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Diego González-Aguilera a 

a Department of Cartographic and Land Engineering. University of Salamanca, Higher Polytechnic School of Ávila, Hornos Caleros, 50, 05003, Ávila, Spain 
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A B S T R A C T   

This study aims at investigating the application of pigments on mortars and evaluating how it affects their 
thermal properties. In addition, it was analysed whether the addition of this type of substance affects the me
chanical and optical properties of the mortars. For this purpose, several mortar samples were made with grey and 
white cement to which different concentrations of black and white pigment were added. The mechanical 
characterization tests showed that the compressive strength is not affected by the addition of pigments in the 
proportions supplied. On the other hand, the thermal conductivity tests also showed a negligible relationship 
between the proportion of pigment added and the change in the mortar conductivity. Then, the thermal 
behaviour of these mortar samples subjected to heating with a low-cost solar simulator was also monitored. 
Results revealed a significant increase in temperature for the mortar samples with black pigments, while those 
with white pigments barely reduced this temperature. Finally, after performing a spectral reflectance test, a 
correlation was found between the reflectivity of the pigmented mortars in the optical spectrum and their 
thermal behaviour.   

1. Introduction 

The excessive consumption of resources and the generation of a large 
amount of waste in the construction industry point to the need to use 
materials with properties that allow their full potential to be exploited in 
a sustainable way. The inclusion of capabilities on construction mate
rials that go beyond their mechanical properties necessary to ensure the 
integrity of structures, is a challenge faced by this sector. One of the 
development paths in the concrete market, accompanied by numerous 
investigations on its characteristics and capabilities, is the suitability of 
its use in a recycled manner (Verian et al., 2018; Matias et al., 2020; 
Teijón-López-Zuazo et al., 2021). One of the recent lines of research is 
based on the introduction of self-healing capabilities in construction 
materials (Gupta and Naval, 2020). This line aims to increase the safety 
and durability of structures that are difficult to monitor and/or main
tain. Finally, it is necessary to mention those research lines that analyse 
the thermal capacities of construction materials on which the present 
work is focused (Basha et al., 2020; Sukontasukkul et al., 2019). 

The thermal requirements in construction materials are beginning to 
gain importance within the framework of the environmental and energy 
transition policies adopted by many countries. Among others, the pos
sibilities of improving the performance of air conditioning systems 
based on the selection of construction materials, means that a great 
development of this type of solutions is expected in the future. It is also 
worth mentioning the importance that the thermal properties of con
struction materials have, for example, in the generation of heat islands 
that occurs in many urban centres mainly during the summer season 
(Deilami et al., 2018). An adequate modification of the thermal prop
erties of the concrete could contribute to significantly mitigate this un
desirable effect. On the other hand, in certain climatic scenarios, the 
opposite action can result in an energy advantage. For example, man
aging to improve the thermal capacities of concrete to increase its en
ergy storage capacity can result in significant savings in the heating 
systems used (Xaman et al., 2019). 

As for granting certain thermal capacities to construction materials, 
it entails using different additives capable of conferring them the desired 
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E-mail addresses: jorge_lopez@usal.es (J. López-Rebollo), s.p.aguilera@usal.es (S. Del Pozo), nachomartin@usal.es (I. Martín Nieto), u107596@usal.es (C. Sáez 
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properties without affecting their mechanical properties. The economic, 
environmental and safety considerations on these additives are an 
important part of the investigation. In this sense, numerous pigments 
have been tested with very diverse compositions (Cellat et al., 2019; 
Berktas et al., 2020; Nocuń-Wczelik and Stolarska, 2019). 

The main developments focused on improving the thermal capabil
ities of construction materials are focused on the use of paint coatings 
made of Near Infrared (NIR) reflective pigments (Rosati et al., 2021; 
Divya and Das, 2021), which allow the temperature of buildings to be 
reduced by applying them to façades and roofs (Puesan and Mestre, 
2017). So far, the introduction of pigments as additives for mortars or 
concrete has been done mainly for architectural and visual design pur
poses (Corinaldesi et al., 2012), while its addition to other materials, 
such as asphalt, has been shown to be effective in considerably reducing 
the temperatures reached without affecting its performance (Badin 
et al., 2020, 2021). In this sense, the addition of pigments as additives 
hardly affects the mechanical performance of the mortars, as some 
research has shown that the differences in their mechanical properties 
are very slight (Heerah et al., 2021). 

Nevertheless, there is a lack of knowledge regarding the thermal 
performance of this type of mortars with pigmented additives, as 
research in this field is very scarce and therefore the use of multidisci
plinary techniques is presented as an opportunity to study their thermal 
behaviour. 

