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century, presenting higher mechanical and hydraulic performance when compared with other
facing alternatives, such as cement concrete or steel membranes. On the other hand, the dark
colour of bitumen may lead to high temperatures inside asphalt paved system, affecting long term
ageing of binder and jeopardizing the quality of the impervious layer. Recently, multifunctional
ultra-thin surface treatments are becoming an alternative to demolition-reconstruction of the
impervious layer, significantly abating the quantity of energy and raw materials required for
maintenance. High-reflective surface treatments may represent also an effective solution to
reduce the temperature of asphalt layers, extending the service life of the dam embankment and
reducing the need of maintenance. In fact, there is a lack of literature concerning the assessment
of thermal impact on asphalt dams. In the light of above, a number of different combinations of
sealing surface treatments were investigated in this study. An ad hoc testing equipment and
procedure were designed to perform an artificial solar irradiance test. A complete colorimetry
analysis was performed and the outcomes were compared with temperature data, making use of a
thermal camera and of embedded sensors for surface and base temperature measurements,
respectively. Major results and their relationships have been commented in-depth along with
proposed further research activities.

1. Introduction
1.1. Asphalt facing dams

Waterproofing properties of bituminous materials were widely recognised since ancient times [1]. The oldest know application of a
primitive bituminous concrete as impervious membrane can be observed in the dam of Assur (Mesopotamia), which dates back to 1300
B.C. [2], giving testimony of the antiquity of this concept. Therefore, bitumen was used in a large range of hydraulic applications
including canal linings, coastal constructions and dams, in recent centuries [3]. As for the modern times, more than 300 asphalt facing
reservoirs were built since 1920s [4], reaching heights sometimes above 150 m [5] and slopes up to 1:1.5 in the upstream wall [6]. The
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Fig. 2. Common failures on asphalt dams: a) Cracking failure (Los Angeles, USA) [21]; b) Slippage failure (Paduli, Italy); ¢) Blistering failure
(Zhangewan, China) [10].

application of asphalt concrete as impervious layer generally increases the safety factor against seepage, when compared with other
facing alternatives such as cement concrete or steel membranes [7]. Moreover, other advantages include lower construction and
maintenance costs, rapid realization times and higher resistance against erosion under the action of water flowing. In addition, asphalt
can be considered physiologically harmless and does not preclude its use in reservoirs containing potable and irrigation waters [3].
Commonly, the impervious asphalt concrete is layered as a double lining membrane, as described in Fig. 1 [6]. A transition layer of
binder mixture (usually 4-10 c¢m thick) is initially laid down to level the irregularities of the embankment and to serve as a base layer
for the bituminous system. Afterward, a first impervious layer of dense asphalt concrete (6-8 cm) is laid. A minimum void content of
2-3 % is guaranteed in any case, to prevent micro-cracking due to thermal deformations during the service life of the mixture [8], as for
void contents below 3 % the permeability coefficient of asphalt is less than 10~8 cm/s and the layer can be considered impermeable
[9]. A drainage layer, consisting in a porous bituminous concrete mixture (5-15 cm, void content of 16-20 % [10]) is then placed and
subsequently covered with the second impervious layer. At the end of the construction process, a sealing coat of bituminous emulsion
or hot bituminous mastic (1-2 mm) is spread over the surface to serve as a weathering protection barrier [6]. Alike the construction of
road pavements, the application of a bituminous emulsion tack coat between the layers is decisive to avoid any slippage cracking at the
interfaces [11].

On one hand, many researches proved that the impervious layered asphalt system, which normally has a total thickness ranging
between 20 and 45 cm, can successfully withstand common operating water column pressures up to 200 m [8] without any consid-
erable hydraulic fracturing effect [12]. On the other hand, foundation differential settlements may occur, causing a tensile stain status
that, in specific conditions, may result in serious cracking when the material is not flexible enough to accommodate the movements of
the substrate [13]. Furthermore, bitumen is a viscoelastic and thermoplastic material [8] and its properties change considerably with
temperature. For this reason, different types of distresses may occur due seasonal climatic fluctuations, which in some case may lead to
temperatures ranging from —30 °C to 80 °C in the external thickness of the membrane [3,10,14]. Thermal stresses are typically
relieved by asphalt concretes with an appropriate dimensioning and composition, but temperature oscillations, aging effects, swashing
of water and solar radiations strongly affect the long-term ageing process of unprotected surfaces [1]. In this regard, freezing-thawing
conditions may induce damages to the exposed layers, resulting in diffuse cracking that may jeopardize the waterproofing effect of the
membrane [15]. In addition, upstream surface is constantly exposed to ultraviolet radiations [16], which cause evaporation of bi-
tumen’s volatiles accelerating its ageing process [17,18], hardening the bituminous concrete and resulting in a brittle and cracking
sensitive behaviour (Fig. 2a) [8,19]. Solar radiation exposure during the hot season, considering the low reflectance of bituminous
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Fig. 3. a) High pressure cleaning and resealing of the embankment surface; b) Application of an in-situ sealing membrane; ¢) Multi-layered in-situ
sealing membrane with aggregate finishing.

faced surfaces, which generally is not above 5-10 % [20], results into very high temperatures inside the membrane and this may lead,
especially when high slopes are required, to relative interlayer slippage failures. (Fig. 2b). Moreover, when temperatures inside the
membrane rise above 55-60 °C, the water enclosed between the impervious layers tends to reach vapour pressure, leading to local
blistering phenomena that can result in serious deformations and cracking of the outer face (Fig. 2¢)[10].

