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Abstract: The synthetic material developed by Dupont in 1963 for solid surfaces has been used since
its origin for numerous applications. One of the most popular ones in the last decade is as a finishing
layer on façades. The first references that contemplated this use on the outside were the Seeko’o
hotel in Bordeaux executed in 2007 and the refurbishment of the 7700 m2 shell of the Hôtel Ivoire
congress centre in Abidjan (Ivory Coast) in 2009. In Spain, the first example of the installation of
this material is the rehabilitation of the main building of the La Rotonda de la Playa de San Juan
urbanisation in Alicante, designed in 1965 by the architect Juan Guardiola Gaya and rehabilitated
in 2010 by Miguel Salvador Landmann. Ten years later, our research is focused on the study of the
colour ageing of the acrylic resin and natural mineral sheets on each of its façades, with different
orientations and exposure to sea and wind. To this end, it has been studied the solar radiation of the
surfaces, the wind exposure of their façades and tests with a tele-spectroradiometer has been carried
out. The study makes it possible to quantify the differences in colour in all of them and to state that
the combination of wind and radiation is the main atmospheric agent causing the degradation.

Keywords: constitutive modelling; colour; rehabilitation; marine exposure; constructive ageing;
colourimetry; BIM

1. Introduction

During this century there have been large rehabilitation projects using new materials in
façades with a great concern in ensuring that the useful life cycle of the material is high [1].
This characteristic is key when choosing a material [2]. The assumptions concerning the
replacement, repair and maintenance of the material had to be as realistic as possible [3].
Over the last decade, much research has been carried out on new façade solutions and new
materials to improve the energy efficiency of the building [4]. Energy production systems
using photovoltaic materials [5], microalgae façades such as solar thermal collectors [6] and
phase change materials [7] (PCM) [8] are being incorporated into envelopes to improve
environmental comfort and reduce consumption [9]. In all of them, the quantification of
solar radiation on the façade using virtual models is essential [10]. Thanks to Building
Information Modelling (BIM) tools, it is possible to predict the behaviour of the envelope,
calculate the radiation, transmittances and shadows of our buildings.

During this same time, many projects have arisen with the use of acrylic resin materials
and natural minerals as a finishing coat on exterior façades. Their use in exteriors for more
than ten years, allows to corroborate the tests of ageing in laboratory of the analytical
method, testing empirically by means of field works. These tests, depending on the
material, are costly, time-consuming and often unreliable [11].

It is known that the degradation of a façade is mainly caused behave perfectly when
in contact with solar radiation and exposed to wind [12], hygrothermal ageing [13] by
humidity [14] or rain [15], biological agents and pollution. Solar radiation in a country
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like Spain and in a southern coastal area like Alicante is a fundamental aspect. Not so
much because of the implementation of materials with the aim of improving efficiency,
but because of the search for sustainability through the useful life of the material. For this
reason, the material to be used in the rehabilitation of this building had to behave perfectly
to solar radiation and exposure to wind in a marine environment over time.

There are many types of coatings that perform well in all three of these areas. A new
coating or a new dry material could be used for rehabilitation. It was decided to use a
shaped material that came from the workshop and lightened the weight. It could then
be a plastic or metallic material. Monolithic panels and Metal/polymer/metal sandwich
made of 100% recyclable aluminium composite were studied without losing quality and
with high durability [16]. Various investigations [17] supported their placement. The
project management did not want to place a metallic material as it was not feasible to
generate the entire parapet in one piece. The metallic material was also discarded due to
the predominant direction and intensity of the wind and the wetting and drying cycles with
the presence of chlorides in a marine environment that could affect it. Finally, a synthetic
material developed by Dupont was chosen.

2. Research Bibliography

Corian is characterized by its strength and thermoformability. Dupont manufactures
this material composed by weight of 1/3 [18] of of polymethyl methacrylate acrylic resin
(PMMA) and 2/3 of alumina trihydrate Al2O3.3H2O (ATH). Its characterization and
emissions have been studied by Chaolong et al [19,20]. The density of Corian is about
1710 kg/m3 [21]. Jackson et al. [22] determined the particle size 20 µm and the Young’s
modulus 10,000 MPa.

