
 

1. INTRODUCTION 

Historical heritage buildings are especially important 

when considering the historical, social, economic 

and environmental aspects inherent to these 

buildings [1]. They generally have poor conservation 

status, with anomalies that manifest themselves in a 

variety of ways and, often, act simultaneously or 

have similar origins [2]. The uninterrupted process of 

degradation makes documentation a fundamental 

activity for recording the state of Monuments and 

facilitating correct and targeted decision making 

according to an appropriate conservation plan [3]. In 

order to obtain this in-depth knowledge about the 

current state of a Heritage building, the survey 

executed consists of a reverse engineering process 

according to which the project is reconstructed from 

the information obtained from the real object, with all 

irregularities and imperfections due to the building's 

life cycle [2]. Technologies for capturing the 

geometric reality of surfaces are then used as an 

alternative, which allow to acquire large density of 

three-dimensional data quickly and accurately [4]. 

These are fundamentally of two types: Terrestrial 

Laser Scanning (TLS) and Aerial Digital 

Photogrammetry (ADP). 
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ABSTRACT: Conservation of architectural heritage requires a multidisciplinary approach involving a 

variety of areas and specialized techniques. The development of non-destructive and non-contact 

techniques is extremely important for the preservation of heritage integrity. 

In this context, a methodology is explored combining Terrestrial Laser Scanning (TLS) and Aerial Digital 

Photogrammetry (ADP), which accelerate data collection and facilitate the creation of point clouds, and 

Infrared Thermography (IRT) to detect anomalies and gain knowledge of the conservation status of 

historic structures. The aim is to cross the information from the thermal images with TLS and ADP 

technologies and, also, traditional techniques and equipment by conducting an in-situ experimental setup, 

which could allow to extrapolate conclusions to other parts of the case study. 

The present study will also tend to answer the following question: How does IRT help to deepen the level 

of information obtained through the TLS and ADP point clouds and how is this approach viable when 

applied to heritage conservation? In addition, it is intended to reflect on the contrast of the implementation 

of traditional techniques compared to non-contact technologies. 

The main results demonstrate the thermography’s potential for this type of application showing the 

challenges and differences in the use of different platforms to obtain the thermograms (drone and manual 

equipment). The results also allowed us to understand the potentials and limitations of each technique for 

the type of support in which they were used. The integration of these tools for heritage inspection has a 

positive impact on conservation and restoration projects.  

KEYWORDS: Terrestrial Laser Scanning (TLS), InfraRed Thermography (IRT), Aerial Digital 
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This work intends to follow up a study developed for 

the walls of the Moorish Castle (west side) in Sintra 

at the request of the company Parques de Sintra 

Monte da Lua [5]. In this case, TLS and ADP were 

used to plan the surfaces of the case study and for 

the visual diagnosis of pathologies. The present 

study proposes the incorporation of thermography to 

identify anomalies with thermal expression, and also 

comparing it with analysis equipment used in 

traditional methods. The work developed aims to 

achieve the following objectives: 

- Explore the potentials of new contactless 3D 

automatic survey technologies in the context of 

heritage conservation; 

- Study the potentiality of thermographic images in 

the evaluation and identification of pathologies 

crossed with other techniques; 

- Reflect on the implementation of traditional versus 

automated methodologies. 

The proposed methodology considers the following 

steps: 1) conducting an experimental campaign 

using traditional equipment to compare results with 

the thermographic analysis; 2) comparison of the 

results obtained with aerial thermograms and with 

thermograms captured more closely to the surface of 

the walls. 3) visual identification of pathologies based 

on the point cloud elevations obtained with TLS and 

ADP and, therefore, comparing them with the 

thermogram results. 

2. BACKGROUND 

The main contribution of photogrammetry and 

terrestrial laser scanning to heritage conservation is 

based on the production of documentation. These 

equipments offer a working methodology that 

requires little time to acquire a large amount of data 

and has a high analysis potential with significant 

results [6]. 