In the light of above and considering the long service life required for dams, typically over 100 years [22], an effective maintenance
strategy is essential to anticipate degradation and to adequately repair damaged layers. State of the art of asphalt dams’ maintenance is
moving away from demolition-reconstruction of the impervious layer, since milling and repaving operations involve enormous
quantities of energy and raw materials. Moreover, slope conditions require high-specialized operators and equipment, which drasti-
cally increase the costs of the intervention [23]. For these reasons, spot repairing and diffused resealing treatments are often preferred.
Limited major cracks are generally treated with injections of sealing mastic, which is typically bitumen-based and cold applied [24].
For diffused degradation, periodically restoring the sealing coat is often required. Outer centimetres of the asphalt system are removed
with high-pressure water (250 MPa) and visible cracks are resealed with mastic (Fig. 3a). A new sealing coat is then laid spraying
bituminous emulsion or hot bitumen by using nozzles [23]. Alternatively, prefabricated bituminous membranes [14], often containing
glass fibres or polymeric grids, may be applied [25].

In recent years, many contracting authorities are also encouraging the use of multifunctional surfacing treatments as replacement
and/or integration of the traditional sealing coating techniques, in order to improve the performance of the embankment and aiming to
extend its durability. Depending on the case, these may consist in the application of particular modified bituminous emulsion (cold)
[11] or bitumen (hot), sealing mastic (hot) [24], non-bituminous coating (hot or cold), painting (cold) up to represent properly
designed surfacing treatments (cold or hot). Regardless to mechanical performance, more sophisticated surfacing treatments also allow
to include in this type of applications environmental and landscaping impact aspects. Indeed, dams are large constructions that can
dominate and completely alter local landscapes [26], especially when dark coloured asphalt surfaces are visible over the embankment
in low-water level periods. Thus, to mitigate the visual impact of this structures on the surrounding landscape, specific coating
techniques, which generally consist in a particular colouration or surface finishing, are often applied [27].

1.2. Surfacing treatments in asphalt dams

Surfacing applications may be very different, but frequently are performed using machineries borrowed from the road paving
industry that are converted to operate in high-slopes conditions. Commonly, they include a paver that moves upwards on the
embankment by means of a winch, a system of nozzles and a spreader to allow the simultaneous laying of binder, typically hot bitumen,
and aggregates, when required (Fig. 3b). The viscosity of bitumen ensures the immediate adhesion of aggregates in a single granular
layer, generally not requiring mechanical compaction (Fig. 3c). Depending on the case, multiple overlapped coats of binder and
aggregates, which may vary in type, gradation and dosage, may be applied to form an ultra-thin impervious membrane.

The purposes of these interventions are often targeted on the specific design problems and they are strictly related to the position of
the embankment (orientation, latitude and altitude), to its geometry (height and slope), water pressure and solar exposure. As for the
latter, the dark colour of bitumen contributes to amplify the quantity of solar radiation absorbed by the surface, thus increasing the
temperature of asphalt layers [28]. There is a lack of literature concerning the assessment of thermal impact on asphalt dams.

1.3. Thermal effects of solar radiations on asphalt dams

From a rheological standpoint, prolonged high temperatures expose asphalt to several damages including rutting, slippage,
bleeding and, in general, thermos-oxidative ageing, which reflect in a less-durable and less-performant layer [29,30]. Facing surface
temperature is influenced by a number of factors such as solar irradiance, inter-molecular heat transfer, air temperature, wind’s ve-
locity and direction [15]. Irradiance is defined as the radiant flux incident on a surface per unit area and, according to ISO 9845-1 and
many other studies, may be globally assumed approximately of 800-1400 W/m? [31]. Ozone in the stratosphere absorbs almost every
radiant energy having the wavelength below 295 nanometres [32], so that the solar spectrum that reaches Earth’s ground is contained
within 295 and 2450 nm [33]. Wavelengths included in the range 380-780 nm (42-43 % of total spectrum) form visible light (VIS)
[34] and can be appreciated by human eye. Shorter wavelengths (295-380 nm) are considered ultraviolet (UV) and represent 3-5 % of
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Fig. 4. Solar absorptance on different coloured opaque surfaces [42-45].

