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Abstract: 14 

Moisture is a pathology that damages all type of construction materials, from materials of 15 

building envelopes to materials of bridges. Its presence can negatively affect the users’ 16 

conditions of indoor comfort. Furthermore, heating and cooling energy demand can be 17 

increased by the presence of moist materials. InfraRed Thermography (IRT) is a common 18 

technique in the scientific field to detect moisture areas, because of its non-destructive, non-19 

contact nature. In addition, IRT allows an earlier moisture detection compared to the analysis 20 

using visible images. In order to optimize thermographic inspections, this paper presents one of 21 

the first methodologies for the automatic detection of moisture areas affecting the surface of 22 

construction materials. The methodology is based on the application of visible image processing 23 

techniques adapted to thermographic images through the consideration of an image conversion 24 

format, a thermal criterion and a thermal and a geometric filter. The precision, recall and F-score 25 

parameters obtained are around 83.5%, 73.5% and 72.5%, respectively, considering the false 26 
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positives/negatives through a series of 12 tests made in different construction materials and 27 

ambient conditions, comparing the preliminary results with existing methodologies. 28 

Keywords: moisture, InfraRed Thermography, automation, adapted visible image processing, 29 

construction materials, different environmental conditions. 30 

 31 

1. Introduction 32 

Moisture is a pathology that appears in construction materials, such as materials of building 33 

envelopes or bridges, for several causes: rain water/melting snow infiltration, condensation, 34 

capillary rise of ground water or sewer system overflow. The previous events are mostly caused 35 

by natural disasters or human errors, such as flooding and disrepair of the compositions, 36 

respectively. In addition, most decay mechanisms that affect construction materials involve the 37 

role of water:  38 

(1) biological/mould growth appears due to the presence of water that promotes the 39 

development and expansion of the mould in non-nutritive materials with traces of organic matter 40 

contamination. 41 

(2) oxidation of metallic materials, as in the reinforcements of the reinforced concrete, is caused 42 

by the presence of water. 43 

(3) efflorescence/salt crystallization is due to the change of state of the water present in the 44 

material from liquid to vapour, and the subsequent precipitation and crystallization of certain 45 

soluble salts in water. 46 

(4) cracking and detachment are the consequence of the change of state of the water present in 47 

the material from liquid to vapour or from liquid to solid, changes where the water volume grows 48 

as gas or frost and generates pressure inside the pores of the moist materials.  49 

Besides, users’ conditions of indoor comfort can be negatively affected because of excess 50 

moisture [1-3]. According to World Health Organization (WHO) guidelines Dampness and Mould 51 

[4], moisture is a problem in 10 to 50% of the buildings in Australia, Europe, India, Japan and 52 

North America. On the other hand, fungal growth deteriorates 15 to 40% of North America and 53 
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Northern European homes [5]. The symptoms reported by occupants in mouldy buildings are 54 

many and diverse, such as allergic respiratory diseases, including asthma and hypersensitivity 55 

pneumonitis [6, 7]; and the relationship between fungal exposure and development of type I 56 

allergy has been proven [8].  57 

In a more energetic approach, heating and cooling energy demand of a building could be 58 

increased by the presence of moist materials, since their thermal conductivities are higher than 59 

those in their surroundings [1]. In addition, the presence of moisture inside any insulation 60 

material negatively affects its properties because the thermal conductivity of water (in liquid 61 

state) is 25 times higher than that of air at room temperature [9], and about 18 times higher than 62 

the mean thermal conductivity of the most common building insulation materials [10]. Because 63 

the ambient temperature is normally below zero degrees Celsius (ºC) for prolonged periods 64 

during winter in northern Europe and America, moisture generates cracks in the construction 65 

materials due to frost-defrost cycles, in some cases damaging the insulation material and 66 

provoking the appearance of thermal bridges. However, in temperate climatic areas during 67 

winter, walls with considerable thickness prevent the frost of the water content inside thanks to 68 

a higher value of their thermal inertias, and the damage of frost-defrost cycles is concentrated 69 

on the surfaces [11]. 70 

In the light of the foregoing, it is necessary to detect moisture areas, both at specific times and 71 

over time (monitoring), before visible defects appear. In this way, it is possible to perform 72 

preventive maintenance measures, such as the control of the moisture level so as not to exceed 73 

the limit at which mould begins to grow or the removal of moisture through condensation in 74 

interior materials by means of forced ventilation or dehumidifier. The targets of the prior tasks 75 

are: (1) helping to maintain the good health in the construction materials affected, with neither 76 

material loss nor human diseases, (2) preserving users’ indoor comfort conditions and (3) 77 

avoiding excessive energy use for heating/cooling [1, 12, 13].  78 

Non-Destructive Testing (NDT) methods are ideal tools to detect moisture areas because they 79 

do not damage the construction materials under study [14]. For example, [15] presents a study 80 

of the use of the Terrestrial Laser Scanning (TLS) technique for the detection of moisture in 81 

building materials. Among the conclusions reached, they realized that the TLS using an infrared 82 

https://www.linguee.es/ingles-espanol/traduccion/symptoms.html
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laser beam is significantly more suitable to detect saturation on surfaces with local 83 

discolorations (typical in ancient and historical structures) than the use of the TLS based on 84 

green or any other visible light.  85 

According to the last paragraph, InfraRed Thermography (IRT) stands among the most 86 

appropriate NDT methods for detecting moisture areas in construction materials, since this 87 

technique mitigates one of the limitations of the NDTs methods that work within the visible 88 

spectrum. This limitation stays in the fact that a moisture area affecting the surface of a 89 

construction material is only visible to the human eye if: (1) any algae or plant grows, or (2) a 90 

certain visible colour change occurs due to the optical properties of the material surface under 91 

the presence of a considerable amount of water. By contrast, this pathology is rapidly detected 92 

within the thermal infrared spectrum [16]. Some evaluation tests are performed in the Section 93 

4.3.2. for comparison.  94 

Therefore, there are several IRT studies destined to meet the above objective under different 95 

environmental conditions (see Section 2.1). However, all such researches, except [17], require 96 

the interpretation of the data by a human operator. Consequently, all these works involve a 97 

high-level of subjectivity and mainly rely on the expertise of the operator. For this reason, the 98 

automation of the interpretation of the moisture detection is proposed as a solution to minimize 99 

the risk of a wrong assessment of the moisture areas. In doing so, the understanding and 100 

knowledge of the geometry and of the temperature distribution of this anomaly with regard to its 101 

unaltered surroundings is required for the establishment of the conditions necessary for the 102 

correct identification of moisture areas [18]. 103 

Thus, in a similar manner to [17], where the focus is set on the automatic detection of thermal 104 

bridges and moisture areas in different exterior/interior surfaces of building envelopes through 105 

the application of IRT, the present paper aims at: (1) developing an automatic methodology for 106 

the detection of the contours of moisture areas in construction materials on thermal images, and 107 

(2) showing the comparison results with regard to the tests performed in [17]. The proposed 108 

methodology will facilitate the IRT inspections and minimize human subjectivity in data 109 

interpretation. Furthermore, it will contribute as additional information in multi-technique studies 110 

that analyse materials of structures with special interest of conservation. For instance, [19] 111 
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integrates IRT and the water absorption test by contact sponge allowing to determine the origin 112 

of the absorption and the diffusion and evaporation of water that vary the texture of the surface 113 

analysed. [20] integrates the reflectography technique and IRT allowing to detect of features 114 

such as underdrawings and sketches on paintings. 115 

Regarding the processing of thermal images, the application of visible image processing 116 

techniques to detect a specific anomaly in a thermal image is not straightforward, as these 117 

techniques are designed for images acquired with RGB cameras or cameras sensitive to the 118 

visible spectrum, which present a higher resolution than the cameras used in IRT applications 119 