The complete 3D building reconstruction (based on 

this information) besides serving as base for all types 

of analysis, including anomaly detection and surface 

morphology, is also fit to explore possible design 

alternatives for restoration of cultural heritage 

buildings. To further illustrate the capability of these 

technologies for heritage conservation, [7] 

demonstrates how fundamental 3D data was as a 

source of qualitative and quantitative site information 

and how they helped to plan, design and conduct the 

rehabilitation strategy being used during all phases 

of the project to clarify dimensions, geometry, 

structure, pathologies, environments, details, 

materials and stereotomy and to facilitate 

communication between all entities involved in the 

process. [8] shows how the 3D survey was useful to 

support various types of analysis and to support new 

design interventions, helping to understand the 

current state of the site in terms of degradation, 

construction techniques, materials and colours, 

accessibility, spatial organization and architectural 

and urban characteristics of the site. 

The benefits of infrared thermography as a non-

destructive tool for diagnosing the state of 

conservation of buildings, before pathological 

damage is visible, is well known. Its ability to inspect 

building elements to identify the presence of 

anomalies, and to determine their condition, makes 

its use for the assessment of architectural heritage 

extremely relevant. In [9] an innovative use for the 

technique is proposed, where the thermograms are 

projected in the point cloud coming from the TLS. In 

this case, TLS was also used as a diagnostic tool to 

study pathologies and assess the vulnerability of the 

historic building. 

The TLS is an active survey technique that is based 

on data capture by a scanner. It allows to acquire 

high density 3D point clouds to reconstruct a 

geometrically faithful representation of the target [1, 

10]. On the other hand, photogrammetry allows to 

estimate the 3D coordinates of common points in two 

or more photographs, which define the geometry of 

the photographed object to create three-dimensional 

photo realistic models [11; 12; 13]. As for IRT, it is a 

technique based on the detection of infrared 

radiation emitted and reflected by the surface of the 

element under analysis, allowing the identification of 

irregularities and heterogeneities in the thermal 

resistance of the constructive element [14]. One of 

the main advantages of IRT is that this technique 

requires minimal instrumentation, it being only a 

lightweight, portable thermal camera [15]. It is, 

however, sensitive to several external factors. 

In order to establish the integration levels of these 

technologies, a literature review of their applications 

and the way they complement each other has been 

made. [4; 16] used the intensity values provided by 

TLS to detect and characterize anomalies. [17] 

implements photogrammetry for rapid surveys of 

archaeological sites. [18] used IRT in preventive 

inspections to detect constructive pathologies and 

determine the state of the building’s construction. 

[11; 19; 20; 21] integrated TLS and photogrammetry 

to produce a photorealistic 3D model and to generate 

documentation. In general, the level of integration is 

superficial, only for the purpose of scaling the model 

and not for data complementarity. In [22], however, 

the different techniques are used to produce different 



levels of detail of the constructed model. [23] 

explores the different levels of integration of these 

technologies. [6] overlapped the thermograms to the 

documentation obtained through the 3D model by 

TLS; As for [24; 25] the thermographic images are 

registered directly in the TLS point cloud to obtain 

rectified thermograms for the first, and to obtain a 

thermographic 3D model for the second; whereas 

[26] uses these technologies separately, but with the 

purpose of detecting road anomalies. [27; 28] seek 

to produce the same type of thermographic 3D model 

but using photogrammetry instead of TLS. Finally, [9; 

3] make use of the three technologies to detect 

anomalies: [9] for the mapping of thermal images in 

the 3D model and [3] for comparison between the 

thermograms and the 3D model made with both 

survey technologies. 

3. CASE STUDY: MOORISH CASTLE, SINTRA 

The Moorish Castle, Figure 1, is located on the edge 

of the Sintra-Cascais Natural Park and is set in a 

rocky massif on the top of the northern slope of the 

Serra de Sintra, enjoying panoramic views of the 

coast and the village of Sintra up to Mafra, with the 

advantage of the natural defence offered by the 

hillside [29]. According to [30], the castle was built in 

the tenth century after the Muslim conquest of the 

Iberian Peninsula. 

The architecture of the castle is essentially military, 

medieval and romantic, initially functioning as a place 

of refuge and defence of the maritime access to the 

city of Lisbon due to the excellent visibility over the 

territory [31]. Since its construction it has undergone 

several phases of restoration or reconstruction as 

well as abandonment on several occasions. The 

result is a ruin of romantic characteristics, conceived 

in part by D. Fernando II, but preserving the damage 

caused by the passage of time [29]. 