solar light spectrum on Earth [32]. In the end, short frequency waves (780-2450 nm) identify the infrared (IR) portion and consist in
the remaining 52-55 % of solar spectrum. Distinguishing between these sub-regions is essential, since each portion of light is asso-
ciated to different phenomena and effects on the dam surface. Although thermal contribute of UV light is negligible [35], its short
wavelengths (high energy) can destroy molecular structure of material [36], playing a major role in accelerating the photo-oxidation
ageing of the binder [37] and resulting in a general performance degradation of the layer. On the other hand, photons of VIS and,
especially, IR light move at wavelengths that can pass through the molecules and in part being absorbed, leading to a gain of energy
that generates charge-acceleration, resulting in an increasing of matter temperature [38]. The light portion that is not absorbed by
surface is reflected as filtered light and it is perceived from the photoreceptor (e.g. human eye) as object’s colour [39]. Solar reflectance
of a surface is the percentage of incident sunlight that is reflected [40]. In low-solar reflective surfaces the difference of temperature
between the surface and ambient air may sometimes reach 50 °C [41,42]. Opaque surfaces absorb light differently in the three
spectrum regions [42,43] and, as shown in Fig. 4, the highest difference in solar absorbance between black and coloured surfaces lies in
the IR region [43].

High-reflective surface treatments may represent an effective solution to reduce the temperature of asphalt layers of the
embankment, extending its service life and reducing the need of maintenance. Colour is not a physical property of the surface but
rather a receptor perception enabled by light, so adopting an objective evaluating method is essential. In this regard, colorimetry
provides different options for quantitative measurement of colours and their numerical elaboration [46-48]. In particular, CIELAB
colour space is universally accepted as colorimetric reference system in scientific applications. Unlike other systems (e.g. RBG, CMYK),
it is unambiguous, absolute and device independent [49], since it is directly based on light stimulus values in a trichromatic reference
system [39], expressed as the non-linear coordinates L*, a* and b* according to EN ISO/CIE 116644 [50].

L* is the luminance of the stimulus, which represents the lightness, and ranges from 0 (pure black) to 100 (pure white). a* axis
represents the greenness (-a*) or the redness (+a*), while b* axis indicates the yellowness (-b*) or the blueness (+b*) of colours. When
numerical values are assigned to each coordinate, any colour can be univocally located in a three-dimensional colour space, allowing
its description and mathematical elaboration [51].

An unambiguous colour description allows a methodical classification of dark and clear surfaces, enabling the definition of
landscape-compatible tones to include in the mitigation process of the embankment, which may be achieved using a surface treatment.

In the light of above, this study aimed to test traditional and innovative solutions as possible surface treatments for asphalt dams.
Main importance was given to solar radiations screening properties of the impervious system, with the purpose of improving the short-
term thermal performance of the state-of-the-art sealing coats. Effectiveness of the intervention was evaluated in terms of surface
temperature and asphalt support temperature, measured with advanced equipment. In addition, the reduction of visual impact of the
asphalt faced surfaces was investigated, proposing landscape compatible coloured sealing coats and using innovative ultra-thin layered
sealing membranes, in different configurations. A complete colorimetric analysis of the external surfaces was conducted and the
outcomes of thermal tests were correlated with the chromaticity parameters, and later discussed.

2. Materials and methods
2.1. Materials

In order to extend the effectiveness of this study, a large number of possible surface treatments for asphalt dams were lab-prepared
and tested, including conventional (control) and novel materials as listed hereafter: two hot polymer-modified bitumen and 5 alter-
native “non-black” sealing surfacing; 25 different monogranular membranes (consisting in a single layer of aggregates between two
coats of binder); 8 double-layered membranes, with an additional finishing coating of fine aggregates. All 40 combinations presented
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Table 1

Group classification of the tested surface treatments.
Configuration Description Thickness [mm] Weight [kg/m?]
Sealing coat Binder coating 1.9-21 2.0-25
Single-layered membrane Monogranular membrane with binder finishing 8.8-12.0 8.2-13.0
Double-layered membrane Monogranular membrane with aggregates finishing 15.2-18.2 9.8 -23.7

Table 2

Volumetric and mechanical properties of virgin aggregates.
Test Unit Basalt Limestone Pale limestone
Notation - B C w
Particle density (EN 1097-6) g/cm3 2.713 2.658 2.674
Resistance to fragmentation LA (EN 1097-2) % 20 20 21
Resistance to polishing (EN 1097-8) PSV 50 44 42

Table 3

Volumetric and mechanical properties of lightweight aggregates.
Test Unit LECA-P LECA-S
Notation - LP LS
Loose bulk density (EN 1097-3) g/cm® 0.425 0.624
Particle density (EN 1097-6) g/cm® 0.763 1.254
Percentage of voids (EN 1097-3) % 44.34 50.24
Water content (EN 1097-5) % 0.95 9.40
Crushing resistance (EN 13055-1) N/mm? 3.198 6.155
Water absorption after 24 h (EN 1097-6) % 5 18
Freezing and thawing resistance (EN 13055-1) % 0.86 0.71

Table 4

Properties of binders.
Notation Description Penetration [dmm] Softening point [°C]
PmB; PmB (SBS+EVA) 26 99
PmB, PmB (SBS) 51 82
TB Polyolefin-based synthetic binder 55 75

in this study, which can be grouped according Table 1, were prior tested for their use in terms of waterproofing capacity, adhesion to
the support layer and thermal stability.