Traditionally, the improvement of the thermal properties of mortars 
has been tested from the point of view of thermal conductivity (Cor
inaldesi et al., 2011; Yun et al., 2013). Thermal conductivity can be 
measured by applying the infinite line heat source model (Healy et al., 
1976) from the heating/cooling process undergone by the samples 
(Lockmuller et al., 2004). However, from a thermographic point of view, 
some studies on NIR reflective coatings have shown the feasibility of 
measuring surface temperature with thermal imaging (Thejus et al., 
2021). In this case, the active thermography (Lizaranzu et al., 2015) 
applied by means of a solar simulator is intended to reveal the difference 
between the materials due to the alteration of thermal diffusivity and 
heat flow caused by their composition (Maldague, 2001). The use of 
solar simulators is widespread in the field of renewable energies, and 
more specifically to carry out performance tests on solar thermal and 
photovoltaic systems (Tawfik et al., 2018). There is an extensive review 
on the types of solar lamps and their performance (Colarossi et al., 2021) 
as well as on the use of low-cost solar simulators for multiple applica
tions (Tawfik et al., 2018; Colarossi et al., 2021; Codd et al., 2010; Meng 
et al., 2011). 

Together with thermal conductivity and thermographic analysis, the 
use of optical spectrum sensors allows the analysis of the radiation 
absorbed/reflected by the samples and has been used in many works to 
study this type of behaviour in other construction materials, generally 
related to heritage (Sánchez-Aparicio et al., 2018; Del Pozo et al., 2016; 
Rodriguez-Gonzalvez et al., 2015). For this purpose, multi and hyper
spectral imaging (Santos et al., 2018; Bonifazi et al., 2018) are other 
widely used techniques while spectroscopy (Reuben et al., 2018; 
Watanabe et al., 2019; Florian, 2022) allows to reach the highest level of 
detail given its precision and resolution. 

As consequence, this work aims to advance in the knowledge of the 
thermal behaviour of pigmented mortars through the application of 
multidisciplinary techniques to study their thermal properties and their 
heating and cooling performance. To this end, an experimental 
campaign is carried out on mortars with different dosages of pigment 
using thermal, optical and mechanical tests. After this Introduction 
Section, the materials and the description of the techniques employed 
are described in the Materials and Methods (Section 2). In Section 3, the 
experimental results for each test are shown, the connections between 
the results of the different thermal tests are analysed and some expla
nations are proposed. Finally, in Section 4, a series of conclusions are 
exposed, some of which were expected (the addition of pigments in the 
percentages established does not affect the compressive strength of the 

mortar), while others are promising for the construction and building 
sector and open new engaging research lines. 

2. Materials and methods 

This work focuses on the use of additives particularly designed to 
alter the colour of cement and, specifically, on the study of their effect on 
the thermal properties of mortars. In addition to this study, it has been 
considered to evaluate the conservation of its mechanical properties and 
to analyse the influence they have on the reflectance in the optical 
spectrum (visible and infrared). 

To carry out these tests, two different types of cement (grey and 
white) have been used, which different proportions of white and black 
pigments have been added in order to study the effects of the pigmen
tation on its mechanical, thermal and optical properties. With these 
pigmented cements, and following the procedure described in the 
following subsections, mortars have been prepared to produce the 
samples on which the following tests have been performed. Fig. 1 shows 
a scheme of the workflow followed. 

• Mechanical characterization. In order to verify whether the me
chanical properties are maintained or whether the addition of pig
ments has any effect on their behaviour, compressive strength tests 
were carried out.  

• Thermographic analysis. The active thermography applied allows 
analysing the thermal behaviour of the sample against heating and 
cooling processes, so that a continuous monitoring of its surface 
temperature is carried out.  

• Optical reflectivity test. To analyse the radiation absorbed/reflected 
by the mortar samples in the optical spectrum, a Terrestrial Laser 
Scanning (TLS) operating in the NIR spectrum (at 905 nm) with an 
integrated Red-Green-Blue (RGB) camera was used.  

• Thermal conductivity test. The main objective is to study the possible 
connections between the variations in thermal conductivity from the 
different samples, with the results obtained in the other tests carried 
out. In addition, the test will reveal if the different dosages of pig
ments in the mortars could have an effect on this thermal parameter. 

2.1. Materials for the pigmented mortars 

Pigmented mortars are mostly used for functional and aesthetic ap
plications buildings, so their mechanical behaviour is not a limiting 
factor for their manufacture, though it is advisable that its properties 
and durability remain unchanged. They have a dosage made up by of 
water, natural siliceous aggregates, Portland cement and chemical ad
ditives such as pigments in this case. Within the scope of this study, the 
focus was on evaluating the use of different dosages of pigment and its 
influence on the properties of mortars. In order to analyse the thermal 
behaviour and achieve notable differences, two types of cement and two 
types of pigment were used on this research. The fine natural aggregate 
used in all the mixes was silica sand, 0–4 mm fraction. No additives other 
than pigment were used. 

On the one hand, the blinder used for manufacturing the grey mortar 
was a cement type BL II/B-LL 32.5 R. This Grey Cement (GrC) has the 
following components: i) a Clinker content comprised between 65 and 
79%; ii) a Limestone content of 21–35%; iii) a Chloride content: ≤ 0.10; 
iv) a Sulphate content: ≤ 4.0; and v) a soluble toilet chromium VI con
tent ≤0.0002%. It has a beginning of setting: ≥ 60 min and an end of 
setting: ≤ 720 min. The expansion is less than 10 mm. Resistance at 28 
days ≤ 32.5 MPa. 