The castle’s area is about 12,000 m2 and is formed 

by a double belt of walls, set in an irregularly shaped 

form that adapt to the rocky massif on which it is 

based [29; 32]. The wall consists of double granite 

masonry walls, of which the interior is filled with a 

poor mortar. [33] The constructive characteristics of 

the walls is characterized by the existence of more 

than one phase of construction. The original building 

is from the Moorish times, but it is also visible the 

romantic restoration it received from D. Fernando II, 

and the reconstruction works during the Portuguese 

military dictatorship [34]. 

The Moorish Castle was classified as a National 

Monument in 1910 and as a World Heritage Site 

under the “cultural landscape” category, by UNESCO 

in 1995 [30]. 

4. EXPERIMENTAL SETUP 

The objective of this experimental work was to 

perform in-situ test techniques to assist in the 

detection of anomalies, to provide a comparative 

basis for the thermogram results and to bridge the 

data from the automatic survey techniques. The 

equipments utilised was the thermographic camera, 

the Schmidt rebound hammer, the moisture meter, 

the thermo-hygrometer and the rubber hammer. 

The Schmidt rebound hammer and the rubber 

hammer aimed to evaluate, respectively, the 

hardness (through the rebound index) and the 

adherence of the stones to the wall (through the 

percussion sound). For this work it was used the 

Schmidt rebound hammer Proceq type N, with an 

impact energy of 2,207 N.m. and a measuring range 

of 10 to 70 N / mm2 of pressure resistance. With the 

moisture meter it was possible to lay out the 

superficial humidity map of the analysed areas and 

to determine zones with a higher percentage of 

superficial humidity. The equipment used was the 

TRAMEX Survey Encounter Moisture Meter. Its 

accuracy depends on the material to which it is being 

applied and operates at a frequency of 125kHz. The 

thermography provided information on the superficial 

temperature of the element under study aiming to 

evaluate the resistance to humidity, the presence of 

biological colonization, detachments, lack of 

adhesion and the existing heterogeneities. The 

thermographic camera used was a FLIR i7. The 

camera specifications are available in Table 1. 

Through the Rotronic Hydrolog-D thermo-

hygrometer, accurate to within ± 0.3 ◦C; ± 1.5%Rh (at 

23 ◦C) information on ambient temperature (Ta) and 

relative humidity (Rh) was obtained. 

 

Figure 1: View from the castle walls [38]. 



Table 1: Thermographic camera specifications, [39]. 

Characteristics FLIR i7 

Thermal sensitivity <0.1ºC at 25ºC 
Field of view/ min focus distance 29º x 29º / 0.6m  
Detector type – Focal plane 
array (FPA) uncooled 
microbolometer 

140 x 140 pixels 

Measurements modes Spot, area 
(Max/Min) 

Temperature range -20ºC to 250ºC 
Frame rate 9Hz 

Two test zones were selected on the west wall of the 

castle, identified in Figure 2. They correspond to a 

wall section and a battlement section of the castle’s 

Alcáçova. The analysis process, performed in 

December 2018, began by the visual inspection of 

the pathologies (Figure 3). Then, three 

measurements were made for 12 points in zone 1, 

and 8 positions in zone 2 for the Schmidt hammer 

test (SH), and 2 measurements for 15 points for zone 

1 and the 8 points for zone 2 for the moisture meter 

test (MM). The average (A), standard deviation (SD), 

and coefficient of variation (CV) of the results, as well 

as the minimum and maximum values for these tests 

can be seen in Table 2. The environmental 

conditions for the tests were Ta = 12.4 ° C - 13.2 ° C 

and Hr = 72%. 

The test results were as follows: 

For the Schmidt Hammer: In zone 1 the coefficient of 

variation is less than 20%, indicating that the change 

in behaviour of the wall is not as heterogeneous as 

initially thought and that the average value is a 

representative value of the surface hardness of this 

zone. The average rebound index of 36, when 

compared with the results obtained in previous 

studies [35; 36; 37] indicates that the value obtained 

is representative of a weathered granite affected by 

the anomalies present in this zone, such as the 

existence of biological activity that may have 

absorbed the impact of the hammer’s mass, or justify 

the lack of adherence of the stone to the set. 

