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DETECTION OF RISING DAMP AND MATERIAL  
CHANGES ON HYPERBOLOID COOLING TOWER  
SHELLS BASED ON THE INTENSITY  
OF THE REFLECTED LASER BEAM

Maria Makuch

Summary 

Using a hyperboloidal cooling tower undergoing repair as an example, the paper examines the 
possibility of using a laser beam reflectance intensity value for the automated detection of per-
forations in cooling tower shells and the identification of material changes characteristic of the 
renovated sections of reinforced concrete structures. Due to the specific geometry of the ana-
lysed object, the practical application of the value of the fourth coordinate was preceded by its 
a priori modification. The applied correction solution made it possible to effectively eliminate 
the influence of the measurement geometry, adjusting the intensity values to correspond to the 
properties of the scanned surface. In the usability analyses of the corrected radiometric data, the 
author’s approach to eliminating information loss was applied, assuming the use of the fourth 
coordinate values as scalar fields. The proposed methodology was verified by comparing the 
obtained results with those of the commonly used unsupervised classification. The agreement, 
based on the similarity of the structures, between the results of the image classification and the 
areas extracted through the segmentation of the scalar fields, representing the corrected values 
of the laser beam reflectance intensity, confirmed the reliability of the proposed solutions. The 
usefulness of the radiometric data in 3D space was confirmed by comparing the obtained results 
with the analyses of the local surface curvature determined by the point cloud based on principal 
component analysis. Thanks to the segmentation of the scalar fields, the detection of rising damp 
and corrosion leaks, consistent with the results of the surface condition assessment based on the 
local curvature analysis, made it possible to specify the degree of degradation of the hyperboloid 
shell according to a  seven-point scale that is consistent with the industry requirements. The 
values of the fourth coordinate also allowed the identification of material changes caused by the 
repair, and their comparison with the shell damage contours extracted from the local curvature 
analysis made it possible to verify the amount of repair mortar used and to assess the validity of 
the work carried out.
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1. Introduction 

1.1. Problem Statement 

Hyperboloid cooling towers are distinctive tower structures designed to cool industrial 
waters by discharging their heat into the ambient air [Bamu and Zingoni 2005]. The 
most common group of cooling towers in use in the Polish industry are structures 
erected in the second half of the last century. Extremely economical design, poor qual-
ity of materials and faulty workmanship of these thin-walled structures, overloaded 
during many years of use with unfavourable operating conditions and the influence 
of an industrial atmosphere with increased aggressiveness, determine their continu-
ing degradation. The most important external phenomenon prompting the repair of 
exploited cooling towers is the loss of the protective capacity of the concrete lagging, 
manifested by cavities and chipping of the concrete, as well as perforations of the 
shell with seeping moisture [Jawański and Stefanek 2011, Zacharopoulou et al. 2013]. 
The economic consequences of the decommissioning of the cooling tower, involving 
the need to stop technological processes, force periodic repair measures to be taken, 
adapted to the condition of the hyperboloid structure. 

The basis for monitoring and designing appropriate repair programmes is diagnos-
tic work, which most often comes down to direct visual examination, carried out with 
the support of optical tools [Makuch 2018]. The registration of defects found on several 
hundred metres long monolithic cooling tower shells, with no permanent and clear iden-
tification marks, is a particularly labour-intensive and arduous task [Antoniszyn et al. 
2016]. With the development of new measurement technologies, including terrestrial 
laser scanning (TLS), there is a growing acceptance of remote non-destructive testing 
(NDT) methods in modern engineering structure diagnostics. Terrestrial laser scan-
ners enable the non-contact and automatic measurement of the spatial coordinates of 
millions of points, in near real-time [Mills and Barber 2003]. TLS technology provides 
a complete, three-dimensional record of an object’s condition [Olsen et al. 2009], solving 
the problem of subjectivity in visual assessment [Mosalam et al. 2014], prevents missing 
important information [Chen 2012] and removes the space for arbitrary interpretation 
of reports and generalised inspection results [Anil et al. 2013]. Also, noteworthy is the 
non-intrusive nature of laser scanning that allows inspections to be carried out without 
interfering the facility operations, reducing the need for skilled manpower [Erkal and 
Hajjar 2017, Chen 2012]. Additionally, the reach of TLS technology means that there is 
no need for the typically used suspended scaffolding [Laefer et al. 2010].

The main application of scanning instruments in the assessment of the condition of 
cooling tower shells is the monitoring of deformation [Ioannidis et al. 2006, Kocierz et 
al. 2016, Gradka and Kwinta 2017, Kwinta and Bac-Bronowicz 2021]. Often, a detailed 
3D model of the structure, based on point cloud data obtained by the scanner, serves 
as a reference for other types of data, such as digital photos [Piot and Lançon 2012, 
Camp et al. 2013]. In addition to geometric information, the intensity of the laser beam 
reflectance, referred to as the fourth coordinate, is also recorded at each point of the 
cloud. Data regarding the strength (intensity) of the returning signal reflected from 
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the scanned surface is an increasingly used parameter in the assessment of structural 
conditions [Tsai and Li 2012, Xu et al. 2015]. The relationship between the value of the 
fourth coordinate and material features of the scanned surface, influenced by colour 
[Voegtle et al. 2008], roughness [Krooks et al. 2013], and dampness [González-Jorge et 
al. 2012], allows the classification and segmentation of the investigated surface based 
on its diverse properties [Armesto-González et al. 2010, Crespo et al. 2010, Zaczek- 
-Peplinska et al. 2012].