On the other hand, White Cement (WhC) with a whiteness content 
≥85% was chosen, looking for the best contrast with the dark pigment 
dosages. This cement is type BL II/B-LL 42.5 R and its composition is 
similar to that of GrC. In this case, resistance at 28 days ≤ 42.5 MPa. 

Regarding the pigments, white and black dyes were used in different 
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proportions (Table 1). The White Pigment (WhPig) used belongs to 
Oxined® and the Black Pigment (BlPig) used belongs to HobbyColor. 
Both contain synthetic metal oxides, inorganic, insoluble in water, 
resistant to alkalis and unaltered by the effect of sunlight and any other 
atmospheric agent. 

A total of 12 mortar samples were made with the same proportions of 
sand (3), cement (1) and water (0.5), so that only the amount of pigment 
was modified. A high percentage of pigment was used in order to ach
ieve greater coloration, so that 10% corresponding to the weight of the 
cement was added. Although the proportions of each pigment were 
varied in each specimen, the same total weight was maintained in each 
sample, except in the reference ones (G5-Ref and W5-Ref). 

2.2. Mechanical characterization 

With the aim of verifying the influence of the pigment on the me
chanical properties, mechanical characterization tests were carried out. 
These tests allow us to know if the strength of the mortar increases or 
decreases depending on the type and amount of pigment for each of the 
dosages with respect to the reference. The mortar solutions were eval
uated by means of compression tests according to guideline UNE-EN 
196-1 (AENOR. UNE-EN). In order to carry out these tests, an electro
mechanical test machine Servosis ME-405/50/5 was used with a load 
cell of 500 kN and the corresponding compression plates. It was 

necessary to use an auxiliary device (Fig. 2) to carry out the compression 
tests on specimens with standardized dimensions. This device consists of 
two 40 × 40 mm plates on which the sample is placed, so that the upper 
plate of the machine transmits the load to the upper plate of the device 
by means of a spherical joint. 

The specimens for the mechanical characterization were manufac
tured following the guideline UNE-EN 196-1. Initially, moulds to 
manufacture three 160 × 40 × 40 mm specimens were used for each of 
the mixtures. The specimens were kept for 24 h in the moulds in con
ditions of 20 ± 2 ◦C and relative humidity greater than 90%. Subse
quently, the moulds were removed, and the specimens were kept in 
water at a temperature of 20 ± 2 ◦C until reaching 28 days of curing. 

In order to reduce and adapt the dimensions to the regulations, each 
of the specimens was cut, obtaining two semi-prisms of approximately 
80 mm in length. In this way, one of the halves was used for the 
compression tests while the other half was reserved for the rest of the 
tests. 

2.3. Thermographic analysis 

With the objective of carrying out a thermographic analysis to 

Fig. 1. Workflow scheme for the mechanical, thermal and physical characterization of pigmented mortars.  

Table 1 
Pigment proportions of each mixture.  

Nomenclature Cement Colour BlPig (g) WhPig (g) 

G1 Grey 50 0 
G2 Grey 37.5 12.5 
G3 Grey 25 25 
G4 Grey 12.5 37.5 
G5-Ref Grey 0 0 
G6 Grey 0 50 
W1 White 50 0 
W2 White 37.5 12.5 
W3 White 25 25 
W4 White 12.5 37.5 
W5-Ref White 0 0 
W6 White 0 50  Fig. 2. Test Machine and auxiliary device.  
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determine the behaviour of the mortars, the active thermography 
technique and the step heating was used. This method consists of 
applying heat to the specimens by means of a lighting system under 
controlled conditions and for a certain time, so that their heating and 
cooling phases can be monitored. This monitoring was carried out with 
equipment made up of: i) a thermographic camera FLIR T540; and ii) a 
lighting system with a low-cost solar simulator. 

In this case, the FLIR T540 camera with a 42◦ lens was used, which 
allows a field of view of 42◦ × 32◦. The camera has an infrared resolu
tion of 464 × 348 pixels in addition to incorporating a 5 MPx visible 
sensor that allows both images to be superimposed. It also has a laser 
sensor to measure the distance to the object and perform autofocus. It 
has a thermal sensitivity <30 mK at 30 ◦C and is calibrated for a tem
perature range of − 20 to 120 ◦C. Finally, it allows a shooting speed of 30 
frames per second. The acquisition of images was carried out using FLIR 
ResearchIR software, which allows us to configure test parameters and 
environmental conditions, as well as defining image capture protocols. 

Considering that the mortars are intended to be used in real envi
ronmental conditions, an attempt was made to use a solar simulator that 
could resemble as much as possible the heating produced by the sun’s 
rays. The lighting system consists of a developed low-cost solar simu
lator (Fig. 3). The most widely used lamps to create solar simulators are 
usually argon arc, metal halide, tungsten halogen or xenon arc (Tawfik 
et al., 2018; Colarossi et al., 2021). In this case, a 250 W metal arc halide 
lamp (Table 2) was chosen. Thus, the solar simulator consists of a metal 
halide lamp, a ballast to regulate the continuous flow of the arc and to 
provide the appropriate voltage to the lamp, a support for the lamp with 
an aluminium plate to concentrate the radiation, and a sample tray. 