(Thermal InfraRed (TIR) cameras). In other words, thermal images do not have the number of 120 

pixels necessary to present valid results using visible image processing techniques [17]. For this 121 

reason, instead of using image processing techniques that group pixels of the image under 122 

study according to some image characteristic parameter (colour, texture or intensity, among 123 

others), such as the region splitting technique [21], IRT works use other different approaches. 124 

For instance, there are IRT studies that apply statistical approaches in order to extract and 125 

separate different features present in the thermal images under investigation and eliminate most 126 

of the existing noise, such as PCT or Nonnegative Matrix Factorization (NMF) [22], or IRT works 127 

that simultaneously combine the advantages of the two types of heating process corresponding 128 

to active IRT (see Section 2), in order to unscrambled the temperature evolution over the field of 129 

view under study by performing the Fourier Transform (FT), known this approach as Pulse 130 

Phase Thermography (PPT) [23]. 131 

However, to meet the paper objectives, instead of using image processing algorithms 132 

developed for thermal images, this work proposes the application of various visible image 133 

processing techniques in the thermal images, after some adaptations. These techniques: (1) will 134 

increase the difference in the pixel-value between the moisture areas and the unaltered zone of 135 

each thermal image (thresholding technique) and remove noise while keeping the edges intact 136 

(bilateral filtering technique) and then, (2) will allow the detection of the contours of moisture 137 

areas according to the highest difference of pixel-value in each thermal image (findContours 138 

technique). Regarding the adaptations, the following actions are performed, in this order: (1) the 139 

consideration of a format conversion to the thermal images before the application of the bilateral 140 

filtering technique (Section 3.2.1.), (2) the introduction of a thermal criterion (Section 3.2.2.) to 141 
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apply the thresholding technique, based on the temperature distribution of the pathology 142 

concerning its environment and, finally, (3) the implementation of a geometric and a thermal 143 

filter (Section 3.2.3.) for the findContours technique application. The corresponding graphical 144 

representation is shown in Fig. 1. 145 

Thus, this work is organized as follows: Section 2 briefly describes the InfraRed Thermography 146 

concept and its main applications, including a brief review of the most recent IRT works that 147 

detect moisture areas affecting the surfaces of different construction materials; Section 3 148 

explains the methodology proposed, including the description of the recommended 149 

requirements during the acquisition stage and the theoretical assumptions for the thermal 150 

criterion introduced in the thresholding technique; Section 4 describes the surfaces of the 151 

construction materials selected and their inspections for the evaluation of the methodology and 152 

presents the preliminary results, including the comparison with regard to the tests performed in 153 

[17]. Last, Section 5 contains the conclusions reached after the evaluation of the preliminary 154 

results.  155 

 156 

2. InfraRed Thermography theory and main applications 157 

The basis of IRT is to measure the thermal radiation emitted by the surface of an object under 158 

study in real time and then obtain the corresponding temperature value after a conversion 159 

process. This thermal radiation belongs to the Thermal InfraRed (TIR) band, which is the 160 

spectral band located in the wavelength range 7 µm @ 14 µm, within the electromagnetic 161 

spectrum [24].  162 

There are mainly two different thermographic acquisition and two different thermographic post-163 

acquisition procedures for analysing construction materials. Regarding acquisition procedures, 164 

some IRT studies use an external and artificial mechanism of thermal excitation in the material 165 

under study, with the purpose of taking thermal images during the heating or cooling processes. 166 

This type of acquisition is known as active IRT [24], used with the objective of producing a 167 

higher thermal contrast in the surface analysed to create, for example, a thermal contrast in 168 

possible subsurface defects, and make them more visible on the thermal images [25]. The other 169 

type of acquisition procedure consists of analysing the natural thermal behaviour of the material 170 
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through a natural thermal excitation source, such as solar radiation. Thus, in this type of 171 

acquisition, known as passive IRT, the analysis is performed under real conditions without 172 

artificial thermal excitation. Therefore, the detection of subsurface defects is more limited with 173 

regard to the size and depth of the defect.  174 

As for the different post-acquisition procedures, they depend on the type of use performed of 175 

the temperature values measured in each IRT research. Some IRT works focus on the 176 

temperature distribution or the relative pixel-values of the thermal images, with the purpose of 177 

detecting the absence or existence of areas of pathologies rather than classifying the severity 178 

and/or calculating the thermophysical properties of the defects detected or of the construction 179 

material under study. This type of post-acquisition procedure is known as qualitative IRT, and 180 

the precise knowledge of the temperature values is not required. Then, the emissivity, reflected 181 

temperature and attenuation coefficient parameters are not taken into account for the correction 182 

of the thermal images taken with the TIR camera. Otherwise, the procedure name corresponds 183 

to quantitative IRT [24]. 184 

Therefore, from an image with the pixels representing different temperature values of the 185 

surface under study, IRT is a technique with a wide range of applications [26]: (1) civil 186 

engineering and buildings [1, 15, 17-19, 22], (2) IRT applied to different types of material [22, 187 

27-33], (3) industrial applications [34-36], (4) environment [37-39] and (5) biomedical 188 

applications [40-43]. In the following subsection, a brief review with regard to the most recent 189 

IRT works that detect moisture areas affecting the surfaces of different construction materials is 190 

described. 191 

 192 

2.1. IRT works for detection of moisture areas affecting construction material surfaces 193 

IRT detects moisture areas regardless of the existence of algae or plant growth, or of the 194 

changes in visible colour observed in the affected material. This is because IRT analyses the 195 

difference between the temperature values of moisture areas and their unaltered environments 196 

[16] in the surface of each construction material under study, existing always a significant 197 

difference due to the following two physical phenomena that occur in a moist area: (1) 198 
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Evaporative cooling/Condensation process at the moist area and (2) Increased heat storage 199 

capacity of the moist material. 200 

Among the most recent IRT works, some research increase the surface temperature variations 201 

between moisture areas and unaltered surroundings by means of solar radiation, air 202 

temperature and wind (passive IRT). On the other hand, the use of artificial sources for the 203 

thermal excitation of the target (active IRT), such as lamps and laser pulses, helps for a more 204 

controlled environment and heat transfer. Furthermore, both types of acquisition procedures 205 

help to detect (qualitative IRT) and also characterize (quantitative IRT) the moisture areas under 206 

study.  207 

In spite of the methodologies and the potential of IRT for qualitative IRT, all existing IRT studies 208 

require the interpretation of the data by a human operator, as discussed in the Introduction 209 

section, except for the IRT work [17]. Automation is the issue, even for quantitative approaches, 210 

which still requires special attention from the scientific community for the elaboration of well-211 

defined methodologies [44]. Besides, all the IRT research either employ image processing 212 

algorithms specifically developed for thermal images, or do not employ any image processing 213 

algorithm. All this is demonstrated by representing, in Table 1, the most recent IRT works within 214 

the field of study of this paper, showing the innovative contribution of the methodology 215 

developed in this work. 216 

Work 

[Ref.] 

Acquisition 

procedure 

Post-

acquisition 

procedure 

Surfaces of construction 

materials 

Automated 

process 

Image 

processing 

techniques 

Edis et al. 

