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ABSTRACT 12 

This paper investigates the durability of a low-cost construction system named HOMEDONE developed to realize 13 
affordable and also temporary housing solutions. The system is based on the assembly of 3D-reinforced EPS panels 14 
externally topped off with a multi-layer rendering system. Similar technologies showed durability issues, especially in hot 15 
climates, due to the thermal and hygrometric stresses of the thin finishing layers when coupled to thick EPS panels and 16 
exposed to extreme events. For this reason, in this work freeze-thaw and wet/drying-UV aging tests on HOMEDONE 17 
panels with different finishing systems have been carried out, monitoring macroscopic, microscopic (ATR-FT-IR analysis) 18 
and bond strength variations due to aging. Results have pointed out good mechanical properties of the system and only 19 
small color variations of the finishing layer due to UV cycles. Then, HOMEDONE can be considered as a durable option 20 
for affordable and temporary housing solutions. 21 

KEYWORDS 22 

Affordable housing; Temporary housing; Reinforced EPS; Prefabricated; Durability; Pull-off; ATR-FT-IR spectroscopy; 23 
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1 INTRODUCTION 25 

Durability is one of the most important criteria for materials selection in building constructions. The natural deterioration of 26 
building components, in fact, leads to a loss of performance of these elements, affecting their original characteristics and 27 
compromising the fulfillment of specific requirements during building service life. 28 

Roofs and external walls are the building components most affected by durability issues since directly exposed to the 29 
most aggressive actions (climate, impact, etc.) [1–3]. These elements, however, have also important functions such as 30 
protection, thermal insulation and watertightness, which must be guaranteed for a specified minimum period of time [4]. 31 
Then, it is important to investigate their durability, suitability for use and aging processes, even in order to optimize the 32 
adoption of preventive and effective interventions. 33 

With this aims, a lot of studies in literature investigated the durability of traditional roof and walls components, mainly 34 
focusing on the behavior under extreme environmental conditions of their covering materials, such as mortars, ceramic tiles, 35 
natural stone, ETICS, wood panels, curtain walls and ventilated façades (see e.g. [1–3,5–9]).  36 

However, the increasing global need of affordable housing [10,11] and temporary accommodations for post-disaster 37 
scenarios (increasingly frequent due to climate change [12,13]) are pushing the research towards the development of new 38 
and non-traditional low-cost building components, whose durability is often treated as a secondary aspect [14,15]. In 39 
particular, about 330 million urban households around the world live today in inadequate housing or are financially 40 
overstretched by housing costs [16–18] and 106 million additional households, i.e. about 1.6 billion additional people, will 41 
face the affordability challenge in 2025 [16,19,20]. In addition, over 60 million of displaced people are living in low-cost 42 
temporary accommodations, in which forcibly displaced people may end up living for years or even decades [21–25]. In this 43 
framework, it is imperative for cities and governments to develop and provide durable and low-cost housing solutions for 44 
the lower-income and poorest population and for displaced people, in order to curb the growth and creation of slums, to 45 
ensure a resilient and sustainable urban development and to respect the everyone’s right to have an adequate standard of 46 
living [16]. 47 

Lightweight prefabricated construction systems are often proposed as an affordable housing solution, to solve the 48 
increasing global housing demand, and as temporary housing units in emergency scenarios [10,11,26,27]. Thanks to the 49 
simultaneous adoption of prefabrication and value engineering, in fact, these technologies allow reducing delivery time and 50 
costs by up to 50 and 30%, respectively [16]. In particular, the use of standardized and prefabricated units or elements 51 
allows not only a quick, inexpensive and on a larger scale delivering, but also the reduction of energy consumption and 52 
wastes during the construction stages [28,29] due to the improvement of worksite safety, productivity and quality [30–32]. 53 
The impact of the buildings at the end of their life is also minimized due to the possibility of disassembling and/or 54 
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relocating the prefabricated modules [33–35]. Value engineering, instead, allows meeting specific economic targets through 55 
the minimization of not strictly necessary costs. This is usually obtained by "de-specifying" building requirements, such as, 56 
for example, minimum ceiling heights, amount of electrical or plumbing fixtures, but also varying characteristics of building 57 
components, favoring the use of cheaper ones [16]. 58 

Due to this, it is not uncommon that durability issues may occur during the service life of these buildings, especially if an 59 
adequate investigation on the aging processes of these low-cost building components is not accurately carried out [36]. 60 
Studies on affordable or temporary lightweight construction systems, in fact, often neglect durability aspects, mainly 61 
focusing on energy performance and thermal comfort (see e.g. [22,34,36–43]). An adequate investigation on durability 62 
aspects of these new building components and construction systems is then strongly needed to ensure a specific building 63 
performance and to predict correctly their actual life span, but also to avoid undesirable maintenance and repairing costs 64 
during their service life and to assess efficiently their life cycle cost and environmental impact [15,35].  65 

This paper presents the research results of an experimental campaign aimed at investigating the durability in outdoor 66 
environments of a novel EPS-based lightweight prefabricated construction system, named HOMEDONE, specifically 67 
developed for affordable housing and temporary accommodation. The HOMEDONE construction technology is based on 68 
the assembly of prefabricated structural reinforced-EPS panels internally reinforced with a 3D steel wire mesh and externally 69 
topped off with a thin and continuous multi-layer rendering system. This system can be used to obtain in a few days even 70 
multi-story buildings, and several buildings were just built to obtain low-cost districts in developing countries and temporary 71 
emergency camps in post-earthquake scenarios [44]. 72 