Made up of 1/3 acrylic resin (PMMA) and 2/3 aluminium hydroxide (aluminium
trihydrate), the material Corian is characterised by its strength and thermoformability.
Its use is linked to many areas, mainly in interiors, bathrooms, kitchens and hospital
equipment, but also in general furniture pieces and in the last decade in façades. In this
last application, compared to other façade materials, its high price is its only disadvantage.
Its translucent capacity, ease of modelling and the possibility of making designs without
apparent joints have made it an experimental material in many design works of this century.

Andriievska and Marchuk [23] made an extensive comparison of the characteristics
of this material from five different manufacturers. They subject samples of TM Tristone
(South Korea) Bitto Dongguan (China), Corian® (USA), Polystone (China) and LG Ni-macs
(South Korea) to standard methods for the following parameters: density, water absorption,
compressive strength, flexural strength, impact resistance, wear resistance, Mohs hardness
and chemical resistance. However, they do not analyse colour degradation.

Research carried out by other authors shows the changes in the bending of the pan-
els as a function of temperature [13] and their ductile behaviour at temperatures above
75 °C [24] or their ability to reach temperatures close to 82. 6 °C [25]. All of them show the
reduction in the characteristics of the material at high temperatures, but not at temperatures
below 0°.

Dupont branded material has a large number of certifications for outdoor application.
Research by Basaran and Nie [26], funded by DuPont, into thermodynamic damage to the
material already anticipated its superb properties [27].

Although some research has been carried out on ventilated façades executed with
the material, the absence of a bibliography on such an important subject in architecture as
colour is surprising. Dupont’s classification for colour degradation ranges from less than
or equal to 5∆E*ab units, from 5 to 15 and above 15 to ten years [28]. In the case of exteriors
even less than 2 for the models Glacier Ice and Designer White according to tests ASTM
D2244 [29].

5∆E*ab represents the difference in colour perceptible by the human eye between two
points. It is difficult for the human eye to recognise values of ∆E* below 2 as a colour
difference. Dozic´et al. have established that in order for a colour difference between two
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teeth to be visually perceived under standardised conditions, ∆E* must take a value of
1, and a value above 3 under clinical conditions [30], so in the absence of contrast with
another piece it is difficult to check this difference in a building.

As a result of its magnificent behaviour and despite its high price, at the end of the first
decade of the 21st century its use in façades became widespread and almost ten years later
it is possible to analyse the results. Other authors have begun to investigate composites that
reduce the price of the material as a function of the percentage of filler in the composite [31]
and how the increase in ATH concentration affects price reduction [32]. However, this
manipulation implies the decrease of the bending resistance and the increase of hardness
and bending modulus together with the density [33]. This aspect does not matter in interior
uses but can cause problems in exterior and façades.

The new generation of materials perform well in terms of their mechanical properties.
So far, preliminary colour assessment were made based on acellerated Weather-Ometer
testing performed in accordance with ASTM G155.

This research provides the study of the colour degradation of the material empirically
after 10 years of exposure.

3. Research Method and Material

The methodology consists of double research. The environmental conditions of
exposure of the material and the colour degradation with respect to the original piece are
evaluated. As a starting point, the measurement of solar radiation and the predominance
of winds on the building is established.

Only a part of the broad spectrum of electromagnetic radiation from the sun reaches
the earth’s surface [34].

Most of the radiation that reaches from the sun is part of infrared radiation (IR), about
5% is Ultraviolet A (UVA) and 0.5% is Ultraviolet B (UVB).

Solar radiation is a key meteorological parameter for estimating the heating/cooling
load of buildings [35] and for calculating the energy consumption of enclosures. In this case
it is a fundamental parameter for assessing the degradation of the colour of the material.
In the same way that the solar radiation received by a solar photovoltaic panel is affected
by its orientation and tilt angle [36], both factors are corroborated in order to know the real
degree of effect on the surface of the material. The measurements of the global and diffuse
radiation fluxes on each façade have been measured with a CMP 3 pyranometer (Figure 1).