Solar simulators are devices capable of approximately simulating, by 
means of artificial light, the natural light of the sun. Thanks to them, 
studies and simulations can be carried out under controlled laboratory 
conditions, guaranteeing a certain stability in environmental conditions. 
In addition, this type of test allows planning, programming, and taking 
ad-hoc data, guaranteeing reproducibility and repeatability. As for the 
main aspects to consider in the design of solar simulators are the spectral 
correspondence, the uniformity of irradiation and its temporal stability. 
In this study, the uniformity and temporal stability of the luminous flux 
received by the samples is guaranteed because they were always located 
in the same place with respect to the lamp (Fig. 3), in addition to the fact 

that the heating-cooling tests were carried out under the same condi
tions (same turn-on and turn-off duration for all simulations). Regarding 
the optical spectrum, as Fig. 4 shows, metal halide lamps have a spectral 
coverage close to the global solar radiation spectrum. 

2.4. Optical reflectivity test 

In order to analyse and quantify the part of radiation reflected by the 
samples in the Visible (VIS) and NIR spectrum, it was decided to carry 
out a data acquisition with a Faro Focus 3D 120 terrestrial laser scanner 
equipped with an integrated RGB camera (specifications are shown in 
Table 3). This sensor is an active phase shift device that emits electro
magnetic radiation (at a wavelength of 905 nm) and collects the re
flected back from objects. Thanks to this, not only can objects be 
reconstructed in three dimensions with millimetric accuracy, but also 
the intensity reflected from them can be measured. This information will 
be useful to analyse the amount of radiation absorbed by the mortar 
samples and, therefore, likely to be subsequently emitted and recorded 
by the thermographic camera. 

2.5. Thermal conductivity test 

Thermal measurements were performed using the thermal properties 
analyser TEMPOS. This device, developed by the commercial group 
“METERgroup” complies with the ISO 2008 standards and the ASTM 
5334 and IEEE 442 and is specifically designed for taking accurate 
readings of thermal conductivity, thermal resistivity, thermal diffu
sivity, and specific heat in different types of materials. 

For the mentioned readings, different specific needles are used based 
on the nature of the material and the measuring test. Each needle pro
duces a discrete amount of heat, virtually eliminating the moisture 
movement (or free convection in the case of liquids) that could influence 
the reading. In addition, the short heating times required by TEMPOS 
(around 1 min) allows to measure frozen materials and even fluids 
(George et al., 2020). 

The operation of this equipment is based on the infinite line heat 
source theory, so the thermal conductivity is obtained by monitoring the 
dissipation of heat from the needle probe. Heat is inserted to the needle 
for an established heating time th, and temperature is then measured in 

Fig. 3. Low-cost solar simulator device. (a) Bottom view of the lamp and reflective aluminium coating; (b) Configuration of the device together with the test sample.  
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the monitoring needle during heating and for an extra time equal to th 
after heating (Carslaw and Jaeger, 1959). The following Eq. (1) shows 
how the temperature during heating is obtained. 

T =m0 + m2t + m3lnt (1)  

where m0 is the ambient temperature during heating; m2 is the rate of 
background temperature drift; and m3 is the slope of a line relating 
temperature rise to logarithm of temperature. 

In the same way, the model during cooling is described in Eq. (2). 

T =m1 + m2t + m3 ln
t

t − th
(2) 

Finally, the thermal conductivity parameter is calculated from Eq. 
(3), which also considers the heat flux (q). 

k =
q

4m3
(3) 

In the case of the present research, conductivity measurements were 
performed using the RK-3 single needle, conceived for solid and rocky 
materials. The specifications of this sensor are included in the following 

Table 4. 

3. Experimental results 

3.1. Mechanical properties 

A total of 36 tests were carried out following the guideline UNE-EN 
196-1, 18 of which correspond to specimens with grey cement (GrC) 
(Table 5) and another 18 which correspond to specimens with white 
cement (WhC) (Table 6). For each type of cement, six different dosages 
were used (Table 1) and for each of these three specimens were tested. 
According the guideline UNE-EN 196-1 (AENOR. UNE-EN), the speci
mens were centred in the plates and the speed test was set at 2400 ±
200 N/s. Taking in account that the dimensions of the plates are 40 × 40 
mm, the compressive strength was calculated as follow (Eq. (4)). 

UCS=
Fc

1600
(4)  

where UCS is the unconfined compressive strength (Mpa); Fc is the 
maximum breaking load (N) and 1600 is the area of the plates (mm2). 

Taking into account that the two types of cement have differences in 
their mechanical properties, the compressive strength analyses were 
carried out separately, although the procedure was similar in both cases. 

Table 2 
Metal halide arc lamp main features.  

Attribute Value 
Product name HPI-T Plus 250W/645 
Nominal luminous flux 19500 lm 
Colour temperature 4500 K 
Length 255 mm 
Diameter 47 mm  

Fig. 4. Spectral distribution chart comparing metal halide lamps with sunlight (PublicLab, 2022).  

Table 3 
Faro Focus-3D 120 main features.  

Attribute Value 

Physical principle Phase shift 
Wavelength (nm) 905 - near infrared 
Measurement range (m) 0.6–120 
Field of view (degrees) 360 H × 320 V 
Accuracy nominal value at 25 m (mm) 2 
Beam divergence (mrad) 0.19 
Capture rate (points/s) 122,000/976,000 
Radiometric resolution (bits) 11  

Table 4 
Specifications of the single needle RK-3 used with TEMPOS device.  