In this article, the possibility of adopting the intensity values of the laser beam 
reflectance for the automated detection of perforations in cooling tower shells and 
the identification of material changes characteristic of the renovated sections of rein-
forced concrete structures is demonstrated, using a hyperboloidal cooling tower shell 
undergoing repair as an example. Based on data acquired by a terrestrial laser scan-
ner, defining two states of the hyperboloidal shell (before and after repair), a solution 
has been proposed for the inspection of shell damage caused by moisture infiltration 
(accompanied by visible stains and streaks on the surface) and the monitoring of repair 
operations (ensuring control over the quantity of repair mortar used). This comple-
ments the considerations based on the analysis of the local curvature of the cooling 
tower shell, as detailed in the work [Makuch and Gawronek 2020].

1.2. Related studies 

Radiometric TLS data, defined by laser beam reflectance intensity values, are success-
fully used in surface condition diagnostics. The relationship between the intensity of 
reflected radiation and the nature of the scanned surface, its colour, roughness, and 
moisture content consistently stimulates research. The literature provides numerous 
case studies showcasing the use of the fourth coordinate values in the detection of 
cracks and fissures [Xu et al. 2015], excessive rising damp [González-Jorge et al. 2012], 
material changes [Hancock et al. 2012, Gawronek and Noszczyk 2023], or biological 
damage [Toś 2013].

The solutions based on raster classification of intensity measurement results using 
automatic image recognition techniques are particularly popular in assessing surface 
conditions. This approach, mainly employed in monitoring the state of histori-
cal architecture, appeared first in the work of Armesto-González et al. [2010], who 
demonstrated that radiometric TLS data can be used in evaluating the condition of 
the facade of a historic building. Two-dimensional intensity reflectance images gener-
ated from the point cloud were subject to unsupervised classification, which created 
groups of pixels with similar radiation reflectance properties. The obtained results, 
verified by expert assessment, confirmed the effectiveness of the adopted methodol-
ogy, especially in detecting excessive damp often correlated with micro-damages to 
the surface. Similarly, Crespo et al. [2010], García-Talegón et al. [2015], and Gawronek 
and Noszczyk [2023] analysed the usefulness of laser beam reflectance intensity in 
detecting damage as well as rising damp and material changes on historic facades. The 
unsupervised classifications of intensity images present in these works allowed for an 



M. Makuch138

GLL No. 4 • 2023

effective characterisation of surface changes, providing both quantitative and qualita-
tive information. In the work of Li and Cheng [2018], unsupervised classification of 
a raster representation corrected for intensity values was employed to detect damage 
inside an ancient building. The proposed correction models made intensity data more 
representative of the scanned surface properties, thereby improving the effectiveness of 
this approach in assessing the condition of the interiors of historic buildings.

Many scientific papers investigating the usefulness of laser beam reflectance intensity 
values have also been dedicated to the analysis of the condition of engineering objects. The 
paper by Zaczek-Peplinska et al. [2012] presents an analysis of the potential application 
of radiometric data classification, obtained by a ground laser scanner, in the assessment 
of the ageing water dam. The results obtained from laboratory and field studies allowed 
a positive evaluation of the proposed approach, especially in assessing the dampness of 
external layers of concrete, essential for the detection of filtration phenomena. Meanwhile, 
González-Jorge et al. [2012], based on the classification of laser beam reflectance intensity 
values, assess the degree of dampness in the concrete pillars of a bridge and detect vegeta-
tion efflorescence, indicating problems with high surface porosity that increase water 
infiltration leading to structural degradation. The proposed method provided reliable 
(quantitative and qualitative) information regarding the condition of the bridge’s concrete 
pillars, with higher efficiency and detail than traditional visual assessments. Similarly, Toś 
[2013] analysed the usefulness of laser beam reflectance intensity in detecting dampness, 
salt efflorescence, and plant succession on flood embankments. The research used digital 
image analysis techniques, with supervised classification of data obtained by two laser 
scanners operating at different wavelengths. In both cases, adverse phenomena occurring 
on the analysed surface were effectively identified. The presented method was considered 
an alternative to the traditional way of cataloguing damage based on visual assessment 
and surface conditioning with the support of expert opinion.