[1] 

Passive Quantitative White glazed ceramic material 

corresponding to several exterior 

walls 

No PCT 

(specific to 

thermal 

images) 

Garrido et 

al. [17] 

Passive Qualitative White plaster material 

corresponding to various interior 

walls 

Yes PCT 

(specific to 

thermal 

images) 
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Barreira et 

al. [44] 

Passive Qualitative Zinc plate, XPS, cork, orange 

ceramic tile, grey ceramic tile, 

plywood, pine, beech, rendering, 

green/white lacquered 

aluminium, marble and 

galvanized steel materials. 

Limestone material, and one-coat 

mortar material, corresponding to 

a full-scale wall in laboratory 

conditions and exterior walls, 

respectively 

No - 

Edis et al. 

[45] 

Passive Quantitative White glazed ceramic material 

corresponding to several exterior 

walls 

No - 

Cadelano 

et al. [46] 

Active Quantitative Brick, marble and standstone 

materials corresponding to an 

interior wall 

No PPT 

(specific to 

thermal 

images) 

Georgescu 

et al. [47] 

Passive Qualitative Stone material corresponding to 

interior walls 

No - 

Table 1 Review of the most recent IRT studies in moisture areas detection affecting the surfaces of 217 

construction materials 218 

 219 

3. Recommended requirements during the acquisition stage and methodology 220 

3.1. Recommended requirements during the acquisition stage 221 

According to [11], there are some recommended guidelines to take into account during the 222 

acquisition stage of an IRT study made for the detection of moisture on construction materials, 223 

mainly affecting their surfaces. 224 

The first important step is the compilation of all the information available regarding the 225 

composition of the construction materials under study, in order to have a clear understanding of 226 

the displacement of water in the material and perform a more complete interpretation of the 227 
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results. Subsequently, additional procedures are recommended, depending on the modality of 228 

each IRT research. In the case of this paper, the modality is (1) passive IRT: given that all the 229 

construction materials are tested in natural conditions and (2) qualitative IRT: since the 230 

objective is to detect moisture areas in an automatic mode and not to make an evaluation of 231 

their severity. Thus, the following recommended requirements are provided: 232 

- Each thermal image should contain both dry and moist areas. The reason for this is that the 233 

IRT study is based on the comparison between the thermal behaviour of dry and moist zones. 234 

- Sunrise and sunset periods would be the most adequate times for thermal image acquisition in 235 

order to capture the maximum variation of the surface temperature between dry and moist 236 

areas. These are the times where the two physical phenomena that cause temperature 237 

differences are more active: (1) Evaporative cooling/Condensation process at the moist area 238 

and (2) Increased heat storage capacity of the moist material. Generally, night-time inspections 239 

are suggested for building IRT inspection to allow proper gain of solar heat, to provide stable 240 

thermal conditions (steady state), and to avoid false/misleading indications [48, 49]. 241 

Nevertheless, the choice of the optimal time period for data acquisition depends on the 242 

characteristics of the material analysed and its location/orientation. For instance, IRT 243 

inspections of glazed ceramic claddings are better in the evening or in the middle of the night, 244 

rather than in the morning or in the middle of the day. The reason is that, although the 245 

temperature difference between the dry and moist areas is greatest around midday, it only stays 246 

at its maximum for a short time while, at night, the temperature difference is smaller but remains 247 

stable for longer. In addition, the temperature difference between dry and moist areas observed 248 

in the evening is greater than that observed in the morning [45]. 249 

- In case of critical conditions, such as relative humidity (RH) higher than 80% and air 250 

temperature below 6-7 ºC, there are some solutions to increase the level of evaporative cooling 251 

to improve the measurements, such as increasing ambient temperature in order to decrease 252 

RH.  253 

 254 

3.2. Methodology 255 
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The methodology is designed to work with one thermal image at a time, and its workflow is 256 

indicated in Fig. 1. 257 

  258 

  259 

 Fig. 1 Workflow of the methodology 260 

All the algorithms were developed and tested by Python 2.7 using Spyder as the Interactive 261 

Development Environment (IDE). 262 

 263 

3.2.1. Step 1 264 

Format conversion 265 

This methodology works with grayscale images with 256 pixel-values in the interval 0 @ 255 (8-266 

bit format), so the lowest temperature value will be zero (black pixels provided the grayscale 267 

palette is applied) and the highest temperature value will be 255 (white pixels provided the 268 

grayscale palette is applied). Therefore, the use of equation (1) is necessary to convert the 269 

matrix of the input thermal image from temperature values (with temperature units: K, ºC or ºF) 270 

to the desired format: 271 
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𝐼𝐼(𝑖𝑖,𝑗𝑗) =
255 ∗ �𝑇𝑇(𝑖𝑖 ,𝑗𝑗) − 𝑇𝑇𝑚𝑚𝑖𝑖𝑚𝑚�

(𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑚𝑚𝑖𝑖𝑚𝑚)
                                                                                                                                      (1) 272 

where T(i,j) is the temperature value, with temperature units, at position (i,j), Tmax is the maximum 273 

temperature in the temperature matrix, with temperature units, Tmin is the minimum temperature 274 

in the temperature matrix, with temperature units, and I(i,j) is the grey-level intensity at position 275 

(i,j). 276 

In addition, this methodology only detects contours of moisture areas if the pixel-values of their 277 

areas are the lowest values within the thermal image. Then, in the cases where they are the 278 

highest, for example, when the material surface is cooled (see the “temperature assumption” of 279 

Section 3.2.2.), the values of the image matrix must be reversed with equation (2): 280 

𝐼𝐼𝑚𝑚𝑛𝑛𝑛𝑛(𝑖𝑖,𝑗𝑗) = |𝐼𝐼(𝑖𝑖,𝑗𝑗) − 255|                                                                                                                                               (2) 281 

where I(i,j) is the grey-level intensity at position (i,j) before being reversed and Inew(i,j) is the grey-282 

level intensity at position (i,j) after being reversed. 283 

Bilateral filtering technique implementation 284 

After the previous format conversion, the automatic part of the process begins. It starts with the 285 

application of the bilateral filtering technique in the thermal image with the desired input format. 286 

This technique is a non-linear function [50], which is highly effective at noise removal while 287 

preserving edges in the input image. It has recently been used, for example in [51], to smooth 288 

images in order to automatically detect the studs of an interior partition. To do this, the intensity 289 

value in each pixel of the image is replaced by a weighted average. This weighted average is 290 

based on a Gaussian distribution in space, which ensures that only the pixels close to the pixel 291 

under study are considered within its neighbourhood, and another Gaussian filter depending on 292 

the difference in pixels, which ensures that only those pixels with an intensity similar to the pixel 293 

under study are considered as “blurring”. Therefore, the edges of the images are preserved, 294 

since the pixels in the contours of objects will have a great variation in intensity with respect to 295 

their surroundings [52].  296 
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In this way, bilateral filtering eliminates the majority of the possible existing noise in the thermal 297 

image of the construction material surface, keeping the contours of the moisture areas. On the 298 

other hand, bilateral filtering is mathematically represented by equation (3):  299 

𝑑𝑑𝑑𝑑𝑑𝑑(𝑥𝑥, 𝑦𝑦) =
1∑ 𝑓𝑓𝑟𝑟(‖𝑑𝑑𝑠𝑠𝑠𝑠(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖)− 𝑑𝑑𝑠𝑠𝑠𝑠(𝑥𝑥, 𝑦𝑦)‖) ∗ 𝑔𝑔𝑠𝑠(𝑥𝑥𝑖𝑖 − 𝑥𝑥,𝑦𝑦𝑖𝑖 − 𝑦𝑦)𝑚𝑚𝑖𝑖,𝑦𝑦𝑖𝑖 �[𝑑𝑑𝑠𝑠𝑠𝑠(𝑥𝑥,𝑦𝑦)𝑚𝑚𝑖𝑖,𝑦𝑦𝑖𝑖300 