2.2. Aggregates

An accurate selection of the type, size and colour of aggregates was required for this study. Two natural virgin aggregates (basalt
and limestone), provided by a local quarry were selected due their large use in current asphalt dams’ maintenance. A second type of
limestone with a high-content of calcium carbonate, provided by a quarry in central Italy was tested for its light-colour properties and
its wide use in local highly-reflective urban pavements [52]. Table 2 lists the main volumetric and mechanical properties of the
adopted virgin aggregates.

Moreover, this study proposes the use of Lightweight Expanded Clay Aggregates (LECA), characterized by high porosity and low
density [53], as an innovative solution to reduce the total weight of the membrane and to avoid its relative slippage in steep conditions.
LECA is a widely available and standardized civil engineering material [54], produced by firing raw clay in a rotary kiln. The gases
expand the clay, generating granules with a strong shell and a porous inner core [55]. In addition, its clay composition confers to LECA
a natural soil colour, which makes it suitable for mitigation in non-urbanized contexts. Two different types of commercially available
LECAs were selected. LECA-S presents a higher soundness and was used a structural aggregate in the first layer of the membrane. On
the contrary, LECA-P is lighter and less resistant to mechanical actions, but it is manufactured including a hydrophobic treatment that
makes it less water sensitive, and so it was selected as finishing aggregate when required. Table 3 collects the main volumetric and
mechanical properties of LECA, according to general lightweight aggregates requirements.

2.3. Binders

Three different binders, which properties are shown in Table 4, were tested. Two commercial polymer-modified bitumen (PmB),
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Description of pigments.
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Notation Colour Main component Supplied as
w White Titanium dioxide (Ti,0) Pellets

r Red Iron oxide (FeO) Pellets

g Green Chromium Oxide (Cr;03) Powder

Table 6
Summary table of the tested surface treatments.
Notation Aggregate N° Description
DL | PmB;_ L,C B W 8 Double-Layered membrane presenting two coats of PmB; and two coats of L, C, B and W aggregates
DL | PmB,_ L,C B, W 8 Double-Layered membrane presenting two coats of PmB, and two coats of L, C, B and W aggregates
SL | PmB;_ L,C, B W 8 Single-Layered membrane presenting two coats of PmB; and one coat of L, C, B and W aggregates
SL | PmBy_ L,C B W 8 Single-Layered membrane presenting two coats of PmB, and one coat of L, C, B and W aggregates
SL | TB_ L,C B, W 8 Single-Layered membrane presenting two coats of TB and one coat of L, C, B and W aggregates
SL | PmBy_r_ L,C, B, W 10 Single-Layered membrane presenting two coats of PmB;, r pigments and one coat of L, C, B and W aggregates
SL | PmBy_w_ L,C, B W 10 Single-Layered membrane presenting two coats of PmB;, w pigments and one coat of L, C, B and W aggregates
SL | TB_g_ L,C B, W 8 Single-Layered membrane presenting two coats of TB, g pigments and one coat of L, C, B and W aggregates
PmB,; - 2 Sealing coat of PmB; binder
PmB, - 2 Sealing coat of PmB, binder
TB - 2 Sealing coat of TB binder
PmB, r - 2 Sealing coat of PmB; binder with r pigments
PmB; w - 2 Sealing coat of PmB; binder with w pigments
TB_g - 2 Sealing coat of TB binder with g pigments

Fig. 5. Flow chart of the experimental methodology: a) samples’ preparation; b) colorimetry analysis; c) artificial solar irradiance test; d) analysis

of results.

which respectively contain elastomers (SBS) and elastomers + plastomers (SBS + EVA), were selected due their common use in local
asphalt dams’ sealing layers maintenance. In addition, a commercially available polyolefin-based synthetic transparent binder

manufactured by mixing polymers, resins and oils [52], was proposed for its low-visual impact road applications.

Moreover, commercial pigments commonly used in coloured asphalt pavements were eventually added to binders, in different
formulations, in order to obtain low-visual impact coloured finishing compatible with high-reflective properties. All the selected
pigments, described in Table 5, were certified for their environmental compatibility.
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Fig. 6. Cross section of the three different surface treatments: a) sealing coat; b) single-layered membrane; c¢) double-layered membrane.

Pigments were directly added to the hot binder (wet modification process [8]) and mixed using a laboratory high-shear mixer at
4000 RPM for 10-30 minutes, following the manufacturer suggestions. The percentage of pigments was selected in order to obtain
chromaticity coordinates within nature compatible colour ranges. Red and white pigments were added to black bitumen in different
percentage to obtain soil brown and sand yellow colours. Green pigments were combined with transparent binder in order to achieve
vegetation green colour.

The following Table 6 provides a summary of the tested alternatives, referring to the notations above introduced.