Despite the high popularity of solutions based on raster classification of laser beam 
reflectance intensity values, the research literature also contains applications that use 
radiometric information acquired directly from point clouds. Hancock et al. [2012] 
present one such approach, using the intensity value of laser beam reflectance to assess 
the damage caused by fire to a concrete structure. Preliminary results from a labora-
tory study on concrete blocks were promising, indicating the possibility of determining 
the temperature that affected individual elements of the structure based on the fourth 
coordinate value. Mukupa et al. [2016] confirm that it is feasible and reasonable to 
rely on laser beam reflectance intensity information when assessing the durability of 
fire-damaged concrete structures. They point out the superiority of TLS technology 
over traditional methods, emphasising that remote assessment of the condition of 
a fire-damaged structure with a ground laser scanner will improve the safety of diag-
nostic work, replacing traditional visual methods and enabling accurate assessments 
of the need to reinforce specific elements that have lost load-bearing capacity due to 
high temperatures. Similarly, Lerones et al. [2016] successfully utilised laser beam 
reflectance intensity information in the detection of rising damp in historic buildings 
based on point cloud data. The obtained results allowed a positive assessment of the 
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TLS-based approach, providing comprehensive 3D information on the damage caused 
by excessive dampness. Meanwhile, Buczek et al. [2017], based on radiometric data 
acquired by a ground laser scanner, proposed a solution dedicated to recognising rock 
layers in geological cross-sections. Using intensity value histograms and calibration 
samples in a fully automated way, they analysed the stratification of two mine deposits. 
The consistency of the results of the intensity distribution analyses with the rock types 
determined by geologists confirmed the superiority of the proposed metric solution 
over subjective and imprecise traditional methods.

While the intensity value of the laser beam reflectance is considered to be an impor-
tant source of spectral information that provides reliable data about the properties of 
the scanned surface, the limitations of this approach cannot be overlooked due to the 
influence of other factors that determine the value of the fourth coordinate. The inten-
sity of the reflected signal detected by the TLS instrument is strongly correlated not 
only with the properties of the scanned surface but also with variables such as instru-
mental, atmospheric, and methodological factors [Kaasalainen et al. 2011]. In the case 
of measuring homogeneous surfaces with the same scanning device under unchanged 
measurement conditions, the beam incidence angle and the scanner-object distance are 
the key factors for the quality of the obtained fourth coordinate value [Soudarissanane 
et al. 2011]. Most of the discussed case studies concern plane-like objects, and the anal-
yses presented are limited to test fields located opposite the scanning instrument, using 
original (uncorrected) values of the fourth coordinate. However, such a measurement 
methodology cannot be maintained in the case of the analysis of the hyperboloidal 
shell of a  cooling tower located in an industrial plant. Due to the specificity of the 
analysed object, in this paper, the practical application of the fourth coordinate value 
was preceded by its a priori modification. The purpose of the intensity correction is to 
transform it into a value proportional or equal to the value associated with the proper-
ties of the scanned surface. In the analyses of the utility of corrected radiometric data 
for the detection of perforations in the cooling tower shell and the identification of 
material changes in renovated fragments of a reinforced concrete structure, an original 
approach was used to eliminate information losses (resulting from the conversion of 
3D data into 2D images). This approach involved the segmentation of scalar fields, 
representing normalised and corrected laser beam reflectance intensity values. The 
obtained results were compared with the outcomes of commonly used unsupervised 
classification and with the surface damage of the hyperboloidal cooling tower shell that 
was extracted based on local curvature analysis. 

2. Materials and methods 

2.1. Test cooling tower and data acquisition 

The research object (Fig. 1) is a hyperboloidal cooling tower, built in the second half of 
the 20th century, located on the premises of the historic Tadeusz Sendzimir Steelworks. 
The reinforced concrete shell of the cooling tower has the shape of a rotational hyper-
boloid with a  thickness of 0.4 m–0.12 m. The height of the thin-walled structure, 
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measured from the ground surface, is 65 m, with a horizontal diameter of 43 m at the 
lower ring and 27 m at the crown. Due to extensive corrosive damage to the reinforced 
concrete shell and ageing after a long period of operation, the structure required repair 
and, therefore, appropriate research.

Source: Author’s own study

Fig. 1. The research object and its repair: a. cooling tower before repair; b. repair of the outer 
shell; c. cooling tower after repair

a b c

The pre-repair technical assessment, based on indirect (from the ground, using 
binoculars with tenfold magnification) and direct (in collaboration with a  team of 
climbers whose activities were coordinated from the ground) visual inspection of the 
cooling tower shell, identified varying degrees of corrosion damage, including shell 
perforations with moisture seepage. The repair work included designing a  localised 
replacement of concrete detached from the structure, the removal of shell perforations, 
and reprofiling of local defects in the cover by the application of appropriate repair 
mortars. 

Ground-based laser scanning of the test cooling tower was performed twice (before 
and after the repair of the shell) using the Z+F Imager 5010 phase-based instrument 
from nine measurement positions situated around the structure. Periodic observations 
of the object were made in relation to a  stable observation network and its associ-
ated reference system. The positioning of the instrument was the result of optimising 
the TLS data acquisition for the entire shell while maintaining the correct measure-
ment geometry. The observation network, securing the positions of the measurement 
stations and reference points, ensured the consistency of the measurement procedures 
and minimised factors differentiating the data obtained in each series. The adopted 
measurement methodology involved placing the scanner at positions with known 
coordinates and referencing it to clearly identifiable reference objects in the point cloud 
(black-and-white target discs and steel reference spheres). 
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2.2. Intensity correction and normalisation 

The general relationship between the signal power emitted by a  ground-based laser 
scanner (pe) and the intensity of the received signal (pr) is described by the so-called 
laser equation [Suchocki et al. 2016]. Given that the scanned surface is Lambertian 
surface, the return signal power is determined from the following [Pfeifer et al. 2007]:

 P
P

RR
E=

π ρ θ
η η 

Atm Sys

 cos
4 2

 (1)

where:
ρ – a coefficient defining the properties of the scanned surface,
θ – incidence angle of the laser beam (g),
r – distance between instrument and scanned object (m),
ηSys – system coefficient (instrumental),
ηAtm – atmosphere coefficient.