Figure 1. Left. Photo CMP 3 pyranometer. Right. CMP 3 Pyranometer installed on deck.

Through the statistical analysis of historical weather reports by time and model recon-
structions from 1 January 1980 to 31 December 2016, different conditions are established
according to the orientations of the façades. The average hourly wind vector of the wide
area (speed and direction) is measured at 10 metres above the ground. The detailed study
of wind direction allows to further specify the direction and speeds of the wind and thus
to know the order in which it affects the 4 façades of the building.



Applied Sciences 2021, 11, 2222 4 of 17

For the investigation of the colourimetry of the material studied, a tele-spectroradiometer
study was carried out, using a combination of 2 measurements: that of the ideal target and
that of the sample. The ratio of the two measurements gives the intrinsic properties of the
façade material in each of the building’s orientations using the east side as a reference.

Once the measures had been taken on site, three different analyses were carried out:

• Spectral Radiance Analysis
• Spectral Reflectance Analysis
• Analysis of colourimetry and colour differences

4. Description of the Case Study

The building under study is located on the first line of the coast, in Playa de San Juan.
It is part of the Urbanization La Rotonda complex and consists of 17 floors with 4 flats per
floor. The tower was designed in 1965 by the architect J. Guardiola Gaya (Figure 2). It is
the reference point at the beginning of San Juan beach, as well as being an architectural
landmark in the architecture of the sun in the sixties. The formal structure of this tower has
been influenced by a trip to Japan made by the architect a short time before. It is configured
as a large prism-pagoda that acts as an urban landmark that marks the beginning of San
Juan beach. Its sloping parapets in the shape of a ship’s prow had already lost their original
ceramic stoneware cladding [37], so in the 1990s the outer face of the parapets was restored
with mortar and stone plaster.

Figure 2. Left. Aerial photo of the La Rotonda complex. Block A–17 heights, Block B–6 heights Right:
Sun footprint [38].

The triangular sloping parapets of the terraces were made of hollow brick, stabilised
with a metal structure welded to the building’s own metal structural system, and with
internal metal reinforcements of platabandas and rounds. The interior finishing layer was
formed by plastering and painting, while the exterior finish was plastered with projected
stone, as can be seen in Figure 3. The problems of cracks in the mortar and stone enclosures
with risk of detachment can be observed.

The balconies of each house are connected to each other by the metal structure of the
building itself, which is attached to the railings.

The changes in temperature, the saline environment and the action of the wind caused
an irreversible state. In 2010, due to the poor state of the parapets, they were replaced by
others of similar geometry so as not to alter the image of the projected building, given its
protection in the Catalogue of protected goods and spaces of Alicante City Council.
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Figure 3. State of the building’s façades and parapets in 2010, before its refurbishment.

The actions carried out were:

• Demolition of the original parapets.
• Replacement or reinforcement. In those elements whose material loss had been con-

siderable, replacement was made with elements of similar mechanical and geometric
characteristics. Those elements where replacement was not necessary were mechani-
cally cleaned until the surface was completely sanitized.

• Anti-oxidant treatment. An anti-rust treatment was applied to the clean and smooth
surface of the metal elements to support the new frame.

• Placement of auxiliary structure. The new parapet would be made up of a steel framing
construction system, with lattice galvanised steel profiles similar to the original one,
joined to the metal profiles of the perimeter structure of the building’s floor, by means
of metal elements as an extension of the profile wing. It was calculated for the own
weight of the cladding and the wind actions for the exposed area according to the
CTE- DB SE AE standard (Technical Building Code, Basic Document, Structural Safety,
Actions in the building) (Figure 4 ).