3. Methods

Representative samples of each surface treatment were manufactured in the laboratory. Surfaces were photographed with a specific
procedure and a complete colorimetry analysis was performed. Samples were subjected to a cycle of artificial solar irradiance, making
use of a near-infrared thermal lamp that replicates high-irradiance solar conditions in hot season. A system of thermocouples was
placed at the base of the membranes to record the temperature of their support (asphalt dam impervious layers) in continuous.
Moreover, temperature of the external surface of samples was measured during the test with a high-resolution thermal camera (FLIR
Systems P620). Results obtained for surface treatments within different groups and with different materials were compared and
discussed. Eventually, the outcomes of colorimetry analysis were correlated with the thermal properties of the membranes. The flow
chart in Fig. 5 depicts the above-described main phases of the study.

3.1. Samples’ preparation

In order to reproduce the in-situ composition of the tested membranes in a reduced laboratory scale, a rigorous procedure was
followed. Dosage of materials, their distribution and laying conditions were taken from real applications and adapted on the specific
case to achieve the same thickness and composition of real membranes. A first film of binder, which is the one in contact with the
impervious asphalt layer and has to play the role of sealing coat, had a thickness of 1.9-2.0 mm (e.g. 2.0 kg/m? of PmB), while the
second binder coating was 1.7-1.8 mm thick (e.g. 1.8 kg/m? of PmB). Structural aggregates layer consisted in a monogranular coating
of 8/10 mm size aggregates, distributed with a dosage of 9.0 1/m. Eventually, finishing aggregates with a dosage of 6.0 1/m? and a 3/
6 mm size were applied after the second laying of binder, resulting in the double-layered membrane configuration, as shown in Fig. 6.

Samples were manufactured in rectangular casting moulds (10.5 x17.5 cm), pre-coated with laboratory paper. Binder was heated
in a thermostatic oven at sampling temperature, according to EN 1427. The amount of material required to obtain the design thickness
of the first and the second layer of binder was poured in two different moulds on a high-precision laboratory scale, and placed in the
oven for 10-15 minutes until levelled films were obtained. The first coating film was placed on a flat surface and immediately covered
with the structural aggregates. In order to replicate the action of the in-situ spreader box machine, aggregates were poured through a
12 mm sieve, which size is larger than the maximum diameter of aggregates, to ensure a randomised distribution of particles and to
prevent the segregation of heavier ones. Hot temperature of binder promoted the adhesion of aggregates without any compaction
effort. The mould was allowed to reach room temperature and then the excess aggregates, which were not in direct contact with the
binder film, were carefully removed. The second film was removed from the oven and left to reach temperature room inside the mould.
Afterward, it was detached from the parchment paper and laid on top of the structural aggregates layer. The system was put in the oven
for 10-15 minutes to allow the melting of binder and the adhesion between the elements. Eventually, the finishing aggregates were
poured on the hot binder through an 8 mm sieve where a double-layered configuration was required. At least two replicates for each
configuration were produced.

3.2. Colorimetry analysis

Top surface of each sample underwent a process for the determination of chromaticity coordinates and a series of colorimetry
parameters. It was photographed by means a professional 30.4 MP full frame DSLR camera and a prime 100 mm macro-lens, in
controlled studio conditions. Exposure was measured with a 150.000-pixel RGB-IR metering sensor, having 252 evaluative zones, and
adjusted to a EV 0 exposure value. Temperature of light was corrected by using a set of PVC-coated professional calibrating cards,
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setting white balance manually referring to the 18 % neutral grey card. Finally, a circular polarizer filter, having a 28 layers 0.2 %
ultra-low reflectivity nano-coating, was used to reduce the light effects on reflective surfaces. Photographs were analysed using the
proprietary software Adobe Photoshop CC 2023 v.24.5 and the chromaticity coordinates L*, a* and b* in the CIELAB colour space were
extracted, expressed as the medium values evaluated in the central area of the specimen (radius 40 mm). Chromaticity coordinates
were used to uniquely locate each surface colour in a three-dimensional space system and to provide its mathematical elaboration. In
particular, the position of the point in the CIELAB colour space was evaluated by means of the colour difference AE*1,p, defined as the
Euclidean norm of position vector to a reference point [40]. Referring to the origin of the CIELAB space with coordinates (0, 0, 0),
AE* 41, expresses the distance between a colour and pure black, which is the less light reflective possible colour. AE*4}, can quantify
the magnitude of the colour difference, but does not necessarily indicate the direction and the orientation of the vector. In the light of
above, Hue and Chroma parameters were also calculated according to EN ISO/CIE 11664-4, as follows:

AE;, = VAL + Aa*? + Ab*?
c, = Va?+b?

hg = arctan (b—)
P

where:

— L*, a*, b*—are the coordinates in CIELAB colour space;
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— AE*p—is colour difference in CIELAB colour space;
— C*ap—is Chroma in CIELAB colour space;
— hyp—is Hue in CIELAB colour space.