The resolution and range of the fourth coordinate value are determined by the type 
of rangefinder, laser wavelength, transmitter power, filters used, and detector sensitiv-
ity. By conducting successive measurement campaigns with the same instrument, the 
instrumental coefficient (constrained by the technical specification of the laser scanner) 
could be assumed as a constant and unchanging value [Fang et al. 2014]. Meanwhile, 
the influence of the atmosphere coefficient, assuming the constancy of the measure-
ment conditions (temperature, pressure, and air humidity) and the limited range of the 
phase scanners, was accepted at a unity level [Franceschi et al. 2009]. The laser equation 
was reduced to a form containing an unknown but constant value for the Z+F 5010 
instrument, denoted as ce [Tan and Cheng 2016]: 
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Based on (1) and (2), the intensity of the received signal was defined as:

 P
C

RR
E=   cosρ θ

2
 (3)

Assuming a constant instrumental effect and the insignificance of the influence of 
the atmosphere coefficient, the usefulness of the fourth coordinate value in analyses of 
the scanned surface properties required the elimination of the impact of measurement 
geometry coefficients [Humair et al. 2015], described by two parameters: the distance 
between the scanner and the scanned object (r) and the incidence angle of laser beam 
(θ) [Soudarissanane et al. 2011]. Increasing the distances significantly reduces the value 
of the fourth coordinate (I) [Blaskow and Schneider 2014]. Similarly, an increase in the 
incidence angle of the laser beam reduces the amount of energy returned to the instru-
ment, confirming theoretical assumptions derived from Lambert’s law [Kaasalainen 
et al. 2011]. In the subject literature, multiple attempts have been made to model the 
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influence of measurement geometry on laser beam reflectance intensities [Tan and 
Cheng 2016, Humair et al. 2015, Fang et al. 2014, Krooks et al. 2013, Kaasalainen et al. 
2011], indicating the possibility of excluding them from radiometric data using appro-
priate correction functions based on the dependencies i(r, α, ρ), specified by the laser 
equation [Kashani et al. 2015].

The distance (r) between the scanner and the observed object affects the value of 
the fourth coordinate in a way that mainly depends on the technical specifications of 
the instrument. Considering the inverse proportionality of the fourth coordinate value 
to the square of the distance, in most cases, proves to be an effective method of modify-
ing radiometric data [Fang et al. 2014, Humair et al. 2015]. In the Z+F scanners, the 
excessive influence of the detector on the variability of intensity values is clearly notice-
able at short distances (up to 10–15 m), where the fourth coordinate value deviates 
significantly from the dependencies described by the laser equation, necessitating the 
estimation of additional parameters to reduce the so-called near-range effect [Fang et al. 
2014]. The geometry employed in measuring the research object (deliberate lengths > 
15 m) meant there was no need for the near-range effect correction parameter.

The ratio of intensity values and the cosine of the laser beam incidence angle (θ) 
described by the laser equation has also been successfully applied to modify the values 
of the fourth coordinate [Humair et al. 2015]. The influence of the incidence angle of 
the laser beam is particularly conditioned by the scattering properties of the object 
[Kaasalainen et al. 2011]. Taking into account the properties of the scanned surfaces (ρ), 
which tend to modify the applied Lambertian reflectance model in the laser equation 
(suitable for perfectly diffusing surfaces), is especially important for rough surfaces where 
an additional parameter k < 1 is applied to correct the value of the angle θ (for example, 
k = 0.6 for a rocky mountainside) [Humair et al. 2015]. The correction of the intensity of 
the research material was performed assuming that the reinforced concrete shell of the 
cooling tower approximately satisfies the roughness criterion, characterised by scattered 
reflection in accordance with lambert’s law [Tan and Cheng 2016, Suchocki et al. 2016].

The corrected value of the fourth coordinate (ic) for the i-th point of the point cloud, 
defined as a function of distance (ri) and the laser beam incidence angle (θi), was deter-
mined as the product of the intensity value (i) and the inverse of the relationship in the 
laser equation [Humair et al. 2015]:

 I
R

C
i

iρ
θ

( ) =
2

cos  (4)

The solution based on the relationships described by the laser equation (1), assuming 
the constancy of the atmospheric and instrumental conditions (ce = constant), provided 
a relative and comparable value of the fourth coordinate, reducing its variability resulting 
from measurement geometry. The intensity correction value for the distance ri (for the 
i-th point of the point cloud) was determined based on the spatial coordinate differences 
between the scanner centre and the i-th point [Tan and Cheng 2016]. Meanwhile, the 
angle θi was situated between the direction of the beam oi (connecting the i-th point of 
the point cloud with the analytical point of the scanner) and the normal vector (estimated 
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based on the plane fitted in the immediate vicinity of the i-th point) [Höfle and Pfeifer 
2007]. The parameters defining the measurement geometry (ri, θi) used in the intensity 
value correction procedure were determined as follows: 

 R x x y y z zi i i i= −( ) + −( ) + −( )0
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In the equation (6), nι

���
 = (n1i, n2i, n3i) is a normal vector the surface. The incident 

laser beam vector OI
� ��

= (xi – x0, yi – y0, zi – z0) is calculated on the basis of the original 
3D coordinates (xi, yi, zi) of the i-th i point and the coordinates (x0, y0, z0) of the centre 
of the scanner o. 