• New coating. The exterior cladding was made of acrylic resin and natural mineral
plates of variable height and similar geometry to the original parapets. White was
chosen to minimise the degradation of the material [39]. The standard Corian® panels
(3.66 × 0.93 m) were cut in the workshop and the 9 trapezoidal pieces that made up
each parapet were assembled, joined and sanded on site with the appropriate safety
measures for risks of pulmonary fibrosis associated with aluminium trihydrate [40].
The joints were reinforced at the back by 10 cm wide and 12 mm thick pieces. The
result was a single piece more than 8 metres long which, in accordance with its
coefficient of expansion, was screwed to the substructure by means of butt joints
every 40 cm. The largest panel used up to that point. For its distribution, the tensile
strength studies of the PMMA/ATH panels carried out by Nie et al. were taken into
account [35]. These showed a 70% reduction in tensile strength when the sample was
heated to 90 °C (Figure 5).

• Rigidisation of the parapets. To stiffen the parapets to horizontal movements, a pair
of steel rounds, in the shape of a cross, was placed between the maximum length
uprights.

• Placement of the acrylic and natural mineral plates. Once the sub-structure of the
parapet was in place, the plates were placed on the inside and outside (Figure 6).
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Figure 4. External coating. Exploded view of the Corian® sills and location of the profiles and
anchors.

Figure 5. Top left image of the state of the supporting structure. In the rest of the images, substitution
by galvanised structure, lifting of shaped piece on site and general view of the façade.

Figure 6. Images of interior and exterior finishing plate placement.
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5. Data Collection
5.1. Wind

The percentage of hours in which the average wind direction comes from each of
the four cardinal points in correspondence with the orientations of the façades, excluding
the hours in which the average wind speed is less than 1.6 km/h, is plotted [41]. The
light coloured areas at the boundaries are the percentage of hours of wind in the implied
intermediate directions (north-east, south-east, south-west and north-west).Figure 7 shows
the 12 months of the year and the summary table. Clearly the predominant wind is from
the east.

Figure 7. Predominance of dominant winds in building location.

The data provided by the previous study made it possibleto forecast a predominant di-
rection of the East component wind, followed by West, North and South in the percentages
shown in Table 1.

Table 1. Annual summary of winds predominance in building location [37].

WEST SOUTH EAST NORTH

Predominance of
winds 61.79% 48.11% 75.87% 60.76%

Thanks to the wind rose, it is possibleunderstand more precisely the orientation of
the winds on the building. The direction of the predominant winds at the location of
the building results in a greater predominance of winds between 10 and 50 Km/h in the
direction of the east face (Figure 8 ). This façade would be the most affected by wind and
wear in the presence of aggressive atmospheric elements, above all due to the proximity of
the sea (humid and saline air, etc.). The research carried out by Choi, E. [12,42] gave an
idea of the importance of this circumstance. This reason leads to perform the test on the
east façade of block B of the same plot to check if the damage caused by wind and particles
is similar. The orientation is the same but at a greater distance from the sea front. This
new measurement shows that the effect is similar, so that the predominance of easterly
winds and the location of the beach in that area, means a greater sanding of the facade The
particular circumstances of the location of the building on the San Juan beach favor that
the side most exposed to the wind is also the most exposed to the sandblasting process
due to the location of the beach. This new measurement allows to verify that the effect is
similar. What most affects this side is the constant pressure of the wind, and therefore the
sandblasting beyond the gusts that increase the speed punctually.
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Figure 8. Wind Rose with dominant winds in building location. (Copyright Meteoblue.) [43].

5.2. Solar Radiation

Solar radiation is a fundamental aspect to take into account as a condition for improv-
ing the energy efficiency of our buildings. Numerous studies emphasise the importance
of orientation according to the type of façade and the objectives to be achieved, in plant
façades [39], solar façades [44].

The Climate Consultant software was used as a first approximation. The direct, diffuse
and global average and total annual radiation of the 4 facades were analyzed. The data
provided by Climate Consultant allow to sort the facades according to radiation. From the
highest to the lowest received radiation the order is East, South, West and North (Figure 9).

The contrast of the initial data with the real measurements allows to refine the values
and to detect errors in the use of models for diagnosis [45]. A significant change appears
when measuring the direct, diffuse and global radiation of the 4 façades with their orienta-
tions from 2010 using a pyranometer model CMP 3. Figure 10 shows an annual cyclicity
with similar values.
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Figure 9. Direct and diffuse radiation from 2010 to 2020

Figure 10. Shortwase, Direct and Diffuse radiation at 2015 with maximun value.