Hue and Chroma are lightness-independent polar coordinates of chromaticity. Hue is expressed as the angular value that unam-
biguously indicates redness (0°), yellowness (90°), greenness (180°) or blueness (270°) of colours in a classified continuous colour
wheel scale, according to dominant wavelengths of light reflected. Hue is conventionally ordered following the colour pattern
observed when white light is passed through a glass prism. Chroma is the radius value in the polar coordinates system and describes the
degree of purity of a colour in relation with neutral grey. Chroma expresses the colourfulness of a hue and allows to distinguish be-

tween achromatic and saturated colours. All the above-mentioned colorimetry properties were detected on the samples before testing
and are presented in the following sections.

3.3. Solar irradiance test

In order to reproduce high-irradiance solar conditions in a laboratory scale, an ad hoc testing equipment and procedure were
designed. A 250 W near-infrared/infrared solar lamp was selected (Philips BR125). As shown in Fig. 7, the equipment was calibrated to
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Fig. 10. a) chromaticity coordinates in the three-dimensional CIELAB colour space; b) Hue and Chroma in a polar coordinates’ representation.

replicate natural solar irradiance in the nIR/IR spectrum, since the effect of light frequencies out of this range was considered
negligible on temperature.

The lamp was located in a black painted environment, at the distance of 40 cm from the tested samples, and directly oriented. The
setup, which is illustrated in Fig. 8, allowed to test two identical samples simultaneously and to express results as their average values.
Samples were placed in isolated vessels and their position inside the box was calibrated to obtain a measured value of irradiance in the
central area of the surfaces ranging from 800 to 1200 W/m2. Thermocouple sensors were installed in the central area below each
sample. Another couple of sensors was positioned approximately 0.5 cm over on the top of irradiated surfaces, to provide ambient
temperature measurement. Positioning of the equipment was led by the will of excluding from the investigation points belonging to the
border region of the specimen, which may be influenced by exposure differences and other factors.

Samples were conditioned at 20 °C in a thermostatic climatic chamber for at least 8 hours before testing. High-irradiance conditions
were kept constant for 180 minutes, in order to lead to an accelerated steady-state temperature equilibrium [41,57]. A high-resolution
thermal-camera was used at regular intervals of 60 minutes to record the external surface temperature during the test. Measured
surface temperatures have been compared with those of Federal Highway Administration (FHWA) Superpave Binder selection
guidelines and many other studies [15,33,58—60] to ensure an analogy with highest annual pavement temperatures registered in the
temperate belt, which includes large part of Europe, United States and Asia, assessing the reliability of the selected artificial solar
irradiance conditions before any data elaboration.

4. Analysis of results
4.1. Results of colorimetry analysis

As introduced in previous sections, a series of materials (aggregates, binders, pigments) were combined to obtain a wide assortment
of sealing surface treatments, which can be exemplified as shown in Fig. 9, keeping constant dosages, gradation of aggregates and
laying condition in order to prevent differences through the thickness of membranes and ensure the comparability of results within the
same treatment class.

All samples underwent to a complete colorimetry analysis prior testing, as described in previous sections. Chromaticity coordinates
in the three-dimensional CIELAB colour space were collected and represented in Fig. 10a.

Bitumen coated surfaces presented a L* parameter ranging between 17 and 30, which correspond to dark colours. Coloured binders
generally increased the lightness of surfaces: L* for soil brown colourations ranged between 30 and 41 (+12 % on average), while
lightness of sand yellow and vegetation green was 50-57 (+30 % on average) and 55-60 (+34 % on average) respectively. As ex-
pected, double-layered membranes finished with LECA presented a brownish tonality and a L* parameter falling in the soil colours
range (L* = 41). Hence, the use of natural aggregates as finishing material allows increasing the lightness of the dam surface of +17 %
(L* = 40-41), +34 % (L* = 57-58) and +64 % (L* = 87-88) for basalt, limestone and pale limestone, respectively.

In addition, as shown in Fig. 10b, Hue and Chroma values were calculated from the lightness-independent parameters a* and b*.
Bitumen coated and natural aggregates finished surfaces resulted nearly achromatic, centring in the area with null values of chroma in
a polar coordinates representation. On the contrary, soil-coloured surfaces, as well as those finished with LECA, hued between 37°-70°,
falling within the range 10 R — 7.5YR in Munsell Colour Chart (MCC) soil classification [61], which reflects some of the most common
natural soil hues [51,62]. Sand-coloured surfaces hued between 73° and 78°, corresponding to 7.5YR — 10YR in MCC soil classification.
In the end, green-coloured membranes presented a hue between 138° and 144°, within the range 10GY - 5G in MCC plant
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Fig. 11. Thermophotos of specimen after the irradiance test: (top) double-layered membranes; (centre) single-layered membranes; (bottom)
sealing coatings.

classification [63], which can be reasonably assumed compatible with fresh grass and vegetation [64].