Considering the classification determined by [35], 

this is a medium to high altered granite. For zone 2 

there is a similar situation, except that the coefficient 

of variation is higher and reaches 38%, indicating a 

greater variability of surface hardness along the wall. 

- For the moisture meter: The humidity map for zone 

1 can be seen in Figure 4. It is found that the 

coefficient of variation is 48% indicating the high 

variability of the measured results for this surface 

and, although the average is between 20% to 40%, 

the progression along the wall is not linear or 

unidirectional, so there are very low values close to 

very high values. It is observed that the values 

obtained for the region with mortar on the stone level 

were quite high, being inferior only to the points 

located in the shaded region that presented the 

highest superficial humidity values. In zone 2, the 

variation of the moisture content along the surface is 

Table 2: Synthesis of obtained results 

Zone A SD  CV (%) Min. Max. 

1SH 36 7 20 28 P1/8 48 P6/7 

2SH 34 13 38 14 P7 52 P4 

1MM 27 13 48 3 P8  55 P10 

2MM 33 14 42 10 P1 56 P7 

Subtitle: (PX) – point where the minimum or 

maximum value has been checked. 

(d) (c) (b) (a) 

Figure 2: Detail of some of the pathologies observed in the visual inspection: biological colonization (moss) and 
crystal formation (a); biological colonization (lichens and fungi) (b); biological colonization (vegetation) (c); dirt spots 
(d) - Zone 1. 

Figure 3: Alcáçova’s Plan’– Identification of the test 
zones [40]. 
 



as tangible as in zone 1. The points located in the 

shade have the highest superficial humidity and 

where the incidence of biological activity is higher. 

- For the thermographic test, an emissivity of 0.9 was 

considered. A temperature analysis was made for 

the identified points. For zone 1 (Figure 6), there is 

a decline in superficial temperature in shaded 

regions with less sun exposure; the spacing between 

the stones, due to the lack of filler material in the 

joints and/or the presence of vegetation growing from 

the inside of the wall, corresponds to a decrease in 

temperature in relation to the surface temperature of 

the stones; In contrast, the temperature increases 

exponentially when the mortar is at or above the level 

of the stones. By observing the thermogram more 

closely, one can also notice the presence of 

biological colonization, identifiable by the increase in 

temperature in specific areas of the stone surfaces. 

In zone 2, Figure 5, the stereotomy of the wall is 

more compact and less defined due to the excess of 

filler material. Joints between stones are represented 

in the thermogram by a slight increase in surface 

temperature; It is possible to verify the influence of 

the emissivity of the existing heterogeneities and 

their representation in the thermogram (Figure 5). 

Lighter spots represent a decrease in superficial 

temperature and darker spots represent an increase; 

Finally, the presence of moisture is represented in 

the thermogram by a decrease in superficial 

temperature. 

The thermography allows to identify many of the 

anomalies first identified in the visual analysis, 

however, due to the heterogeneity of the wall and, 

due to the subtle temperature differences and its 

variation throughout the wall, the identification of 

specific situations becomes a challenge. Table 3 

quantifies the temperature differences for the 

anomalies found. The obtained variation (∆T) 

corresponds to the temperature variation for the 

Figure 4: Photograph and humidity map with identified points - Zone 1. 

Figure 5: General thermogram of the wall and corresponding photograph - Zone 1. 

P4 P4 

Figure 6: Thermogram and corresponding photograph 

- Zone 2. 



zones with anomalies in relation to the average 

surface temperature. 

The crossing of the tests data showed that the 

increase in humidity revealed by the moisture meter 

was also identifiable in the thermogram by the 

decrease in superficial temperature. No correlation 

could be established between the results obtained 

with the Schmidt hammer and the thermographic 

camera. However, from its results it can be assumed 

that the rest of the wall has a similar behaviour. 

Table 2: Quantification of superficial temperature 

variations according to type of anomaly. 

Zone Type of anomaly ∆T(ºC) ∆T(%) 

1 Lack of filler material 4,8 22% 

 Excess filling material 8,4 39% 

 Biological action 12,2 56% 

2 Lack of filler material 5,7 30% 

 Excess filling material 0,5 3% 

 Biological action 2,8 15% 

∆T – temperature variation in relation to the average 

superficial temperature. 