The higuest annual radiation received by the building in 2015 is shown in Figure 10.
The highest radiation peak represented in yellow with 8402.5 W/m2 is reached on June 7.
In the historical series June is the month with the highest direct radiation. In contrast, the
data show that the months with the lowest radiation are November and December with
values between 23 W/m2 and 102 W/m2.

The temperature of the facades has never exceeded the manufacturer’s limit of 100 ◦C.
The material allows higher temperatures to be reached. Changes in bending properties
occur between 100 ◦C and 160 ◦C [5]. Temperatures of 165 ◦C are usually used to be formed
with forces of 100 KN [46]. The data it yields allows to sort according to radiation from
highest to lowest in South/East/West and North.

The annual radiation received by the building is shown in Figure 11. The data it gives
allows to order the radiation from highest to lowest in South/East/West and North Table 2.
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Figure 11. Annual radiation graphs of each façade measured with a pyranometer.

Table 2. Summary of average and total annual direct, diffuse and global radiation for each façade.

NORTH EAST SOUTH WEST

Direct radiation.
Media 0.148 2.517 3.432 2.234

Diffuse
radiation. Media 0.451 0.807 0.862 0.773

Global radiation.
Media 0.525 2.866 3.627 2.603

Direct radiation.
Total 1781 30.202 41.186 26.803

Diffuse
radiation. Total 5416 9.689 10.343 9.274

Global radiation.
Total 6295 34.395 43.523 31.231

5.3. Colourimetric Quantitative Analysis and Numerical Models

The measurements were taken with a tele-spectroradiometer on Thursday 23 January
2020, with completely clear skies, and between 11:45 and 12:45 in the morning Figure 12.

Figure 12. Measurement images of exterior finish plate.
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6. Methodology
6.1. Test 1: Spectral Radiance

For the analysis of spectral radiances, one measurement per façade/orientation was
made, and the following graph was obtained for the measurement of both the ideal target
and the sample (in the same position and orientation of the instrument), as shown in
Figure 13.

After measuring each façade of its four orientations, it is obtained that the initial
spectral radiances of both the target and the sample (in the same position and orientation
of the instrument) are.

Figure 13. Daylight spectrum, with its gentle ripples of gas absorption in the atmosphere.

Below is a detailed analysis of each of the 4 sides of the building:

• North Face: according to the graph in Figure 14, the material’s fluorescent behaviour
can be seen. This is mainly due to the fact that in some spectral bands, specifically
from 480 to 680 nm, the radiance emitted by the material is higher than that of the ideal
target in the same position and orientation. It can be seen then that the differences
between both spectra are smaller so that the reflectance factor of the material on the
east side will be above 1 in some spectral bands.

• West side: according to the graph shown in Figure 15, the fluorescent behaviour of the
material on this side can be seen. As in the east side in some spectral bands, from 480
to 680 nm, the radiance emitted by the material is higher than that of the ideal target
in the same position and orientation. The differences between the two spectra are
therefore smaller, which will give a factor of reflectance of the material on the north
face above 1 in some spectral bands. In other words, both the north and west faces
appear optically and colourimetrically very similar.
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Figure 14. North face radiometric data.

Figure 15. West side radiometric data.

• East side: according to the graph in Figure 16, the spectral and optical behaviour
is different from the two previous sides analysed. In this case the material (façade)
always radiates less than the white in the same position and orientation. Therefore, in
principle, there would be no fluorescent behaviour. On the other hand, the differences
in height of the white vs. façade spectra are notable, implying that the material of the
east façade will no longer be optically and colourimetrically the same or similar to
the north and west façcades, which implies a darkening of the material, which will be
analysed later.
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• In addition to the east side of the 17-storey tower, measurements were taken of the
façade of the 6-storey block B located in the same area with the same orientation,
situated slightly to the left, set back on a slight slope, and also with views of the sea.

Figure 16. Location of blocks A and B. Radiometric data for this block B.