4.2. Results of surface temperature analysis

As already mentioned, colors are perceived as an effect of the filtered light reflected, and consequently absorbed, by surfaces at
different frequencies. Superficial temperature (Tsyp) is strongly connected with the quantity and the quality of solar radiations that can
pass through surface (e.g. exposure to 1000 W/m? of UV light may produce different effects than 1000 W/m? of IR light) and, as can be
observed in Fig. 11, is colour-dependent.

Lighter surfaces presented lower temperature after testing, resulting in an acceptable correlation (R? higher than 0.68) when
directly comparing L* and Tgyp (Fig. 12a), similarly to other studies [65].

Hue and Chroma also play a role in light-absorptance, since the correlation index R? increases to 0.77 by comparing Tsyp with the
position vector AE*1,, (Fig. 12b), referred to pure black coordinates (0,0,0). Although Euclidean norm may not be adequate to
interpret the behaviour of darker colours, it can be generally observed how the surface temperature decreases by increasing the
distance between the tested colour and pure black, which is the less reflective colour possible (100 % of light absorbed). Average
surface temperature differences, compared with those of black bitumen coated surfaces, are reported in Fig. 13.

Results of surface temperature reduction for aggregates- and coloured binders-finished membranes have been found compatible

11
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with those obtained in other studies on pigmented and clear asphalt pavements for Urban Heat Island reduction purposes [60,66].
Remarkable results in surface temperature reduction have been obtained for green-hued membranes, due their high-reflectivity in the
nIR-IR region of light spectrum [44]. In fact, green colour has been selected by plants in the course of evolution to reflect unhealthy IR
waves and absorb light at lower frequencies to promote photosynthesis [67,68]. It is noteworthy to highlight how thermophotos
confirmed a continuous radial exposure inside the selected evaluation area, limiting border effects to points belonging to the region
outside the central part of the specimen.

4.3. Results of base temperature analysis

Overall thermal screening effect of sealing surface treatments was then analysed by comparing temperature data of sensors at the
base of samples, which also depends on thickness (Table 1) and on the materials used. As can be observed in the following Fig. 14, base
temperature (Tpps) became nearly-asymptotic (Steady-State Temperature) earlier for sealing coats (after 21 minutes on average), and
than for single-layered (41 minutes on average) or for double-layered membranes (55 minutes on average), as effect of thermal
transmittance delay through the thickness. Since the difference between surface temperature and base temperature for sealing coats
was less than 1 °C on average, it can be concluded that heat was entirely transmitted through their thickness. However, as shown in
Fig. 14a, pigmentation of sealing coats resulted in a mean difference of 14.8 °C between black bitumen and light-coloured binders,
reflecting the results of surface temperature analysis (Fig. 14b). On the other hand, single-layered membranes reduced the
embankment temperature of 5.3 °C on average, when compared with the corresponding sealing coat alternative. Effect of pigmen-
tation resulted in a total decrease of temperature of 10.1 °C, 22.8 °C and 27.1 °C for soil brown, sand yellow and vegetation green
treatments, respectively, when compared with black membranes (Fig. 14c). Result of temperature diffusion through the thickness have
been found compatible with those obtained by other researchers [15,69]. Finally, double-layered membranes provided a base

12



F. Balzano et al.

85
80 o
PPRTTTTYTITLLTRTIL,
oLl POV >0
70 4 K .,‘...momo
. et n=5
*1 - ’." 600000000000000000000000000000
60 , .goooooooooooocooooooooooooooooo
55 [n=17
o ) M P ST ety
°© S i aes
Poode’e OooooW
%) ° o
& 45 M Ooooo
-
40
n=40
35 [N S,
30 o
25 e Black Sealing coat
o Coulored Sealing Coat
204 + Black Single-Layered
15 ¢ Coloured Single-Layered
- Ambient
10 T T T T T T T T T T T
0 900 1800 2700 3600 4500 5400 6300 7200 8100 9000 9900 10800
t (sec)
85
1 X
70 .o000000‘0‘00000‘0000‘000000000000“
T 34
B4
* /7
> “. n=?00000000000‘60000000
. poreels
&0 0. .00000‘000000“’
*®
5 55 - o e —
S 4 . *
\; 50 ‘.0 .....“’QQQOQOCQOQv o
5 45 * oot ...000000000000000’000000
= . o se0e —
T o e ,.“"”“
1 e LR 34
o o g0
.,
35 o o O
.ttg-*”’:7 o n=40
47,
30 s
o54¢ + Bitumen black
3 -
3 *  Soil brown
2 3 + Sand yellow
15 4 * Vegetation green
- Ambient
10 T T T T T T T T T T T
[} 900 1800 2700 3600 4500 5400 6300 7200 8100 9000 9900 10800

t (sec)

Teas (°C)

T BAS (QC)

