed to the lack of homogeneity in the point cloud. The high- 
548
st differences are observed in the case of irregular columns, with 

 mean difference of 0.120 m, and slightly lower, 0.100 m, for clus- 

ered columns. These typologies exhibit greater heterogeneity in 

he distribution of points due to the data collection and the geom- 

try of the column (variation of the radial distance). This evidences 

hat the calculation of the centroid through the arithmetic mean is 

ighly sensitive to the distribution of points, making it less reliable 

n unfavourable cases. 

Next, the buckling of each pillar is analysed based on the results 

btained from the conical method. The analysis involves defining 

he horizontal displacement vector of each centroid and its angle 

f inclination with respect to the vertical plane. These parameters 

nable the identification of whether the buckling occurs homoge- 

eously (linear throughout all the height), or heterogeneously (it 

an be progressive or irregular). 

The coordinates of the centroid at the base are considered the 

eference point (0,0). From there, the horizontal displacement vec- 

or of each centroid with respect to the reference point (0,0) and 

he angle formed by the displacement in relation to the vertical 

xis are determined. 

Fig. 2 displays the results obtained in each column. For each 

ection, the height, buckling value, and angle with respect to the 

ertical are specified. Naturally, the maximum buckling value is 

ound in the upper sections, specifically in the Pb pillar of the oc- 

agonal typology, which is the tallest at > 20 m. On the other hand, 

he steepest angle is observed in the Pb column of the irregular ty- 

ology. Despite its height being just over 3 m, this inclination does 

ot lead to a large leaning. 

In the cases of the irregular, round, and square typologies, note- 

orthy patterns emerge in the distance measurements, grouping 

he columns according to where they are located. To interpret the 

esults from a qualitative point of view, it is necessary to under- 

tand the context of the columns, located in the central nave of the 

uildings. According to the central axis of the nave, the columns 

a and Pc are located on one side, and the pillars Pb and Pd are

n the opposite side. According to the results of the analysis, the 

illars located on the same side present similar inclinations, both 

artial and total. 

The provided information quantifies the buckling regardless of 

ts direction. A plan representation ( Fig. 3 a) is used to indicate the 

isplacement with respect to the base point (0, 0) by operating 

raphically 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. 
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Fig. 3 b illustrates an example of representation within the con- 

ext of a building, indicating the direction of the inclination rela- 

ive to the longitudinal axis of the structure. The longitudinal axis 

f the nave is determined from the centroids of the four pillars, 

nd the angle of the point buckling vector with respect to this axis 

s indicated. This angle represents the horizontal component of the 

ector resulting from joining the coordinates (x, y) of the end sec- 

ions of each pillar. 

.2. Bulging analysis 

The bulge analysis is tested using two different methods to ob- 

ain the reference shape: digital twin modelling from the end sec- 

ions and primitive shapes obtained by the RANSAC method in 

loudCompare. 
549
Below are the distance maps obtained from the comparison of 

he point cloud with its digital twin for each type of pillar. The 

isualization of the distance ranges in each typology has been op- 

imized for the detection of formal anomalies ( Fig. 4 ). 

The generated images allow the identification of formal anoma- 

ies in the column shaft, but they require interpretation. It is im- 

ortant to verify if there is correspondence between opposite sides, 

s 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. 

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. 
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- 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 

n an architectural scale, on the order of centimetres ( Fig. 5 ). 

t least 99.41% of the values do not exceed the range [−0.025, 

.025 m] in any typology, except for the octagonal typology where 

he percentage of points falling within the range is 71.99%. The lat- 

er exhibits greater discrepancies due to the existence of the afore- 
550
entioned buckling in the central third, and it is also the column 

hat notably exceeds the height of the rest of the study cases. 

Next, we present the results obtained through primitive forms. 

he primitives were obtained using the Ransac Shape Detection 

lug- in the CloudCompare program. For the irregular and round 

ypologies, the cylinder primitive was used, while for the square 

nd octagonal types, we sought the plane that best approximates 

ach face. The clustered pillar has not been analysed due to its for- 

al complexity. 