RK-3 needle specifications 

Size 3.9 mm diameter x 60 mm length 
Range Resistivity: 17–1000 ◦C⋅cm/W 

Conductivity: 0.1–6 W/(m⋅K) 
Accuracy Conductivity: ±10% from 0.1 to 6 W/(m⋅K)  
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First, the compressive strength was obtained for each of dosages, so that 
an average value was calculated, as well as the deviations of each of the 
samples with respect to this mean value. In accordance with the re
quirements of the guideline, all the values presented deviations of less 
than ±10%, so the tests can be considered as valid. Next, it was decided 
to take all the samples as if they belonged to the same group, so the 
deviation of each one of them with respect to the total mean value was 
calculated. 

The deviations from the total mean value are within the limits ± 10% 
for each of specimens in both GrC and WhC (Fig. 5, Fig. 6). Only one 
abnormal value was found that exceeded the upper limit for GrC (G5- 
Ref-3). This value corresponds to a sample of the reference dosage, 
which could lead one to think that the application of pigments reduces 
the compressive strength. Despite this anomaly, the other two values are 
within limits and are consistent with the rest of samples, being very close 
to the mean value. In addition, it is worth mentioning that the value that 
exceeds the limits also has a high deviation (8%) with respect to the 
values of this same dosage, so it can be taken as a disposable value as it 
corresponds to a single specimen as indicated in the guideline. 

The rest of the GrC specimens as well as all those corresponding to 
WhC have a similar behaviour, whose deviation falls within the estab
lished limits. In addition, the small variations do not seem to have any 
relationship with the pigment content, since some values are above and 
others below without a clear trend. These variations may be due to 
heterogeneities caused in the material by small differences or by human 
action during the manufacturing or curing stages. In this way, it can be 
stated that the application of pigments does not have an influence on the 
compressive strength of this type of mortar. 

3.2. Thermal behaviour 

3.2.1. Tests setup 
For the thermal study, a sample of each dosage was used, so a total of 

12 specimens were analysed. The specimens correspond to the remain
ing semi-prism from the compression tests and their size is 40 × 40 mm 
with an approximate length of 80 mm. 

The tests were carried out individually and under the same condi
tions, so that the specimens were placed under the solar simulator at a 
distance of 0.5 m (Fig. 3). In order to avoid heat transfer to the support 
surface, the samples were placed on a polystyrene panel. The camera 
was placed at a distance of 0.5 m, focusing on the upper surface of the 
sample on which the heating is caused. The angle of incidence of the 

Table 5 
Results obtained of the mechanical characterization of the grey cement.  

Nomenclature UCS 
(Mpa) 

Dosage 
Average (Mpa) 

Dosage 
Deviation (%) 

Total 
Deviation (%) 

G1-1 29.1 29.1 0.1 0.8 
G1-2 28.5 1.9 2.6 
G1-3 29.7 2.0 1.2 
G2-1 29.1 29.3 0.5 0.6 
G2-2 30.0 2.3 2.3 
G2-3 28.8 1.8 1.8 
G3-1 29.8 29.3 1.7 1.7 
G3-2 28.5 2.6 2.6 
G3-3 29.6 0.9 0.9 
G4-1 27.4 29.1 6.0 6.5 
G4-2 30.7 5.2 4.6 
G4-3 29.4 0.8 0.3 
G5-Ref-1 30.4 31.2 2.6 3.7 
G5-Ref-2 29.5 5.4 0.7 
G5-Ref-3 33.7 8.0 15.0 
G6-1 27.5 27.8 0.9 6.1 
G6-2 28.4 2.2 3.1 
G6-3 27.4 1.3 6.4  

Table 6 
Results obtained of the mechanical characterization of the white cement.  

Nomenclature UCS 
(Mpa) 

Dosage 
Average (Mpa) 

Dosage 
Deviation (%) 

Total 
Deviation (%) 

W1-1 43.6 44.8 2.7 3.1 
W1-2 44.4 0.9 5.1 
W1-3 46.4 3.6 9.8 
W2-1 44.6 43.1 3.5 5.6 
W2-2 41.7 3.1 1.2 
W2-3 42.9 0.5 1.5 
W3-1 43.0 41.0 4.9 1.7 
W3-2 40.1 2.1 5.0 
W3-3 39.8 2.8 5.7 
W4-1 39.8 41.7 4.4 5.7 
W4-2 42.6 2.2 0.8 
W4-3 42.6 2.2 0.8 
W5-Ref-1 42.5 43.2 1.6 0.7 
W5-Ref-2 43.2 0.1 2.2 
W5-Ref-3 43.9 1.6 4.0 
W6-1 39.5 39.8 0.5 6.4 
W6-2 41.3 3.9 2.2 
W6-3 38.4 3.4 9.1  

Fig. 5. Compressive Strength and deviation limits of Grey Cement.  
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light rays was tried to be as perpendicular as possible, as well as the 
direction of the camera, which had a slight angle of inclination due to 
the position of the solar simulator. 