∗ 𝑓𝑓𝑟𝑟(‖𝑑𝑑𝑠𝑠𝑠𝑠(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖)− 𝑑𝑑𝑠𝑠𝑠𝑠(𝑥𝑥,𝑦𝑦)‖) ∗ 𝑔𝑔𝑠𝑠(𝑥𝑥𝑖𝑖 − 𝑥𝑥,𝑦𝑦𝑖𝑖301 − 𝑦𝑦)]                                                                                                                                      (3) 302 

where x, y are the coordinates of the current pixel to be filtered and xi, yi are the coordinates of 303 

the pixel neighbourhood that is used during filtering and defined by argument d. 304 

The values of all the arguments are the following: 305 

Argument Value 

src - Source 8-bit or floating-point, 1-channel or 3-channel image Thermal image input 

dst - Destination image of the same size and type as src  Thermal image output 

d - Diameter of each pixel neighbourhood that is used during 

filtering (filter mask) 

9 

sigmaColor - Filter sigma in the intensity space (gaussian 

function fr) 

75 

sigmaSpace - Filter sigma in the coordinate space (gaussian 

function gs) 

75 

Table 2 Values of the arguments to use in the bilateral filtering technique 306 

The numerical values of d, sigmaColor and sigmaSpace are established according to the 307 

documentation of the OpenCV library available on the web [53]. The value 9 in the diameter of 308 

each pixel neighbourhood is recommended for offline applications that need heavy noise 309 

filtering. Concerning sigma values, if they are small (< 10), the technique will not have much 310 

effect, whereas if they are large (> 150), it will have a very strong effect, making the image look 311 

exaggerated. Therefore, a value of 75 is established as an intermediate solution. 312 

 313 

3.2.2. Step 2  314 
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In this second step, the difference in the pixel-value between the moisture areas and the 315 

unaltered zone is increased with the application of a thresholding technique. For that, a thermal 316 

criterion is introduced, based on a temperature and a thermal assumption: 317 

Temperature assumption   318 

- If the surface of a construction material affected by moisture begins to cool down, the 319 

temperature in the moist area is higher than in its surroundings. This fact is due to the 320 

condensation process in the moist area, which is an exothermic reaction inducing an increase 321 

on the surface temperature of the anomaly with respect to its surroundings, and to the 322 

increased heat storage capacity of the moist material.  323 

- If the surface of a construction material affected by moisture begins to heat up, the 324 

temperature in the moist area is lower than in its surroundings. This fact is due to the 325 

evaporative cooling in the moist area and to the increased heat storage capacity of the moist 326 

material. Evaporative cooling is an endothermic reaction inducing a decrease on the surface 327 

temperature of the pathology with regard to its surroundings.  328 

Thermal assumption  329 

This assumption is referred to the distribution of the temperatures in the thermal image. 330 

Typically, the total number of pixels belonging to moisture areas affecting the surface of a 331 

construction material is much lower than the total. Taking this into account and knowing that the 332 

pixel-values of the moist areas are considerably lower/higher than those of the pixels associated 333 

to the unaltered surface of the material under study according to the previous temperature 334 

assumption, the distribution of the temperatures (the histogram of the pixel-values) of the 335 

thermal image can be assimilated to a pseudo-bimodal distribution. Thus, in the case of 336 

moisture, the thermal image histogram shows one Gaussian distribution consisting of the 337 

general distribution of the pixel-values of the unaltered zone of the material and other Gaussian 338 

distribution formed by the pixels of the existing moisture areas. The maximum peak of the first 339 

distribution is considerably higher than the peak of the second distribution. In addition, the 340 

reason for the prefix “pseudo-” is because the thermal image histogram is a combination 341 

between a normal or Gaussian distribution and a bimodal Gaussian distribution. A bimodal 342 
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distribution presents two normal distribution curves combined and two maximum peaks with 343 

similar magnitude, which are the two most common/repeated pixel-values.  344 

A demonstration of this thermal assumption can be seen in Fig. 2, corresponding to the 345 

histogram of the output thermal image of the Step 1 belonging to one of the surfaces of the 346 

construction materials analysed in Section 4 (Material_1). All other construction materials tested 347 

presented a similar distribution.  348 

  349 

Fig. 2 Histogram of the thermal image of one of the surfaces of construction materials analysed in Section 350 

4, Material_1, after the Step 1 (the arrow indicates where the moisture pixels would be located) 351 

With the purpose of evaluating whether the histogram in Fig. 2 is really a pseudo-bimodal 352 

distribution, a polynomial fit is performed on that histogram to confirm if there are two Gaussian 353 

bells and whether the maximum peak of the unaltered zone is considerably larger than the 354 

maximum peak of the moisture areas. For that, this polynomial has to be assimilated to the blue 355 

line of Fig. 2, as that line represents the shape of the histogram under study. Fig. 3 shows this 356 

polynomial (green line) with regard to the blue line. For the adjustment, the minimum value of 357 

the coefficient of determination (R2) is established to 0.8, based on the level used in [1]. When 358 

the minimum value is reached, the correlation between the two lines is classified as acceptable 359 

“strong”. Indeed, the R2 obtained in Fig. 3 was 0.84. 360 
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  361 

Fig. 3 Polynomial fit (green line) with regard to the line representing the shape of the histogram in Fig. 2 362 

(blue line). The circular (letters: “A” and “B”) and rectangular (sentence “overlapping point” and letter “C”) 363 

symbols represent the relative maximum and minimum points of the polynomial, respectively 364 

Regarding the relative maximum points calculated for the polynomial fit in Fig. 3, two values are 365 

observed in the following positions (letters: “A” and “B”): (76.068, 0.007) for “A” and (153.985, 366 

0.015) for “B”. As the ratio of “B”/“A” is approximately equal to 2 according to the values along 367 

the vertical axis, it can be stated that effectively: (1) there are two maximum peaks (“A” and “B”) 368 

and, (2) the maximum peak, “B”, belongs to the normal distribution curve of the unaltered zone 369 

of the Material_1, being twice its magnitude than the maximum peak “A”, which belongs to the 370 

normal distribution curve of the moisture areas. 371 

Moreover, an overlap between the Gaussian distributions of the unaltered zone and the 372 

moisture areas can be observed approximately at the minimum point located in the centre of the 373 

polynomial in Fig. 3 (named “overlapping point”). Overlapping point represents approximately 374 

the pixel-value of the contours of the moisture areas of the Material_1, i.e., it is the equivalent to 375 

the starting point of the arrow in Fig. 2.  376 

Finally, the demonstration of Gaussian distributions is possible by calculating the Skewness and 377 

Kurtosis values of each distribution before the overlapping point, based on the blue line of Fig. 378 

3. With the computation of these parameters, it is possible to prove whether a distribution is a 379 

normal/Gaussian curve. For that, the Skewness and the Kurtosis values must be 0 and 3, 380 

respectively [54]. According to [55], a range of -2 @ +2 with regard to the optimal values is 381 
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acceptable for testing whether a distribution is normal/Gaussian. In this case, the values 382 

obtained are represented in the following table (Table 3): 383 

Distribution Skewness Kurtosis 

Moisture areas -0.54 1.58 

Unaltered zone 0.67 2.30 

Table 3 Skewness and Kurtosis values of each distribution (blue line) of the histogram of the Fig. 3 384 

before/after overlapping point regarding moisture areas/unaltered zone distributions, respectively 385 

Skewness and Kurtosis computations have been performed using the corresponding functions 386 

of Python 2.7. [56, 57], and valid results have been obtained, demonstrating the Gaussian 387 

distribution of both the moisture areas and the unaltered zone. 388 

Thresholding technique implementation and second application of bilateral filtering technique 389 