In accordance with the proposition of correcting raw point clouds [Fang et al. 2014], 
the analyses made use of the observations obtained from individual measurement posi-
tions. The various stages of the developed solutions were presented on six test fields, 
representing representative sections of the considered shell, situated along the structure, 
predisposing the analysis of the impact of measurement geometry (numbering from the 
top – test field No. 1–3). The scope of the conducted analyses encompassed two priority 
research directions: the detection of shell perforations with moisture seepage (research 
area A) and the identification of repaired surface fragments (research area B).

Source: Author’s own study

Fig. 2. Corrected and standardised intensity values: a. Test field 1A; b. Test field 2A; c. Test field 
3A; d. Test field 1B; e. Test field 2B; f. Test field 3B

a b c

d e f
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The data obtained by the Z  + F 5010 laser scanner, providing fourth coordinate 
values in the range of 1500 to 5,000,000 (in the dedicated Z+f laser control software, 
.zfs format), was subject to standardisation in cyclone software, bringing intensity 
values into the range of 0 to 1, where 0 is the minimum possible value of the fourth 
coordinate, and 1 represents the maximum value [Fang et al. 2014, Suchocki et al. 2016]. 
The corrected and normalised intensity value of the laser beam reflectance, expressed 
on a scale of 0–1, was used for further analyses (Fig. 2). 

2.3. Unsupervised classification 

To automate the process of interpreting the intensity values, a common approach based 
on image classification techniques was employed, ensuring the grouping of pixels (per-
pixel method) into relatively homogeneous clusters (cluster analysis) based on similar-
ity expressed through spectral properties [Crespo et al. 2010, Zaczek-Peplinska et al. 
2012]. Unsupervised classification of raster representations of the fourth coordinate 
values was preceded by an analysis of the suitability of existing algorithms for specific 
applications. The study of the research literature resulted in the selection of three algo-
rithms potentially useful in the considered application: K-means, Fuzzy K-means, and 
ISODATA (Iterative Self-Organizing Data Analysis Technique) [Armesto-González et 
al. 2010; Mitka et al. 2016; Crespo et al. 2010].

Due to the relatively consistent results of all algorithms and the necessary initialisa-
tion specifying a priori the final number of classes, the K-means algorithm was rejected. 
The difficulties in selecting appropriate initial parameters for the ISODATA algorithm, 
and determining the outcome of unsupervised classification [Mitka et al. 2016], also 
led to the exclusion of this solution. The study utilised the Fuzzy K-means algorithm, 
considered the most reliable, enabling effective detection of areas of rising damp and 
other material properties [Mitka et al. 2016; Armesto-González et al. 2010].

The applied clustering algorithm – Fuzzy K-means [Bezdek 1981] – is an extension 
of the K-means algorithm. It replaces the definitions of the total membership of a pixel 
to one of the clusters with the probabilistic likelihood of the pixel belonging to each 
class [Ghosh and Dubey 2013]. The idea of searching for data clusters close to each 
other while being simultaneously distant from other points belonging to other clus-
ters implies the iterative minimisation of the mean square classification error, which 
is a function of the Euclidean distance of a given pixel from the centre of the cluster 
[González-Jorge et al. 2012]:

 I u x c mi j
m

i

n

j

k

i
j

j= − ≤ ≤ ∞
==

∑∑  
11

2
1  (7)

The probabilistic likelihood (u) of the corresponding image pixel (x) belonging to 
each cluster was based on the Euclidean distance function: pixel (x) – cluster centre 
(c). The algorithm initially randomly defines the k cluster centres in the pixel space, 
each being a weighted centroid, representing the derivative of the probability function 
[Chang et al. 2011]. Classifying n image pixels into the nearest of the k clusters (in 
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two-dimensional space) solves the problem of determining k clusters in such a way 
that minimises the mean square distance of each data pixel to the nearest cluster centre 
(c) [Mitka et al. 2016]. Using the assigned pixels to clusters, the algorithm recalculates 
cluster centres until the convergence criterion is met, which is that the results of succes-
sive iterations do not change [Ghosh and Dubey 2013].

Unsupervised classification of the raster representation of laser beam reflectance 
intensity values using the per-pixel method was conducted using tools from the PCI 
Geomatica package, providing the implementation of the Fuzzy K-means algorithm. The 
TIFF format (Tagged Image File Format) of the images of the corrected and normalised 
fourth coordinate values in gray-scale (generated in Cyclone) was changed to a format 
acceptable to the package tools (PCIDSK format). Each image pixel was assigned 8 bits, 
representing one of 2^8 = 256 colours (from white through grey to black). The images 
were analysed automatically by extracting groups of pixels with similar reflectance prop-
erties. In order to find the appropriate number of clusters, the Fuzzy K-means function 
was implemented several times, changing the initial parameters of the algorithm [Kubik 
et al. 2008]. On the basis of the generated images, which provide a visual representation 
of classification results (labelling each point with a colour corresponding to the cluster to 
which it was assigned), the number of classes was experimentally determined to reflect 
the strong correlation between the fourth coordinate value and the dampness and mate-
rial properties of the surface. Effective detection of rising damp on the shell (research 
area A) required seven classes to be extracted, while the indication of repaired surface 
fragments (research area B) required only two (Fig. 3). 