• South Face: this façade has a spectral and optical behaviour similar to that of the east
façade, but not as pronounced in the darkening of the material Figure 17.

Figure 17. South-facing radiometric data.

6.2. Test 2: Spectral Reflectances

With regard to the analysis of the spectral reflectances (Figure 18 ), taking into account
the ratio between the radiances of the sample versus the white colour, the following results
were obtained:

• The north and west faces are very similar in spectral reflectance;
• The south side is darker than the west and north sides;
• The east side (in the two blocks analysed) is darker than the south side and therefore

much darker than the west and north sides.
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• Furthermore, as there are spectral reflection curves that are not strictly parallel to each
other, there are also differences in tone and colour, but not as great as in clarity.

Figure 18. Analysis of CIE colourimetry.

6.3. Test 3: Colourimetry and Colour Differences

For the study of colourimetry and colour differences, CIE-L*a*b*Cab*hab colourimetry
has been applied, always using as a standard target the one corresponding to the Sun (ideal
target) in each orientation. In addition, the east side has been used as a reference for the
rest of the building’s faces. The visual results simulated in RGB with a calibrated monitor
(sRGB) are as follows (Figure 19).

Figure 19. Visual results simulated in RGB with a calibrated monitor (sRGB) are as follows.

The differences in colour DEab, and DECIE2000, with respect to the north face are
shown in Table 3.
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Table 3. Colour differences DEab, and DECIE2000 with respect to the north face.

North West This South East 2

DL 0.00 1.07 −39.33 −13.58 −46.17
Da 0.00 0.15 −0.17 0.18 0.62
Db 0.00 4.76 −13.49 −8.03 −9.40

DCab 0.00 4.74 −4.41 −7.96 −8.57
Dhab 0.00 −1.94 166.44 19.90 178.79
DHab 0.00 0.38 12.75 1.05 3.90
DEab 0.00 4.88 41.58 15.78 47.12
DECH 0.00 4.88 41.58 15.78 47.12
DE00 0.00 3.22 28.60 10.31 32.52

The data from the three analyses performed are shown in Table 3, which allows the
following results to be obtained:

• The western side shows a very slight deviation in colour, more yellowish and slightly
stronger, and almost as clear.

• The eastern face presents a very evident difference in clarity: it is notoriously very
dark, hiding quite a few other more subtle differences in tone (+bluish) and colour
(+weak). This is obtained equally, with the same order of magnitude, on the east side
of block B. Let remember that wind analysis already showed a greater inclemency of
the wind in this direction.

7. Discussion of Results

Simulation tools make simplifications by offering statistical data that do not conform to
reality. Climate Consultant provided data that allowed the façades to be ordered according
to radiation: from the highest to the lowest received radiation the order is East/South/West
and North. However, research on the building allows to refine this data and check that
the south side has the greatest number of hours of direct, diffuse and global radiation,
followed by the east, west and north.

The monitoring of the wind direction on the four façades showed the East and South
façades to be the most affected. The test with the tele-spectroradiometer shows that the
darkening of the material is greater on the east side (in the two blocks analysed) than
on the south side and much greater than on the west and north sides. They also present
differences in tone and colour but to a lesser degree.

8. Conclusions

Analysis of data from radiation and wind studies after assessment of the degree of
effect on the surface colour of Corian® after 10 years of exposure leads to the following
conclusions.

The actions of the wind and the sun generate the greatest wear on the surface of
Corian® material. The hours of solar radiation depending on the orientation of the façade,
both daily and seasonally, and the particles in suspension in a saline environment, mainly
sand, cause the differences according to orientation.

The material has suffered a degradation of the colour of its surface that is greater than
the classification by Dupont which valued less than or equal to 5∆E*ab units of 5 to 15 years.

It is important to conclude that Corian is a very suitable material for use in façades with
large format panelling because of its durability and stability. There is a small vulnerability
in the material due to its exposure to atmospheric agents, saline environment and solar
radiation, which alters the colour of its surface causing it to age over time.

The work presented here was developed in collaboration amongst all authors.
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