In order to all the tests were carried out under the same conditions, 
the samples were kept isolated at a constant temperature of 23 ◦C until 
the start of the tests. Initially, the solar simulator was turned on for 10 
min before each test, so that it reached stable illumination. Next, the 
sample was placed under the simulator, starting the capture of ther
mographic images while heating for 15 min. Finally, the samples were 
allowed to cool for 30 min, continuing the acquisition of images. 
Considering that the time test was long, the thermographic images were 
acquired every second. 

Taking into account that the samples have a reduced size and the 
edge effect can produce differences between the central zone and the 
outer zone of the samples, three approaches were carried out for these 
tests: i) full sample; ii) centre; and iii) edges (Fig. 7). On the one hand, 
the analysis of the thermographic images was carried out by selecting a 
rectangular Region Of Interest (ROI) that covered the full sample. In 
order to determine if the aforementioned edge effects exist, a central 
ROI, corresponding to a size of 60 × 20 mm, was selected. Finally, the 
inverse ROI was selected, that is, a rectangle corresponding to the full 
sample in which the inner ROI selected in step 2 is extracted. 

3.2.2. Thermal results 
For each of the tests and their corresponding approach, a similar 

procedure was carried out to extract the maximum temperature in
crements for the selected ROI in the samples. First, the average tem
perature value of the ROI was calculated for each of the frames, which 
made it possible to eliminate the pixels with anomalous values and thus 
eliminate the errors of a punctual nature. Then, the heating and cooling 

curves were obtained with a total of 2700 points corresponding to each 
of the images acquired in the test (Fig. 8, Fig. 9). To reduce the noise of 
the curve due to the sensitivity of the camera, a moving average filter 
was applied to smooth the curve and eliminate the peaks produced by 
those frames that could present anomalous values. Finally, the 
maximum temperature increases (Table 7, Table 8) were obtained from 
these curves, which correspond to the time immediately prior to 
switching off the solar simulator. 

Fig. 6. Compressive Strength and deviation limits of White Cement.  

Fig. 7. Region Of Interest for each of the approaches. a) Full sample. b) Centre. c) Edges.  

Fig. 8. Heating and cooling curves of Grey Cement.  
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Since the differences between each of ROIs were minimal, it can be 
considered that the edges of the samples do not cause any significant 
heat loss effect, at least during the heating stage. This means that the 
heating produced with the solar simulator is homogeneous, as the co
efficient of variation of the values for each pixel within the Full ROI was 
approximately 1% for all samples, which can be attributed to the noise 
produced in the thermographic images. For this reason, it was decided to 
show only the results corresponding to the Full ROI, as they are repre
sentative of the behaviour of the entire sample surface. In order to 
compare the two types of cement and each of the mixtures manufac
tured, the results obtained for each of them are shown below (Fig. 10). 

Comparing the two types of cement used, it can be seen that, in 
general, the temperature increase is higher for the samples manufac
tured with grey cement. However, the colours produced by the different 
dosages seem to have a significant influence beyond the original colour 
of the cement. 

On the one hand, the higher percentage of BlPig produces a higher 
temperature increase, so that mortars with full BlPig reach a higher 
heating. In this sense, for the mortar manufactured with GrC, the sam
ples corresponding to dosage 1 have achieved 32% more heating 
compared to the reference dosage (5) (Fig. 10). In the case of the mortar 
manufactured with WhC, the heating corresponding to dosage 1 was 
55% higher than the reference dosage (5) (Fig. 10). This temperature 

increase can be considered as significant and comparable in both cases, 
taking into account that the mortar with grey cement started from a 
darker colour. 

However, the full WhPig does not have the same effect on the two 
types of mortar. While for the mortar manufactured with GrC the tem
peratures reached are lower with WhPig, for the mortar manufactured 
with WhC the increase is very similar, even slightly higher in the mixture 
containing full WhPig. This may be due to the fact that the type of 
cement used has a high whiteness content, so that the pigment hardly 
causes any whitening. 

The results obtained for full BlPig and WhPig are significant and can 
be further analysed with the other techniques used in the experimental 
campaign. Nevertheless, the results for the intermediate mixtures only 
allow us to know the influence of the pigment type, resulting in inter
mediate values with less interpretation, as the mixture of the two inverse 
pigments (BlPig and WhPig) does not generate a proportional and 
comparable colour. 

3.3. VIS and NIR reflected radiation 

3.3.1. Tests setup 
The data acquisition with the TLS was perform by one scan as 

orthogonally as possible to the mortar samples. For the TLS data 
collection, the 12 mortar samples were placed at such a height that the 
laser beam hit them as orthogonally as possible, since the geometry of 
the acquisition affects the backscattered intensity, both distance and 
angle of incidence. Thus, the samples were placed on a support (Fig. 11) 
and the TLS was fitted onto a tripod stand so that both the mortar 
samples and the TLS laser beam were at the same height. The distance 
between the mortar samples and the TLS was about 5 m. 

Regarding the TLS configuration, it was established a spatial reso
lution of 6 mm at 10 m, enough to extract redundant and representative 
radiometric information (400 points per mortar sample). In addition, the 
data acquisition was performed with photorealistic colour thanks to the 
parallax-free RGB camera of 70 megapixels with 8-bit radiometric res
olution that the Faro Focus 3D 120 has integrated. 