Source: Author’s own study

Fig. 3. Results of unsupervised classification: a. Test field 1A; b. Test field 2A; c. Test field 3A; d. 
Test field 1B; e. Test field 2B; f. Test field 3B

a b c

d e f
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2.4. Segmentation and vectorisation of scalar fields 

As an alternative to image classification techniques, an approach eliminating infor-
mation losses (resulting from the conversion of three-dimensional data into 2D 
images) was proposed – the segmentation of scalar fields (SF), representing corrected 
and normalised values of the fourth coordinate. The procedure implemented in the 
CloudCompare software, associating specific values of with individual points of the 
point cloud, involved extracting damp areas and repaired shell fragments by filtering 
values within experimentally established boundary ranges. Damp areas (research area 
A) and repaired shell fragments (research area B) were characterised by the lowest 
laser beam reflectance intensity values. An increase in surface dampness caused a dras-
tic decrease in reflectance intensity compared to dry material, and similarly, repair 
mortar, absorbing a greater part of the laser beam, exhibited lower reflectance intensity 
than the unrepaired shell. The determined appropriate ranges for the corrected and 
normalised values of the fourth coordinate (0–0.14 and 0.15–0.225) for research areas 
A and B allowed for the unambiguous extraction of all points of the cloud representing 
moisture seepage regions and surface repair areas (Fig. 4).

Source: Author’s own study 

Fig. 4. Results of the filtration of scalar field values – : a. Test field 1A; b. Test field 2A; c. Test 
field 3A; d. Test field 1B; e. Test field 2B; f. Test field 3B 

a b c

d e f

Additionally, the implementation of a strategy based on scalar fields representing 
the intensity values of laser beam reflectance, indicating material changes resulting 
from fragmentary repairs to the structure, allowed for the assessment of the quality and 
durability of the performed work. It also enabled metric determination of the repaired 
areas of the shell (preparing the verification of the quantity of used repair mortar). 
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The extraction of areas representing the results of repairs to individual damages was 
facilitated by the Connected Component Labeling (CCL) method. Initially designed 
for binary image classification [Samet and Tamminen 1988], the CCL algorithm is 
currently successfully employed for point cloud segmentation [Trevor et al. 2013]. It 
assigned unique labels to points in the nearest neighbourhood, facilitating the extrac-
tion of distinct, consistent components representing individual surface repair areas. 
The operation of the CCL algorithm required setting parameters specifying the analysis 
detail through the appropriate level of octree structure (o), determining the minimum 
distance between neighbouring components, and the minimum number of points per 
component (p), below which sets of points were ignored. Assuming adaptively deter-
mined parameter values (o = 8, p = 10), the cloud points were assigned appropriate 
labels, allowing the extraction of coherent components representing the different repair 
areas, marked with different colours. The consistent point sets extracted by the CCL 
algorithm, representing individual fragments of the shell covered with repair mortar, 
were vectorised using the convex hull method, applicable both in 2D and 3D space [De 
Berg et al. 2000]. The convex hull of a point set in 2D is the smallest convex polygon 
containing points on the boundary and within the set [Barber et al. 1996]. However, 
implementing a  computationally efficient and fast method would entail significant 
shape generalisation, limiting the accuracy of estimating repair surface areas. In order 
to detail the contour of the repaired shell areas and increase the precision of the estima-
tion of their extent, an additional parameter limiting the maximum edge length of the 
hull was introduced, effectively eliminating the problem of over-generalisation. The 
vectorised fragments of the shell covered with repair mortar, obtained using the convex 
hull, were exported to the DXF (Data Exchange Format) format, making it possible 
to estimate the repaired area (which determines the cost of the works carried out), to 
verify the reasonableness of repairing specific fragments of the structure and to freely 
share the results obtained.

3. Results 

The reliability of radiometric data in assessing the condition of the reinforced concrete 
shell of the cooling tower, as well as the validity and effectiveness of the corrective solu-
tions derived from the research literature, were examined based on widely applied image 
classification techniques. The results of the classification of representative sections of 
the shell – images of test fields where the colours of pixels indicated membership in the 
respective classes – confirmed the connection between the fourth coordinate value and 
the properties of the scanned surface (Fig. 4). Areas of dampness and repaired sections 
of the shell were characterised by the lowest intensity values of the laser beam reflec-
tance corresponding to classes 01 and 02 (research area A) and class 01 (research area 
B). Tests for heterogeneity of the results obtained for representative sections of the shell 
were conducted based on classification reports specifying the average brightness value 
and standard deviation of colours in the extracted clusters. These tests took into consid-
eration the consistency of descriptive parameters of individual classes (Table 1). The 
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verification based on estimators, providing only a certain estimate of parameters of the 
general population, was supplemented with an analysis of the significance of observed 
differences. Using the central limit theorem, confidence intervals were constructed at 
the significance level q = 0.05 for the average values of classes 01A, 02A, 01B, of the 
six test fields, and their mutual overlap was verified, giving no grounds for rejecting 
the hypothesis of uniformity. The overlapping confidence intervals P of average values, 
shown in the error estimator charts (Fig. 5) plotted in the PQStat program, allowed for 
the exclusion of significant differences in mean values, at a confidence level of α = 0.95, 
confirming the reliability of radiometric data in assessing the condition of the concrete 
shell of the cooling tower, as well as the validity and effectiveness of corrective solutions 
derived from the research literature. 