According to the previous theoretical assumptions, the overlapping point represents an 390 

important value, since it belongs approximately to the contours of the moisture areas in the 391 

thermal image. Therefore, the thresholding technique will give more weight to the pixel-values of 392 

the thermal image that are below the value of the overlapping point, since, due to the format 393 

conversion of Step 1, moisture areas are always going to present lower temperature than 394 

unaltered areas. 395 

At first glance, the use of the Otsu method, a thresholding technique specifically developed for 396 

visible images, seems to be the most appropriate for determining the overlapping point, as it 397 

works very well for finding the overlap point in images with bimodal distributions. However, 398 

according to [58], if the histogram of an image is a pseudo-bimodal distribution, the identification 399 

of the overlapping point can be quite inaccurate. This occurs in inspection applications on 400 

objects that contain small defects, with much smaller areas than the defect-free areas. An 401 

example can be seen in [59], and the same happens in thermographic inspections of materials 402 

with small anomalies, as in the case of this study.  403 

So, the thermal criterion is considered with the objective of obtaining the overlapping point 404 

instead of applying the Otsu method, but leaving the remaining steps of said method intact. The 405 

total steps of the thresholding technique of this paper would be as follows: 406 
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(1) The overlapping point is calculated by the thermal criterion, and is taken as the reference 407 

threshold value. 408 

(2) All pixel-values of the thermal image histogram that are below the value of the overlapping 409 

point are equaled to zero and the rest are subtracted by the overlapping point value. 410 

(3) The resulting pixel-values are multiplied by a scale. This scale consists of the division of 255 411 

between the differences of the maximum pixel-value of the output thermal image of the Step 1, 412 

minus the overlapping point value obtained. The number 255 in the numerator is the result of 413 

the difference of the new range of pixel-values of the thermal image after this step (which will 414 

always be [0-255] since uint8 format is the format working in this methodology). 415 

(4) The resulting pixel-values that are above 255 are equaled to 255. 416 

Regarding the basis of the thermal criterion, it consists of calculating the optimal combination of 417 

the arithmetic mean, 𝑥𝑥, and the standard deviation, s, of the pixel-values of the output thermal 418 

image of the Step 1. The reasons for using 𝑥𝑥 and s instead of applying polynomial adjustment in 419 

the thermal image histogram are because it is a more direct way of obtaining the overlapping 420 

point and that the values of both parameters partly depend on the Gaussian bell of the moisture 421 

areas: (1) 𝑥𝑥 parameter is partially dependent on the height of that bell and, (2) s parameter is 422 

partially dependent on its width. In addition, in this way, the overlapping point is obtained in an 423 

automated mode. 424 

Fig. 4 represents the histogram of the thermal image of Fig. 2, with the ideal overlapping point 425 

indicated along the horizontal axis, where the 𝑥𝑥 and s values of the thermal image are shown 426 

with marks, also along the horizontal axis, according to the following results: 𝑥𝑥-0.5*s, 𝑥𝑥-s and 𝑥𝑥-427 

1.5*s.   428 
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  429 

Fig. 4 Histogram of the thermal image of Fig. 2 indicating the 𝑥𝑥-0.5*s, 𝑥𝑥-s and 𝑥𝑥-1.5*s values of the 430 

thermal image by black points (the vertical black line indicates the ideal overlapping point) 431 

𝑥𝑥-0.5*s is the combination closest to the ideal overlapping point, showing in Fig. 5 the result 432 

after applying the Step 1 and the thresholding technique with the 𝑥𝑥-0.5*s combination. 433 

  434 

Fig. 5 Histogram of the thermal image of Fig. 2 after the Step 1 and the thresholding technique with the 𝑥𝑥-435 

0.5*s combination (the arrow indicates where the moisture pixels would be located) 436 

Comparing with the original histogram, this histogram has been stretched along the higher pixel-437 

values, while the lower pixel-values have been contracted, giving greater weight to the lower 438 

area with regard to the rest of the histogram of the thermal image.  439 

On the other hand, although the result of the Otsu method [60] in the histogram of Fig. 4 is also 440 

a point close to the ideal overlapping point (with a value of 113 along the horizontal axis, similar 441 

to the 105 of the 𝑥𝑥-0.5*s combination, being 110 the value of the ideal overlapping point), it is 442 

not a consistent result for all cases. For example, in the case of Material_42, which presents a 443 
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temperature distribution less similar to an ideal bimodal distribution, the Otsu method is less 444 

precise than the thermal criterion of this methodology, in this case the 𝑥𝑥-0.5*s combination, 445 

showing its limitation for this study (see Fig. 6). 446 

 447 

Fig. 6 Histogram of the thermal image of one of the construction materials analysed in Section 4, 448 

Material_42, after the Step 1 (“overlapping point” represents the ideal point) 449 

As last action to perform in Step 2, the bilateral filtering technique is applied again, allowing to 450 

emphasize the contours of the existing moisture areas after the thresholding technique. 451 

In Section 4, in order to obtain preliminary results, a comparison is performed between the final 452 

results of the methodology (Step 1 + Step 2 + Step 3), applying the following different 453 

combinations to obtain the overlapping point, from several surfaces of construction materials: 454 

(1) 𝑥𝑥-1.5*s, (2) 𝑥𝑥-s and (3) 𝑥𝑥-0.5*s. So, the same variables (𝑥𝑥 and s) and math operation 455 

(subtraction, “-“) are applied to all thermal images. 456 

 457 

3.2.3. Step 3 458 

The aim of the final step of the methodology is to draw the contours of the candidates to 459 

moisture areas on the original thermal image.  460 

To do this, changes in the pixel-value level are searched in the thermal image processed up to 461 

this point. Specifically, the objective is to classify as contours the pixels that are located around 462 

the overlapping point value according to the selected combination of 𝑥𝑥 and s. In other words, 463 

the task is to detect the pixels of the border of the darkest areas of the image, which are the 464 
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possible candidates to be moisture areas, grouping the pixels detected in various vectors 465 

(contours) in order to separate the different areas found. For this, findContours technique of 466 

OpenCV [50] is used with the implementation of a geometric and a thermal filter, in order to 467 

remove false positives. The filters work in this way: 468 

(1) The thermal filter is based on the fact that the pixel-values of moisture areas are located 469 

below the overlapping point value according to the combination of 𝑥𝑥 and s selected. Therefore, 470 

the contours computed by the findContours technique that surround an area with an average 471 

pixel-value (after Step 1) higher than the overlapping point are discarded as moisture 472 

candidates.  473 

(2) Regarding the geometric filter, the geometry of an area with moisture is considered as not 474 

perfect square, because this happens only under very specific conditions. So, contours with a 475 

height/width ratio value equal to 1 are discarded as moisture areas since they are probably 476 

noise that has not been removed by the bilateral filtering technique or any artefact present in the 477 

thermal image. 478 

Therefore, the contours that remain are drawn in the original thermal image. 479 

 480 

4. Evaluation of the methodology 481 

4.1. Selection of construction materials for the analysis of their surfaces 482 

The methodology was tested in different surfaces of several types of construction materials, 483 

selected among the types with highest use. One is synthetic tesserae (which is a sort of molten 484 

glass) usually used to build mosaic samples for decoration purposes; another is wood (beech) 485 

analysed from different directions of the fibres (radial, tangential and axial directions); and two 486 

tests are performed in different appearances of typical concrete belonging to outdoor: one in a 487 

building façade and one in a bridge. Likewise, the samples analysed in [17], made of white 488 

plaster typical of surfaces belonging to the interior of residential buildings, were also tested and 489 

compared with the previous study.  490 
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The descriptions and properties of the types of construction materials used for testing the 491 

methodology in their surfaces are presented in Table 4. The numerical values were obtained 492 

from the materials’ technical specifications under ambient conditions and at room temperature. 493 