Case Studies in Construction Materials 21 (2024) e04038

85
% .....o-oo.-o.oot-.o
754 ”......................u.-
oot eoe
70 o L4 coscesse0®0000000c?
65 .... .ou.-oa....-oooa-ooo--"""
0..
60 o
‘ n=2
55 e
cessoocssccccsscces
50 L4 . ° eseccccece
.
ELE I
4040 o
35 ° - -
. e
Co ___——T-TTTTTTTTT n=40
304"
° N
25 e Bitumen black
e Soil brown
21 * Sand yellow
154 e Vegetation green
- Ambient
10 T T T T T T T T T T T
0 900 1800 2700 3600 4500 5400 6300 7200 8100 9000 9900 10800
t (sec)
85
(d)
75 4
AAAAAL 14444244442
7 seanapapata IR L
60 - n=2 AA:ﬁA‘ AAAAAAAAAAAAAAAA 5
A‘:AAAAAAAAAAAAAAAA n=2
A alan
55 o AAAngA
50 - AAAA
_ a
45 s
40 4 4 R AAAAAA/\AAA/\A/\AAAAAAAAA
an A&&AAAAQA
35 ottt
_ab---— BB
304, AAAAA
25-§AAA 4 Basalt
4 LECA
20 4 Limestone
15 4 Pale limestone
- Ambient
10 T T T T T T T T T T T
0 900 1800 2700 3600 4500 5400 6300 7200 8100 9000 9900 10800

t (sec)
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tween different finished double-layered membranes.

Table 7

Differences in temperatures through the thickness of single-layered membranes, grouped in terms of structural aggregates.
Structural aggregates type Weight [kg/m?] Thickness [mm] Tsup m [°C] Tpas m [°C] AT [%]
Basalt 13.0 11.2 64.8 59.5 -8.1
LECA 8.2 11.3 63.7 57.1 -10.4
Limestone 12.3 11.0 64.0 59.4 -7.1
Pale limestone 12.7 11.7 64.2 59.2 -7.9

temperature reduction of 11.2°C, 12.4 °C, 14.9 °C and 37.2 °C for Basalt, LECA, Limestone and Pale limestone, respectively, compared
with the common bitumen sealing coat (Fig. 14d).

It is worth to specify that heat transfer through the membrane may be influenced by a number of factors such as thermal capacity
and thermal conductivity of materials, inner composition of aggregates, interconnectivity between particles and others, which were
not aimed to be considered in this study and that need further investigations.

Results from the comparison of average percentage temperature variation between Tsyp and Tpag of single-layered membranes with
the same binder finishing and different structural aggregates type are reported in Table 7.

Due their similar lithic composition, natural aggregates showed a slightly different thermal gradient through the thickness of
membrane. On the contrary, membranes produced with LECA presented a more effective temperature reduction, probably due its
porous inner composition. However, the monogranular configuration might not be appropriate to emphasize thermal-insulation
properties of LECA, well know and investigated in other civil engineering applications. Nevertheless, its high-porosity guaranteed a
general weight reduction of the membrane close to 40 %, if compared with basalt, which can be a remarkable design factor, in
particular on steep dams.
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5. Conclusions and further research

The aim of this study was to investigate the effectiveness of different sealing surface treatments for asphalt dams in terms of
screening to solar radiation. Traditional and innovative techniques were tested, making use of conventional and alternative materials.
Based on the results obtained, the following main conclusions can be drawn:

— Results of colorimetry analysis proved the effectiveness of binder pigmentation as an approach for landscaping mitigation of
engineered constructions in non-urban scenarios. In this regard, due its clayey origin, LECA has been found as a more efficient
solution when compared with natural aggregates finishing in double-layered membrane configurations;

— The use of multi-layered sealing treatments has been proved as a valid solution in reducing the asphalt layered system temperature,
when compared with common sealing coats. The ultra-thin application, which makes use of the lowest quantity of materials,
successfully achieved a temperature reduction up to 19 °C on average on the surface of standard impervious layers;

— The use of high-content calcium carbonate aggregates in the double-layered configuration led to a Steady-State Temperature of the
sample of 41.6 °C, which was 15 % above the testing air temperature, resulting as the most efficient solution among the tested ones.
It can be reasonably assumed that temperatures achieved using pale limestone as finishing aggregates, along with those obtained
with other proposed solutions, may be adequate from a rheological standpoint to prevent blistering and slippage failures inside the
asphalt layered system and into slowing thermal ageing processes on binders;

— All pigmented binders have been found more effective than black bitumen coatings in solar radiation screening, confirming the
effectiveness of using high-reflective surfacing treatments to lower the temperature of asphalt layers. Among these, green-hued
binders resulted a valid option that can also include visual impact mitigation in natural scenarios, due their high reflectivity in
the IR region of the solar spectrum.

On one hand, this study attested the effectiveness of multi-functional surface treatments into decreasing the thermal burden on the
structural impervious layers of asphalt, meeting the aims of the investigation. On the other hand, further research is needed to assess
the consistency of this technology in time and to study the evolution of the screening properties of the proposed membranes. Since its
recent development, this technique necessitates an adequate monitoring in in-situ applications, to determine its durability and its
maintenance requirements. Furthermore, long-term ageing process needs further investigations. In this regard, the evaluation of the
photo-oxidation effects of UV light on the sealing treatments is already in underway, and it will be discussed in future works.
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