After data collection, the point cloud with X, Y and Z coordinates, 
visual and near infrared radiometric information, was segmented and 
analysed. Specifically, the median of the digital values of each of the 12 
samples was calculated for the 4 wavelengths registered: 450 nm (blue 
band of the integrated camera), 550 nm (green band of the integrated 
camera), 650 nm (red band of the integrated camera) and 905 nm (TLS 
near infrared wavelength). Since the radiometric resolutions of the in
tegrated camera and the laser scanner differ, 8 and 11 bits respectively, 
the values were normalized to 11 bits to be able to make comparisons 
and even be able to extract the spectral behaviour of the 12 samples at 
the visible and near infrared spectrum. 

3.3.2. Reflected radiation analysis 
The analysis of the radiation reflected by the specimens in the visible 

and near infrared is very important since it explains the energetic 
behaviour of the samples. Thus, the more radiation reflected in the 
visible and infrared, the less radiation absorbed and therefore less ra
diation emitted and vice versa. Thanks to the data collection with the 
TLS the spectral response of the mortar samples in the visible and near 
infrared can be extracted (Fig. 12) even though the analysis is carried 
out at digital levels (11 bits). 

In this sense, the mortar samples can be ordered according to their 
spectral behaviour (Fig. 13) from greater to lesser reflection of radiation 
in the visible: W6, W5, G6, G5, G4, W4, G3 and W3, G2 and W2, W1, and 
G1. In the case of its spectral behaviour in the near infrared, the order 
followed is practically the same: W6, W5, G6, G5, G4 and W4, G3 and 
W3, G2 and W2, W1 and G1. 

Finally, it is worth mentioning that all the mortar samples reflect 
more radiation in the near infrared than in the visible. 

Fig. 9. Heating and cooling curves of White Cement.  

Table 7 
Temperature increments (◦C) for each ROI of Grey Cement.  

Nomenclature Full ROI Centre ROI Edge ROI 

G1 4.73 4.75 4.71 
G2 4.57 4.6 4.55 
G3 4.24 4.28 4.21 
G4 3.77 3.78 3.75 
G5-Ref 3.58 3.59 3.57 
G6 3.22 3.22 3.21  

Table 8 
Temperature increments (◦C) for each ROI of White Cement.  

Nomenclature Full ROI Centre ROI Edge ROI 

W1 4.33 4.35 4.31 
W2 4.28 4.32 4.23 
W3 4.16 4.19 4.14 
W4 3.78 3.82 3.75 
W5-Ref 2.79 2.81 2.78 
W6 2.89 2.89 2.88  
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3.4. Thermal conductivity test 

3.4.1. Tests setup 
The 12 mixtures evaluated in this work were accordingly drilled with 

the aim of introducing the RK-3 needle and measuring the thermal 
conductivity. During this process, it is important to ensure the contact 
between needle and tested material by placing thermal grease in the 
hole where the needle is situated (Blázquez et al., 2017a, 2017b). After 
the calibration of the sensor with the specific sample supplied by the 
manufacturer, three measurements were made on each sample to eval
uate possible uncertainties. 

It is also convenient to mention that, to obtain the most accurate data 
possible, ambient temperature was kept as constant as possible during 
the measurement process. Thus, to minimize these sources of error, 
about 15 min for samples and needle to equilibrate with the ambient 
temperature before taking measurements and around 15 min between 
readings for temperatures to equilibrate. Fig. 14 shows the drilling of the 
samples and the measuring process with TEMPOS. 

3.4.2. Thermal conductivity results 
As commented before, 3 thermal conductivity tests were carried out 

on each of the samples (6 specimens of grey cements and 6 specimens of 
white cements), so a total of 36 measurements were globally performed. 
After following the steps already described with the TEMPOS device, the 
thermal conductivity parameter was measured for each sample. These 
results, together with the deviation of each measuring are presented in 
Table 9 and Table 10. 

As shown in the previous Tables 9 and 10, deviations are all below 
the usual acceptable values (±10%), and no abnormal values were 
detected. Analysing now the thermal conductivity results, it is possible 
to observe that, in general terms, white cement samples present higher 
conductivity values, but without notable differences with respect to the 
grey cement. In the case of this last group of specimens, it is clearly 
observable how the addition of pigment for its darkening (black 
pigment) contributes to decrease the thermal conductivity. Thus, the 
reference sample of this grey cement is the most thermally conductive of 
the set of samples analysed. Regarding the white cement samples, a 
small reduction in the thermal conductivity value is also observed in the 
first two samples (with a greater amount of black pigment), while the 
sample with only white pigment (W6) is the most conductive from a 
thermal point of view. Generally speaking, it can be established that the 
pigments do not have a significant influence on the thermal behaviour of 

Fig. 11. Arrangement of the 12 mortar samples for the TLS data acquisition with the Faro Focus 3D 120. The 6 samples on the left correspond to the grey mortar 
samples and the 6 on the right correspond to the white mortar samples. 