Reference Type of 

construction 

material 

Emissivity Thermal conductivity/W 

*m-1 K-1 

Density/kg* 

m-3 

Specific 

heat 

capacity/J 

*kg-1 K-1 

Material_1 Synthetic tesserae 0.93 0.93 2600 670 

Material_21 beech (fibres radial 

direction) 

0.94 0.169 750 1413 

Material_22 beech (fibres 

tangential 

direction) 

0.94 0.142 747 1419 

Material_23 beech (fibres axial 

direction) 

0.94 0.418 750 1413 

Material_31 Concrete 0.85 1.28 2300 880 

Material_32 Concrete  0.85 1.28 2300 880 

Material_41 White plaster 0.90 0.17 800 1000 

Material_42 White plaster 0.90 0.17 800 1000 

Material_43 White plaster 0.90 0.17 800 1000 

Table 4 Description and properties of the construction materials under study in environmental conditions 494 

and at room temperature 495 

The construction materials are named with different nomenclature. The first number identifies 496 

the type of material, and the second number exists if there is more than one example of the 497 

same type of material tested. 498 

 499 

4.2. Thermographic inspection for moisture detection  500 

Despite the description of the ideal plan of acquisition (Section 3.1.), during the tests, the 501 

acquisitions were performed under different ambient conditions without necessarily being the 502 

recommended ones, checking whether the methodology developed presents a good 503 

performance for all of them. For that, two different TIR cameras were used for data acquisition 504 
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to ensure sensor-independence, while a hygrometer was used to measure the ambient 505 

conditions. Regarding TIR cameras, the corrections of emissivity and reflected temperature are 506 

performed before each measurement, as well as ambient compensation. Although this paper 507 

works in qualitative IRT, it is necessary to have the most realistic histogram possible for each 508 

thermal image under study because it is very important to get the overlapping point as close as 509 

possible to the ideal value. The main specifications of the TIR cameras used are described in 510 

Table 5. 511 

 TIR camera 1 TIR camera 2 

Sensor type Uncooled focal plane array 

(μbolometer) 

Uncooled focal plane array 

(μbolometer) 

Thermal image/pixels 320 (H) x 240 (V) 640 (H) x 480 (V) 

Resolution/ºC 0.1 0.1 

Accuracy ± 2 ºC or ± 2% of reading, whichever 

is greater 

± 2 ºC or ± 2% of reading, whichever 

is greater  

Spectral ranges/μm 7.5 @ 13.5 8 @ 14 

Table 5 Specifications of TIR cameras used during the tests 512 

The tests of the surfaces of Material_1, Material_21, Material_22 and Material_23 were 513 

performed under the same conditions, inside a laboratory where the last three pieces had a 514 

weight about 27 grams and with a water content of 15 ml each (around 60% of moisture in the 515 

materials). The environment conditions during the tests were: ambient temperature of 19 ºC and 516 

RH of 40% approximately, and the TIR camera used was the TIR camera number 1. Fig. 7 517 

shows the surface of these materials in dry conditions. 518 

 519 

https://www.linguee.es/ingles-espanol/traduccion/approximately.html
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 Fig. 7 Investigated materials. Left: Material_1. Right: Indication of the Material_21 “RADIAL”, Material_22 520 

“TANGENTIAL” and Material_23 “AXIAL” directions (all in dry conditions in the figure) 521 

Material_31 belongs to a building façade. In this case, the environment conditions during the 522 

test of its surface were: ambient temperature of 17.9 ºC and RH of 72% approximately, and the 523 

TIR camera used was the TIR camera number 2. Fig. 8 shows the surface of this material in 524 

real conditions (it can be observed that the surface has indications of being affected by 525 

moisture).  526 

  527 

Fig. 8 Investigated material. Material_31 in real conditions 528 

The Material_32 belongs to two zones of a pillar of a bridge. The environment conditions during 529 

the testing of their surfaces were: ambient temperature of 9 ºC and RH of 90% approximately, 530 

on a winter day, and the TIR camera used was again TIR camera number 2. Fig. 9 shows the 531 

surfaces of this material in real conditions (it can be observed that the surfaces have indications 532 

of being affected by various moisture areas). 533 

https://www.linguee.es/ingles-espanol/traduccion/approximately.html
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 534 

 535 

Fig. 9 Investigated material. Material_32 in real conditions (red circles indicate the selected zones to 536 

analysis, “left” and “right” areas) 537 

Finally, the tests of the surfaces of the Material_41, Material_42 and Material_43 were 538 

performed under the same conditions, in different interior residential buildings, according to the 539 

recommendations given in [17]. The environment conditions during the tests were: ambient 540 

temperature of 23 ºC and RH of 50% approximately, and the TIR camera used was the TIR 541 

camera number 2. Fig. 10 shows the surfaces of these materials in real conditions (it can be 542 

observed that the surfaces have signs of moisture areas). 543 

 544 

 545 

Fig. 10 Investigated materials. From left to right: Material_41, Material_42 and Material_43 in real 546 

conditions (red circles indicate the zones selected for analysis). Reference [17] 547 

 548 

4.3. Preliminary results and discussion 549 

Fig.11 shows the thermal images obtained for each construction material surface analysed and 550 

affected by moisture areas, in grayscale, except for the surfaces of the materials tested in [17] 551 

https://www.linguee.es/ingles-espanol/traduccion/approximately.html
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that are in RGB to maintain the format used in that work and evaluate the colour-independence 552 

of the methodology. Temperature scales are in ºC. 553 

 554 

Fig. 11 Thermal images of the surfaces of the construction materials under study. From left to right and 555 

from top to bottom, surfaces of the: Material_1, Material_21, Material_22, Material_23, Material_31, 556 

Material_32 “left” area (top), Material_32 “left” area (bottom), Material_32 “right” area (top), Material_32 557 

“right” area (bottom), Material_41, Material_42 and Material_43 (from reference [17]). The temperature 558 

scale (ºC) is shown at the right of each image 559 

On the other hand, Fig. 12 shows the results using the methodology for automatic moisture 560 

detection (red lines), with different combination of 𝑥𝑥 and s for the computation of the overlapping 561 

point, in order to evaluate preliminary results: (1) 𝑥𝑥-1.5*s, (2) 𝑥𝑥-s and (3) 𝑥𝑥-0.5*s.    It should be 562 

noted that if it was not for Steps 1 and 2, no moisture area would be detected with Step 3, or 563 

only moisture areas with one dimension (points). 564 

  565 
 566 
 567 
 568 
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  569 

Fig. 12 Preliminary results of the methodology. From left-column to right-column: 1) 𝑥𝑥-1.5*s, 2) 𝑥𝑥-1*s and 570 

3) 𝑥𝑥-0.5*s 571 
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Fig.13 shows the real contours of the existing moistures in each construction material surface 572 

(red lines) detected by the operator during the IRT inspections. From the Fig.13, it is possible to 573 

compute various performance metrics with the finality of evaluating the accuracy of this 574 

methodology and comparing the results of the different combinations of 𝑥𝑥 and s for the 575 

computation of the overlapping point among the 3 options of Fig. 12. 576 

 577 

 578 

Fig. 13 Real contours of the existing moistures in the thermal images of each construction material surface 579 