Table 1. Statistical parameters of the distributions of the intensity values of research areas A and B

Class

Test field

 1A  2A  3A  1B  2B  3B

x– σ x– σ x– σ x– σ x– σ x– σ

01 159.17 2.10 159.01 2.30 159.22 2.52 181.34 2.57 181.50 2.57 181.27 2.51

02 165.78 1.72 165.69 1.92 165.96 1.74

Source: Author’s own study

Fig. 5. Confidence intervals of the average intensities of research areas A and B
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Verification of the proposed methodology for using radiometric data as scalar 
fields was guaranteed by the comparison of the obtained results with the outcomes of 
widely applied unsupervised classification. The consistency of areas extracted based 
on scalar fields, representing dampness and repaired sections of the shell, with the 
results of image classification was verified (besides visual inspection) by considering 
expressed in percentages structure indices (frequencies). These indices represent the 
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ratios of the number of analysed units (pixels/cloud points belonging to classes 01A 
and 02A, as well as 01B) to the total number of the statistical population (all pixels/
cloud points belonging to specific test fields). A relative index of structure similarity 
(Z) was applied to compare the structures resulting from the Fuzzy K-means algo-
rithm and scalar field segmentation. Z is defined as the ratio of the sum of smaller 
structure indices to the sum of larger structure indices of the compared distribu-
tions. The Z index, taking values in the range of 0–1 (where unity indicates identical 
structures, and zero indicates extreme dissimilarity), obtained values Z ≈ 1 for both 
research areas (A and B) (Table 2). Determined by the near unity values of the relative 
similarity indices of the structures, the agreement between the image classification 
results and the areas extracted based on scalar field filtering confirmed the reliability 
of the proposed solutions.

Table 2. Percentage structure indices and relative similarity indices of the structures of the 
clusters of reclassified images and filtered scalar fields 

Methodology
Test field

 1A  2A  3A  1B  2B  3B

Unsupervised classification 3.37% 5.61% 3.09% 54.35% 54.37% 65.46%

Scalar fields segmentation 3.38% 5.73% 2.95% 54.31% 54.34% 67.14%

Z 0.98 0.99

The use of radiometric data as scalar fields provided reliable metric information, the 
usefulness of which was confirmed by complementing the considerations based on the 
analysis of the local curvature of the cold store shell (detailed discussion in the paper 
[Makuch and Gawronek 2020]). The surface curvature determined by the principal 
component analysis and transformed by the square root function (√N) enabled the 
effective detection of all defects, chippings, and spalls of the lagging of the reinforced 
concrete shell of the cooling tower. The comparison of the results of intensity value 
analyses with the results of curvature estimates (√N) of representative fragments of the 
reinforced concrete structure as scalar fields effectively supplemented the elaborated 
concept for assessing the state of the renovated object [Makuch 2018, Makuch and 
Gawronek 2020] with a significant aspect of shell perforation (Fig. 6, red colour). The 
detection of rising damp and corrosive leaks, correlated with micro-damages to the 
structure, allowed the concretisation of the degree of degradation of the hyperboloidal 
shell according to Chmielewski’s seven-level classification [2000]. Based on the analysis 
of radiometric data as scalar fields, integrated with the results of the surface curvature-
based analysis assessment of the shell’s condition, visible damages to the research object 
were assigned to level III – lack of lagging on surfaces exceeding 1 m2, with sporadic 
visible leaks [Chmielewski 2000]. The reliability of the proposed approach was veri-
fied by comparing the obtained results with the expert assessment of the condition 



M. Makuch150

GLL No. 4 • 2023

of the external shell, performed from suspended scaffolds. The challenge of recording 
irregularities on a monolithic surface over several hundred meters, with no permanent 
and clear identification marks, which limits the reliability of conventional diagnostics, 
determined the scope of the conducted analyses. Verification of the effectiveness of 
detecting perforations in the reinforced concrete shell was reduced to comparisons of 
the quantity and approximate location of defects. The developed solution allowed for 
the automatic identification of all perforations and leaks noted in the expert documen-
tation.