Fig. 10. Temperature increments (◦C) for Full ROI of each cement.  
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the tested materials, and that in any case, the trend is the reduction of 
the thermal conductivity with the addition of black pigment, especially 
in the grey cement samples. A slight increase in this thermal parameter 
could be also noticeable when white pigment is added, and black 
pigment is omitted. 

4. Conclusions 

This works aims at investigating the use of additive pigments to 
provide mortars with better thermal properties. To this end, two types of 

cement and six dosages with different proportions of pigment were 
evaluated by means of mechanical, thermal and optical tests. 

First, the mechanical properties of each of the samples were ana
lysed, which allowed us verifying that the addition of pigments in the 
percentages established by the manufacturer does not affect the 
compressive strength of the mortar. All the deviations found were within 
the limits established by the standards, which guarantees its use without 
modifying its performance. 

The thermal heating tests of the samples showed that there are sig
nificant variations in the surface temperature reached at the different 

Fig. 12. Data acquired with the Faro Focus 3D 120: Point cloud with backscattered intensity values at 905 nm for the 12 mortar samples analysed.  

Fig. 13. Spectral response of the 12 mortar samples analysed for the VIS-NIR spectral range.  
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Fig. 14. Thermal conductivity test. a) Drilling; b) Measuring with TEMPOS and RK-3 needle.  

Table 9 
Thermal conductivity results obtained with TEMPOS for the Grey Cement.  

Nomenclature Measurement Thermal Conductivity (W/m⋅K) Deviation Thermal Conductivity Average (W/m⋅K) Deviation Average 

G1 M-1 1.042 0.0035 1.041 0.0031 
M-2 1.121 0.0029 
M-3 0.961 0.0029 

G2 M-1 1.242 0.0002 1.273 0.0003 
M-2 1.348 0.0003 
M-3 1.230 0.0005 

G3 M-1 1.986 0.00036 1.884 0.0004 
M-2 1.876 0.00045 
M-3 1.789 0.00040 

G4 M-1 1.419 0.021 1.363 0.022 
M-2 1.301 0.033 
M-3 1.369 0.013 

G5-Ref M-1 1.983 0.010 2.063 0.009 
M-2 1.996 0.008 
M-3 2.211 0.0098 

G6 M-1 1.682 0.0001 1.626 0.0002 
M-2 1.594 0.0003 
M-3 1.603 0.00025  

Table 10 
Thermal conductivity results obtained with TEMPOS for the White Cement.  

Nomenclature Measurement Thermal Conductivity (W/m⋅K) Deviation Thermal Conductivity Average (W/m⋅K) Deviation Average 

W1 M-1 1.593 0.003 1.596 0.003 
M-2 1.586 0.005 
M-3 1.610 0.002 

W2 M-1 1.633 0.0007 1.621 0.0009 
M-2 1.549 0.0009 
M-3 1.682 0.001 

W3 M-1 1.879 0.0002 1.918 0.0002 
M-2 1.967 0.0004 
M-3 1.907 0.0001 

W4 M-1 1.739 0.0008 1.725 0.0007 
M-2 1.589 0.0009 
M-3 1.846 0.0005 

W5-Ref M-1 1.983 0.0007 1.774 0.009 
M-2 1.785 0.0009 
M-3 1.554 0.001 

W6 M-1 1.959 0.002 2.103 0.001 
M-2 2.106 0.0005 
M-3 2.243 0.0009  
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dosages. On the one hand, WhPig hardly reduce the temperature of 
mortars, especially in the case of using WhC due to its high percentage of 
whiteness. Nevertheless, BlPig allow higher temperatures to be reached 
in the mortar samples. Thus, the surface temperature increases in those 
samples with the highest amount of BlPig. Specifically, it increases 32% 
with respect to the reference sample temperature in the case of GrC and 
55% when using WhC. The rest of the samples containing BlPig also 
achieve a higher temperature rise, although the specific proportionality 
corresponding to the amount of pigment cannot be determined due to 
the mixing of two opposite colour pigments. In this sense, future work 
will focus on optimising similar pigments in different proportions in 
order to estimate the saturation point beyond which there is no signif
icant temperature increase for an increase in pigment. 

The optical reflectivity test showed a higher reflected radiation in the 
VIS and NIR for mortars with WhPig, i.e., mortars with BlPig have a 
higher radiation absorption. This behaviour agrees with the results ob
tained in the thermal analyses described above. 

Finally, thermal conductivity tests were carried out in which small 
differences were found, showing that the effect of the pigments is very 
slight. Nevertheless, a lower thermal conductivity was found for samples 
with BlPig corresponding to GrC, while mortars with WhPig corre
sponding to WhC showed a higher thermal conductivity. This behaviour 
would help to reinforce the idea that the darker samples allow a higher 
temperature to be reached and stored while the whiter samples reach a 
lower temperature and could dissipate it earlier due to the higher 
thermal conductivity. 

The results obtained for thermal behaviour highlight the high in
fluence of the use of pigments, which could be useful for energy effi
ciency and heat storage functions such as solar chimneys or hot water 
tanks. Future work will focus on carrying out studies under real solar 
conditions and testing the effect of this increase in surface temperature 
on indoor fluids such as air or water. 
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