(red lines). From left to right, top to bottom, surfaces of the: Material_1, Material_21, Material_22, 580 

Material_23, Material_31, Material_32 “left” area (top), Material_32 “left” area (bottom), Material_32 “right” 581 

area (top), Material_32 “right” area (bottom), Material_41, Material_42 and Material_43 (from reference 582 

[17]) 583 

The most adequate combination will be the one with the most pixels inside each contour 584 

calculated in common with the pixels of the real moisture areas (number of true positives) and 585 

with the least pixels unclassified as wet pixels (number of false negatives). For that, the 586 

following performance metrics are defined, as in reference [17]: 587 

𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑇𝑇𝑃𝑃𝑇𝑇𝑃𝑃+ 𝐹𝐹𝑃𝑃                                                                                                                                              (4) 588 

𝑅𝑅𝑃𝑃𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝑇𝑇𝑃𝑃𝑇𝑇𝑃𝑃 + 𝐹𝐹𝐹𝐹                                                                                                                                                    (5) 589 

𝐹𝐹 − 𝑑𝑑𝑠𝑠𝑃𝑃𝑠𝑠𝑃𝑃 =  2 ∗ 𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑅𝑅𝑃𝑃𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑅𝑅𝑃𝑃𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅                                                                                                                    (6) 590 
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where TP, FP and FN are the number of true positives, false positives and false negatives, 591 

respectively. Results of precision, recall, and F-score performance metrics are shown in Table 6 592 

for the three combinations of parameters under study in each construction material surface. 593 

Material reference Combination Precision/% Recall/% F-score/% 

1 𝑥𝑥-1.5*s 100 38 55 𝑥𝑥-1*s 95 67 79 𝑥𝑥-0.5*s 83 94 88 

21 𝑥𝑥-1.5*s 100 17 28 𝑥𝑥-1*s 100 33 50 𝑥𝑥-0.5*s 99 51 67 

22 𝑥𝑥-1.5*s 91 92 91 𝑥𝑥-1*s 37 99 54 𝑥𝑥-0.5*s 9 99 17 

23 𝑥𝑥-1.5*s 100 57 73 𝑥𝑥-1*s 90 81 85 𝑥𝑥-0.5*s 67 92 77 

31 𝑥𝑥-1.5*s 99 67 80 𝑥𝑥-1*s 98  84 91 𝑥𝑥-0.5*s 94 96 95 

32 “left” area (top) 𝑥𝑥-1.5*s 100 25 40 𝑥𝑥-1*s 87 64 73 𝑥𝑥-0.5*s 75 98 85 

32 “left” area 

(bottom) 

𝑥𝑥-1.5*s 100 7 14 𝑥𝑥-1*s 86 70 77 𝑥𝑥-0.5*s 71 92 80 

32 “right” area 

(top) 

𝑥𝑥-1.5*s 99 25 40 𝑥𝑥-1*s 94 37 53 𝑥𝑥-0.5*s 88 58 70 

32 “right” area 

(bottom) 

𝑥𝑥-1.5*s 88 30 45 𝑥𝑥-1*s 75 71 73 𝑥𝑥-0.5*s 54 92 68 

41 𝑥𝑥-1.5*s 100 3 7 
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𝑥𝑥-1*s 100 34 51 𝑥𝑥-0.5*s 100 81 90 

42 𝑥𝑥-1.5*s 100 26 42 𝑥𝑥-1*s 100 53 69 𝑥𝑥-0.5*s 100 88 94 

43 𝑥𝑥-1.5*s 100 10 19 𝑥𝑥-1*s 100 59 74 𝑥𝑥-0.5*s 100 64 78 

Table 6 Precision, recall and F-score for the three combinations analysed in each construction material 594 

surface 595 

Due to the great amount of information presented in the previous table, Table 7 shows the 596 

average and standard deviation values of each performance metric parameter for each 597 

combination. 598 

Performance metrics Combination 

Parameter  𝑥𝑥-1.5*s 𝑥𝑥-1*s 𝑥𝑥-0.5*s 

Precision/% Average/% 98 89 78 

Standard deviation/% 4 17 25 

Recall/% Average/% 33 63 84 

Standard deviation/% 25 20 16 

F-score/% Average/% 45 69 76 

Standard deviation/% 25 13 20 

Table 7 Average and standard deviation values in each performance metric parameter for each 599 

combination considering all the results in Table 6. The first position on average (the highest) and on 600 

standard deviation (the lowest) values for each parameter are highlighted in bold, while italics is used for 601 

the second position 602 

Table 8 shows the average and standard deviation values of each performance metric 603 

parameter according to the TIR camera used with the combination 𝑥𝑥-1*s. This combination is 604 

selected because of their good average and standard deviation values in all performance 605 

metrics (Table 7). 606 

Performance metrics  TIR camera  
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Parameter  1 2 

Precision/% Average/% 81 93 

Standard deviation/% 25 9 

Recall/% Average/% 70 59 

Standard deviation/% 24 16 

F-score/% Average/% 67 70 

Standard deviation/% 15 12 

Table 8 Average and standard deviation values in each performance metric parameter according to the 607 

TIR camera used with the combination 𝑥𝑥-1*s, considering all the results in Table 6. The first position on 608 

average (the highest) and on standard deviation (the lowest) values for each parameter are highlighted in 609 

bold 610 

In light of the results shown in Table 7 and 8, the following conclusions are reached: 611 

- Despite the best average and standard deviation values of the combination 𝑥𝑥-1.5*s in the 612 

precision parameter, very low values are obtained in the other parameters. Therefore, it is 613 

discarded as a good combination for obtaining the overlapping point. 614 

- Between the combinations 𝑥𝑥-1*s and 𝑥𝑥-0.5*s, it is observed that the first one obtains better 615 

results in the precision parameter, although the second combination shows better results for the 616 

other two parameters (recall and F-score). Thus, as preliminary results, it can be stated that the 617 

developed methodology gives better results if a combination of 𝑥𝑥 and s between 𝑥𝑥-1*s @ 𝑥𝑥-618 

0.5*s is established, in order to obtain the overlapping point. 619 

- Although each TIR camera used has analysed surfaces of different construction materials, 620 

provided that the results are uniform for all cases, it can be said that the type of TIR camera 621 

used will not change the effectiveness of the methodology proposed. A good example is the 622 

similarity of the results of the F-score parameter, which is considered as the most representative 623 

parameter since it includes both the precision and the recall parameters. 624 

In the case that the purpose of the methodology is simply to detect the presence of a possible 625 

moisture zone instead of marking its real limits, with the aim at warning the operator of the 626 

presence of an anomaly in that area of the construction material surface under study, the quality 627 

metrics of the methodology change according to different weights given to the two performance 628 

metrics used in the F-score parameter.  In this case, where focus is set on detection rather than 629 
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on delimitation, more weight is given to the precision parameter. In the original definition of F-630 

score, the weights of the precision and recall parameters are set at 50%. In order to establish a 631 

weight of 70% to precision and 30% to recall, the following equation is used: 632 

𝐹𝐹 − 𝑑𝑑𝑠𝑠𝑃𝑃𝑠𝑠𝑃𝑃′ =
𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑅𝑅𝑃𝑃𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅

0.3 ∗ 𝑃𝑃𝑠𝑠𝑃𝑃𝑠𝑠𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃 + 0.7 ∗ 𝑅𝑅𝑃𝑃𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅                                                                                                      (7) 633 

And the new F-score results with regard to Table 7 are the following (Table 9): 634 