Source: Author’s own study 

Fig. 6. Summary of results of intensity value analyses with results of curvature estimates; Scalar 
field (√N): a. Test field 1A; b. Test field 2A; c. Test field 3A; Curvature calculation results 
supplemented by ic segmentation results: d. Test field 1A; e. Test field 2A; f. Test field 3A
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In addition to assessing the condition of the reinforced concrete shell, driven by 
the need to determine the scope of repair work, the usefulness of the proposed solu-
tions was also considered in the context of verifying the performed surface repair. 
Vector data stored in the DXF format allowed for estimating the repaired surface 
(determining the cost of the work) and verifying the reasonableness of repairs to 
specific fragments of the structure by comparing the contours of damages in the 
shell (blue colour) extracted based on the local curvature analysis with the extent of 
surface repairs (red colour) (Fig. 7). The obtained results established that the analysis 
of intensity values as scalar fields provides an effective basis for identifying material 
changes characterising the repaired portions of the structure, allowing for an assess-
ment of the validity of the work carried out and verification of the amount of repair 
mortar used.
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4. Conclusions 

The assessment of the usefulness of laser beam reflectance intensity in diagnosing the 
condition of the hyperboloidal cooling tower shell was conducted on the example of 
a  structure undergoing repairs. The empirical research, focused on detecting shell 
perforations and verifying repair actions, confirmed the validity of using corrected and 
normalised values of the fourth coordinate in these areas. An increase in surface mois-
ture led to a dramatic decrease in reflectance intensity compared to dry material, and 
similarly, repair mortar, which absorbed a larger part of the laser beam, exhibited lower 
reflectance intensity than the unrepaired shell. The strategy proposed in the paper, 
which utilised radiometric information as scalar fields and eliminated information 
losses resulting from data conversion, proved to be a reliable alternative to commonly 
used image classification techniques. Scalar field segmentation, representing corrected 
and normalised intensity values, enabled effective detection of rising damp and corro-
sion leaks, complementing damage recognition based on local curvature analysis 
and allowing for a concrete assessment of the degradation level of the hyperboloidal 
shell according to a seven-point scale dictated by industry requirements. The fourth 
coordinate values also facilitated the identification of material changes resulting from 
fragmented repairs of the hyperboloidal cooling tower shell and the verification of 
the amount of repair mortar used. The comparison of vectorised repaired shell frag-
ments with damage contours extracted based on local curvature analysis allowed for an 
assessment of the justification of the work performed.

The perspective of implementing laser beam reflectance intensity in the diagnosis 
of a repaired cooling tower is conditioned by adjustments to the instrument’s speci-
fications and the properties of the scanned surfaces, along with the procedures for 
eliminating the influence of measurement geometry. The dimensions of the hyperbo-
loidal structure, which make it impossible to perform observations while keeping the 
incidence angles of the laser beam and the scanner-object distance constant (without 
using additional scaffolding), necessitate modifications to the fourth coordinate value. 

Source: Author’s own study 

Fig. 7. Summary results of the analyses of the extent of surface repair with damage contours.  
a. Test field 1B; b. Test field 2B; c. Test field 3B
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Practical correction recommendations drawn from the research literature, based on 
dependencies defined in the laser equation, allowed for the effective elimination of the 
influence of measurement geometry, bringing the fourth coordinate values into a form 
corresponding to the properties of the scanned surface. However, it should be noted 
that the applied procedures for modifying radiometric data (conditioned by the techni-
cal specifications of the instrument and the surface properties of the observed objects) 
do not represent universal solutions. In the case of different technical parameters of the 
scanner or measurement geometry requiring the elimination of the proximity effect, 
they may prove ineffective. Additionally, in correcting the intensity of the research 
material, it was assumed that the reinforced concrete shell of the cooling tower approxi-
mately meets the roughness criterion, characterised by diffuse reflectance according to 
Lambert’s law. Considering the real properties of the scanned surface and modifying 
the Lambertian reflectance model used in correction (appropriate for perfectly diffus-
ing surfaces) could positively impact the effectiveness of the proposed solutions.

Due to the undeniable dissonance between the dimensions of the research object 
and the parameters of currently constructed hyperboloidal structures (for example, the 
tallest cooling tower in Poland at the Kozienice Power Plant has a height of 185.1 m), 
the priority direction for further research should be case studies illustrating the practi-
cal application of laser beam reflectance intensity and curvature analyses in assessing 
objects with larger geometric parameters. In this context, analyses of the suitability of 
the latest models of terrestrial laser scanners are planned in particular, as well as discus-
sions of the possible necessity and economic viability of using additional rises, lifts or 
scaffolding. The intended direction for further work also includes laboratory studies 
aimed at developing an empirical correction model for intensity values, adjusted to 
specific instruments and the properties of the scanned surface. Additionally, efforts are 
envisaged to develop a comprehensive system for defining threshold values, ensuring 
full automation of data segmentation. There are also plans to publish papers regarding 
the usefulness of terrestrial laser scanning in studying the geometry of hyperboloi-
dal cooling towers (analysing deflection, ovalisation, and geometric imperfections of 
structures, as well as assessing the distribution of the thickness of the concrete shell, 
considering any changes resulting from repairs and reinforcements) and constructing 
a  diagnostic model that accurately reflects the behaviour of the object under actual 
operating conditions. Numerical simulations, considering not only basic loads but also 
material and geometric nonlinearity of the hyperboloidal shell, will be implemented to 
clarify the nature of damages and deformations of the structure. These simulations will 
be considered as the basis for developing an appropriate scope of interventions within 
the construction management system.
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