The values depend on the inspection conditions and 

the materials evaluated. 

5. NON-CONTACT TECHNOLOGY 

Aerial thermograms were acquired using a FLIR 

thermal camera adapted to the Falcon8 drone. The 

flight was performed remotely and under favourable 

weather conditions (dry weather and clear skies). 

The best images were selected so that the 

extrapolation of the data acquired in the experimental 

setup was successful. 

The analysis of these thermograms (i.e., Figure 7a 

and 7b) revealed that: 

- If the area is in the shade the temperature recorded 

is colder because it did not absorb so much solar 

radiation. Therefore, the most exposed areas are 

warmer; 

- Moisture areas usually have a lower temperature 

because water has higher thermal conductivity and 

the process of water evaporation is an endothermic 

phenomenon, which decreases the superficial 

temperature of the elements; 

- Lighter colours reflect more solar radiation and 

darker colours absorb more solar radiation. 

Therefore, the darker ones tend to be warmer. Also, 

if the area is darker, the emissivity is higher than that 

inserted into the thermal camera (which is uniform for 

the entire thermogram) and the read temperature will 

then be higher than the actual real temperature. This 

is explained by Stefan-Boltzmann's expression in 

which the energy 𝐸 = 𝜀 𝜎 𝑇4 and, if one is 

considering an emissivity (𝜀) lower than the real, the 

result will be a higher temperature. This 

phenomenon allows higher temperatures to be 

recorded in these darker areas, and it can, 

sometimes, overcomes the fact that wetter areas 

have lower temperatures. For example, in a darkly 

stained area of biological colonization, which is 

usually also more humid, instead of the lower 

temperature being recorded due to the humidity, 

because it is dark it’s results’ a higher temperature. If 

(c) 

(b) 

(a) 

Figure 7: Photograph (a) and thermogram (b) - sections 
T09, T02 and T01 (Provided by TOPCON Positioning 
Portugal Lda (2018)). Pathological identification in the 
planned point cloud (c) - section T02 [5] 
 



the spot is darker than its emissivity is greater, and 

the greater will be the absorption of solar radiation 

and hence the higher the temperature recorded. 

Comparatively to the analysis performed for the test 

zone, and because the results obtained with the 

Schmidt hammer were as expected and similar 

between zones 1 and 2, it can be assumed that the 

surface hardness of the walls is similar in the rest of 

the study area. Regarding the test with the moisture 

meter, it was possible to identify regions with higher 

concentration of humidity in areas with lower 

temperature registered in the thermogram. These 

zones, represented by lower temperature areas, 

always coincided with shaded regions and/or shorter 

sun exposure times. Finally, by comparing the 

thermograms of the aerial thermography with the 

local thermography, it is visible that, in the latter, the 

visualization scale is considerably closer, and the 

temperature range identified in the device is smaller. 

Thus, the visual perception of the thermogram is 

facilitated by a greater distinction between the 

colours representing the temperatures for a smaller 

viewing area, facilitating the identification of 

pathologies. As an example, there is the biological 

colonization that is often represented on the wall by 

moss on the joints or in parts of the stone surfaces. 

In aerial thermography, due to the distance for which 

the thermogram is obtained, these details are lost, 

and the corresponding image is visually more 

uniform in colour, thus hindering the identification 

process. There is also some difference in the results 

of the pathologies superficial temperatures in both 

thermography due to atmospheric conditions at the 

time of the two trials. 

Finally, the constraints found in the use of this 

technique are mainly due to the distance and the 

angle of capture of the images, which can make the 

interpretation and reading of the thermograms 

difficult. 

As for the planned point clouds quantification of 

pathological areas, the data acquisition process and 

the methodology for planning and identifying 

anomalies can be found in [5]. The use of remote 

testing methods arose due to the difficulty associated 

with the implantation of the castle wall, which does 

not allow access from the side of the slope, 

motivating the choice of drone photogrammetry for 

mapping the outer face (Figure 8). Terrestrial laser 

scanning emerges as a complementary technology 

due to the need to assign metric to point clouds 

obtained by photogrammetry, that are naturally free 

of scale. About 110 scanning were performed with a 

FARO laser scanner and 18 flights to aerial 

photogrammetry with a SONY camera attached to 

the Falcon8 drone. 