Performance metrics Combination 

Parameter  𝑥𝑥-1.5*s 𝑥𝑥-1*s 𝑥𝑥-0.5*s 

F-score’/% Average/% 53 75 76 

Standard deviation/% 25 13 21 

Table 9 Average and standard deviation values in the new F-score parameter for each combination 635 

considering all the results in Table 6. The first position on average (the highest) and on standard deviation 636 

(the lowest) values for each parameter are highlighted in bold, while italics is used for the second position 637 

Despite the improvement of the combination 𝑥𝑥-1.5*s from this new point of view, the 638 

combination of 𝑥𝑥 and s between 𝑥𝑥-1*s @ 𝑥𝑥-0.5* is still maintained as the most appropriate 639 

option. The same results are obtained with weights of 60%/40%, 80%/20% and 90%/10% given 640 

to precision/recall respectively (Table 10): 641 

Performance metrics Combination 

Parameter  𝑥𝑥-1.5*s 𝑥𝑥-1*s 𝑥𝑥-0.5*s 

F-score’/% 

(60%/40%) 

Average/% 48 72 76 

Standard deviation/% 25 13 21 

F-score’/% Average/% 60 78 77 

(80%/20%) Standard deviation/% 24 13 22 

F-score’/% Average/% 71 83 77 

(90%/10%) Standard deviation/% 21 14 24 

Table 10 Average and standard deviation values in the new F-score parameters (precision/recall weights 642 

(%): (1) 60/40, (2) 80/20 and (3) 90/10) for each combination considering all the results in Table 6. The first 643 

position on average (the highest) and on standard deviation (the lowest) values for each parameter are 644 

highlighted in bold, while italics is used for the second position 645 

 646 
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4.3.1. Comparison with existing methodologies 647 

This section compares the preliminary results obtained with this methodology with regard to the 648 

construction materials tested in [17], against the results of that study. To that end, Table 11 649 

represents the values of the performance metrics (F-score with the weights of the precision and 650 

recall parameters set at 50%) with respect to the surfaces of the Material_41, Material_42 and 651 

Material_43; showing the results with the combinations 𝑥𝑥-1*s and 𝑥𝑥-0.5*s, and the results 652 

obtained in [17]. 653 

Material reference Methodology Precision/% Recall/% F-score/% 

41 𝑥𝑥-1*s 100 34 51 𝑥𝑥-0.5*s 100 81 90 

Method of [17] 70 97 81 

42 𝑥𝑥-1*s 100 53 69 𝑥𝑥-0.5*s 100 88 94 

Method of [17] 84 89 86 

43 𝑥𝑥-1*s 100 59 74 𝑥𝑥-0.5*s 100 64 78 

Method of [17] 91 82 86 

Table 11 Precision, recall and F-score results with regard the materials used in [17], applying the 654 

combinations 𝑥𝑥-1*s and 𝑥𝑥-0.5*s, and representing the own results obtained in [17]. The first position on 655 

average (the highest) values for each parameter are highlighted in bold 656 

With the methodology developed in this paper, precision is gained with regard to the study [17], 657 

compensating for the decrease in recall. Therefore, with this comparison, it is concluded that: 658 

- The method proposed in [17] is more appropriate for detecting the real extent of each moisture 659 

area, although it can be overestimated, provided that the areas are already classified with 660 

presence of moisture.  661 

- The methodology described here is more advisable for a first moisture inspection, even if the 662 

total of each moisture area is not covered. In other words, this paper detects better whether or 663 

not there are moisture areas affecting the surfaces of different construction materials compared 664 

to the method [17]. Then, this methodology would be a first application to define possible 665 

moisture areas, and in the case of needing more detail, method [17] would be applied. 666 
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 667 

4.3.2. Visible images for moisture detection 668 

In this section, the results of the visual inspection of moisture areas show that the visual 669 

technique does not make possible the detection of moisture areas or presents poor 670 

performance. The demonstration of the inadequacy of the visual inspection is performed with 671 

the surfaces of the Material_41, Material_42 and Material_43. In addition, although the 672 

proposed methodology includes algorithms specifically developed for visible images, the results 673 

for the detection of moisture (Fig.14) are also poor. 674 

 675 

Fig. 14 Demonstration of the non-viability of using visible images to detect moisture areas  676 

 677 

5. Conclusions and future perspectives 678 
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This work presents a methodology for the automatic detection of moisture areas affecting the 679 

surfaces of several construction materials, under different ambient conditions and from 680 

thermographic images. This procedure is one of the first methods of these characteristics in the 681 

literature, implying a step forward towards the automation of the inspection process and 682 

optimization of the decision-taking for rehabilitation actions in damaged materials. 683 

To achieve the purpose of the paper, the methodology introduces the application of three image 684 

processing techniques, specifically designed for visible images, to the thermographic images of 685 

surfaces of different construction materials. The application of these techniques requires some 686 

adaptations of the format of the thermal images and a different use of the techniques. With 687 

them, it is possible, first, (1) to increase the difference in the pixel-value between the moisture 688 

areas and the unaltered zones (with the thresholding technique) and to remove noise while 689 

keeping the edges intact (with the bilateral filtering technique), and (2) to detect contours of 690 

moisture areas according to the highest difference of pixel-value in each thermal image (with 691 

the findContours technique). 692 

In the case of the bilateral filtering technique, a previous format conversion of the thermal 693 

images is necessary, while for the thresholding technique, a thermal criterion is introduced to 694 

establish a threshold value in order to select the pixel-value of the contours of the moisture 695 

areas. Regarding the findContours technique, a geometric and a thermal filter are applied to the 696 

outputs, in order to remove false positives. 697 

The thermal criterion used in the thresholding technique is based on the temperature 698 

distribution of the thermal images under study, which are assimilated to pseudo-bimodal 699 

distributions, with two Gaussian bells combined and with the peak of one bell considerably 700 

smaller than the peak of the other.  In the thermal criterion, three different combinations are 701 

applied in each thermal image under study, in order to obtain the optimal value of the 702 

overlapping point, which established the separation between the two distributions. These 703 

combinations are based on the image parameters corresponding to the arithmetic mean pixel 704 

value, 𝑥𝑥, and the standard deviation, s. The determination of the optimal combination is 705 

experimentally performed with 12 different surfaces of construction materials affected by 706 
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moisture areas and under various environmental conditions, specifically comparing the following 707 

combinations: 1) 𝑥𝑥-1.5*s, 2) 𝑥𝑥-1*s and 3) 𝑥𝑥-0.5*s. 708 

The preliminary results show that the best combination is a combination of 𝑥𝑥 and s established 709 

between the combinations 𝑥𝑥-1*s and 𝑥𝑥-0.5*s, with values between 78% @ 89% for precision, 710 

63% @ 84% for recall and 69% @ 76% for F-score parameters. These results show the optimal 711 

behaviour of the methodology to just detect the presence of moisture, without recognizing its 712 

entire area.  713 

Therefore, the purpose of this paper is fulfilled, since a methodology has been developed in 714 

order to detect and draw contours of moisture areas affecting the surfaces of different 715 

construction materials analysed during thermographic inspections. In addition, the inspections 716 

have been performed under different environmental conditions and the proposed procedure 717 

works automatically, showing acceptable results of precision, recall and F-score parameters. 718 

Future criteria and techniques can be added for the improvement of the methodology, especially 719 

to discern moisture of other pathologies and artefacts that generate dark areas in grayscale 720 

thermal images, such as shadows and graffiti painted on walls. So, future research will deal with 721 

the implementation of a criterion regarding thermophysical properties of the detected contours, 722 

and with the search for the optimal combination of 𝑥𝑥 and s between the combinations 𝑥𝑥-1*s and 723 𝑥𝑥-0.5*s testing more types of construction materials.  724 
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