Fig. 6 displays the distance maps on the point cloud obtained, 

here the level of coincidence can be observed in relation to those 

btained 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 

dentified in the distribution of points based on the range of dis- 

ances in each comparison plane. This distribution varies among 

ifferent planes. Some planes have a high percentage of points in 

he higher distance ranges [−0.025, 0.025] and [−0.020, 0.020], but 

hen the percentage is smaller for small ranges. These differences 

an be related to the already established existence of a relevant 

nclinations. 

In the same way as in the previous method, the distances 

re still small, in architectural terms, of the order of centimetres 

 Fig. 7 ). The relative distribution of the points according to rank, 

lthough similar, does not coincide with the digital twin method 

this fact is analysed in more detail below), and the octagonal ty- 

ology continues to be the one that presents the greatest differ- 

nces between the cloud of point and the reference form. 

When comparing the distance ranges obtained by the two 

ethods ( Fig. 8 ), we observe that, in general terms, there is no

ignificant 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 [−0.0 05, 0.0 05] 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. 

. Discussion and conclusions 

The research has systematically characterized the main formal 

nomalies in pillars from point clouds, proposing a simple and ac- 

essible methodology using readily available software. In general 

erms, the proposed approach is applicable to all types of pillars 

nd columns without the need to adapt the processes to specific 

ypologies commonly found in historic buildings, especially in the 

ase of buckling. However, it is important to acknowledge that the 

elected cases for analysis have been chosen based on typological 

onsiderations, specifically focusing on instances where the section 

emains unaltered intentionally all over its height. Therefore, a ty- 

ological characterization is imperative in all instances to deter- 

ine the suitability of the study methods. 

In relation to buckling, testing different procedures for calcu- 

ating the centroid of each pillar at different heights revealed that 

he arithmetic mean method is more sensitive to the density of the 

oint cloud than the other two methods. As such, it is not con- 

idered adequate. Between calculating the centroid from the conic 

hat best approximates the section (CON) and from the box that 

ontains it (BOX), the differences in metrics are very small (consid- 

ring architectural elements). Although it is difficult to specify the 

est process in this case, the conical method offers more method- 

logical guarantees, despite requiring more time investment. 

In terms of time consumption for obtaining centroids using dif- 

erent methods, once the points from each section are isolated, 

he box method is immediate, as CloudCompare itself allows direct 

isualization of the information. The arithmetic mean and conic 

ethods require importing coordinates and then performing the 
551
elevant calculations, with the mean method being very fast, while 

ith conics, it’s necessary to prepare the coordinate file before- 

and. This results in higher time consumption compared to the 

ox method, especially in the case of conics. Once the centroid co- 

rdinates are obtained, they need to be manually input into the 

preadsheet to calculate the deflections. 

Regarding the characterization of buckling, the calculation of 

he centroid has proven to be a sound strategy, allowing for a sim- 

le and valid operation across all types of columns. The identified 

uckling values are small from an architectural perspective, except 

or the octagonal typology. The study enables the identification and 

racking of anomalies and their progression, along with determin- 

ng the direction, which is relevant information that can be related 

o anomalies in other construction elements in a comprehensive 

tudy, with significant implications from a mechanical perspective. 

Though it was not the main objective of the investigation, the 

ocumentation provided also makes possible the identification and 

uantification of torsion in polygonal (square and octagonal) and 

lustered pillars. This type of anomaly has not been observed in 

he cases analysed, but if it had existed, it would have been ev- 

denced in the superposition of the sections, through the differ- 

nces in position between the edges of each section. 

Regarding bulges, the two proposed methods (digital twin and 

rimitive shape) enable the identification and visualization of af- 

ected areas in three dimensions. Buckling deformations are also 

istinguishable from bulges based on whether the anomaly affects 

nly one side of the column or both. 

There is no significant difference between the two methods in 

erms of the distribution of points according to ranges of distances. 

or clustered columns, obtaining a reference shape is limited to the 

roposed method of defining a digital twin. From the time con- 

umption standpoint, analysing columns that can be assessed as 

ylinders is considerably fast in both cases, with perhaps the dig- 

tal twin modelling being slightly slower. However, in the case of 

olumns with flat faces, the use of primitives results in a greater 

ime consumption, as each face must be analysed independently, 

hile providing the benefit of independent analysis for each plane. 

n this case, digital twin modeling turns out to be faster, as it can 

enerate all the faces at the same time. 
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