The pathology identification process was performed 

visually based on the images obtained from the 

planification of the point cloud (Figure 7c). To 

simplify, the wall was divided into two areas: one 

delimited in green considered less severe and 

another delimited in yellow considered more severe. 

Then, the absence of filler material between the 

stones (represented by an orange cross) and the lack 

of stone blocks in the wall (represented by red 

crosses) were identified. Other pathologies were also 

noted, such as the absence of wall and surface 

cracks. 

When comparing the planification with the aerial 

thermograms, it is observed that the anomalies 

detected are, above all, the lack of filler material 

between the joints and the presence of large voids 

on the surface of the wall. In contrast, thermographic 

analysis from the drone demonstrates the existence 

of more problematic situations than initially 

considered in visual analysis. A few situations are 

detected in which there is a considerable increase in 

temperature that identifies unidentifiable problem 

areas in a first visual analysis. In addition, from the 

experimental campaign analysis, it was found that 

thermography was especially effective in 

distinguishing between areas with excess filler 

material which, although visible to the naked eye, 

stands out for the extreme variation in superficial 

temperature in the thermograms of the wall. It was 

also verified that the thermograms were effective for 

the identification of biological colonisations, which 

although visible in the point clouds, did not 

correspond to the objective of the initial work. 

It is concluded that the simultaneous use of these 

technologies is complementary in many cases. Both 

have clear advantages in terms of their individualized 

use. Together, however, it is possible to deepen, 

through thermography, the identification of 

pathologies that are not immediately visible in the 

observation of point clouds and, also, the existence 

of information present in the point clouds that are not 

Figure 8: Slope on the outside of the western wall. [33] 

 



immediately clear in the thermograms. While the 

analysis of thermograms is more complex and 

dependent on the ability of the researcher, and 

affected by several factors such as emissivity, the 

work process for cloud planning also has some 

constraints because it is time consuming and 

dependent on the available computational 

capabilities. Both have advantages and limitations 

but provide complementary information that allows a 

more complete pathological analysis. 

6. CONCLUSION 

The main conclusions to be drawn from the 

development of this study relate to: 

- The importance of 3D geometry for design, thus 

highlighting the potential of laser scanning and 

photogrammetry technologies for three-dimensional 

reconstruction and the production of other types of 

documentation, such as 2D wall planning, which 

were tools especially relevant for the development of 

the study methodology. 

- For the identification of the pathologies, 

thermographic images provided additional 

information that complements the visual inspection of 

the planification’s analysis, thus ensuring greater 

complementarity of results. This, in terms of 

methodology, makes perfect sense, since the 

information was successfully crossed. 

- The ability to successfully enter pathology 

information into laser and photogrammetry 

elevations is essential to having all the information in 

one document, including the areas, location, size and 

extent of the intervention. Having this kind of analysis 

integrated in a single computer-based platform is 

essential to facilitate the project development. 

- And finally, the experimental campaign (with other 

techniques and local thermography), in a smaller test 

area, allows one to point out what kind of pathologies 

can be identified in thermograms and extrapolate the 

findings to aerial thermography in order to support 

the identification of pathologies.  

From this, it was possible to propose an integrated 

methodology that focuses on the implementation of 

these technologies to identify pathologies. Firstly, air 

thermograms should be acquired and correlated with 

the results of visual inspection and, if possible, with 

other complementary in situ inspection techniques. 

Second, and in parallel with the aerial thermograms, 

the geometric survey of this same area should be 

obtained by photogrammetry and / or laser scanning. 

And finally, crosscheck the results of pathology 

analysis and identification between thermograms 

and point cloud planification to incorporate all the 

information acquired into a single platform. 

Although the conclusions drawn were relevant to the 

proposed research and valid for future developments 

in this area, it is possible to the developed study to 

be complemented and benefited by other lines of 

research. Such as the exploration of the benefits of 

thermo-realistic 3D models in contrast to photo-

realistic 3D models; and to verify the potentials of 

remote sensing techniques associated with BIM and 

virtual reality to analyse the levels of detail available 

at different scales. 
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