As evidenced by similar technologies that adopt thin multilayer rendering systems on EPS panels (for which, however, a 73 
satisfactory body of knowledge about their long-term properties and durability is still lacking [45,46]), the durability of the 74 
HOMEDONE system is strongly related to the durability of its external finishing layers [47–52]. In fact, due to the high 75 
thermal resistance of the EPS panels, the outermost rendering layer reaches very high temperatures in summer (even 70°C), 76 
which can suddenly drop when, for example, a rainstorm occurs [37,53,54]. These high-temperature variations, along with 77 
the water content variations, cause different deformations among layers that may cause cracks or detachments of the 78 
finishing layers from the background [3,5,6,50,55]. Clearly, since the studied system is composed of a set of panels whose 79 
external continuity is ensured only by the external finishing system, these cracks may turn in (or be a symptom of) a loss of 80 
performance of the entire system [45,48,49,55–57]. Then, it is important to investigate the possible occurrence of cracks and 81 
detachments on the external rendering systems. 82 

With this aim, in this work, the thermal compatibility among the different layers of the HOMEDONE construction 83 
system is investigated with appropriate accelerated aging tests, i.e. freeze-thaw tests and wet/drying and UV tests. These 84 
tests involve the most relevant atmospheric agents affecting the durability of EPS walls with multilayer rendering systems, 85 
such as thermal shocks, UV radiation and variations in water contents (driving rain) [3,8,9,47,58], excepting for physical and 86 
chemical agents such as pollutants that have been not considered in this study [48]. During tests, the development of 87 
cracking, detachments and variations in bonding strength between different layers have been then measured. Attenuated 88 
Total Reflection Fourier-Transform Infrared (ATR-FT-IR) spectroscopic analyses have been carried out to understand the 89 
effects of aging processes on a micro-scale [59–61]. X-Ray Diffraction (XRD) and ATR-FT-IR analyses have been also 90 
carried out to characterize the different finishing materials. This experimental campaign represents the initial stage of a wider 91 
research program on the hygrothermal performance of HOMEDONE panels [62]. 92 

2 MATERIALS AND METHODS 93 

2.1 Phases 94 

This paper can be subdivided into two main phases.  95 
In the first phase, a characterization of the different finishing materials applied on the EPS-reinforced panels is carried 96 

out through X-Ray Diffraction (XRD) and Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-97 
FT-IR) analyses in order to evaluate their composition and to extend the findings to broader applications.  98 

In the second phase, the effects of atmospheric agents (such as thermal shock, UV radiation, driving rain, etc. [48]) on 99 
the HOMEDONE panels have been evaluated by carrying out aging tests typically adopted in literature for similar 100 
technologies [3,8,9,47,58]. In particular, considering the absence of specific standards for reinforced-EPS construction 101 
systems, testing procedures commonly adopted for assessing the thermal compatibility between rendering systems and 102 
different substrates (as EPS [63–65] and concrete [66]) have been taken as reference, i.e.: 103 

 Freeze-Thaw tests according to EN 13687-4:2003 [66];  104 

 Wet/Drying and UV tests according to EN ISO 16474-3:2016 [67]. 105 

The effects of the two different aging cycles on the external layers of the samples have been monitored by using both 106 
non-destructive and destructive tests. Firstly, macroscopic variations of the external layers caused by aging have been 107 
assessed by spectrophotometric analyses (in the visible wavelength range) and visual inspections. Then, changes on the 108 
microstructure, which have an important meaning for macroscopic properties such as strength, water absorption, frost-109 
proof, etc. [6], have been assessed by using ATR-FT-IR analyses [59–61]. Finally, since bond strength is a key factor for 110 
determining the thermal compatibility between layers of a wall covering [68], bond strengths have been also determined 111 
through pull-off tests after Freeze-Thaw tests, as prescribed in EN 13687-4:2003 [66]. 112 
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2.2 HOMEDONE construction system 113 

The HOMEDONE construction system is a lightweight relocatable prefabricated construction system based on the 114 
assembly of prefabricated reinforced-EPS panels. Specifically developed for affordable and temporary housing solutions, it 115 
takes advantage of industrial automated construction processes and value engineering to reduce housing delivery time and 116 
costs. In particular, it allows delivering both ready-made units (totally made off-site and then shipped on-site) and kit 117 
supplies (involving the shipping of prefabricated and modular elements for the on-site assembly). The latter are very useful 118 
for areas where, due to difficult access, heavy transport systems such as crane cannot be used [69].  119 

Each reinforced-EPS panel (Fig. 1b) consists of a high strength tridimensional electro-welded galvanized steel wire 120 
(S235JR [70] steel bars with a diameter of 3 mm), embedded in a high-density EPS panel (from 45 kg/m3 to 65 kg/m3).  121 

Depending on the structural and architectural needs, the panels and the embedded steel wires can be provided in 122 
different shapes and dimensions, allowing the construction of buildings of any size. The steel mesh is provided with metal 123 
joints, designed to easily connect roof and wall panels. Thanks to a patented hooking system, in fact, panels can be manually 124 
assembled on-site by using a simple Allen wrench (Fig. 1). This is very useful in emergency situations or, in general, in places 125 
where skilled workers are not present as in developing countries [71]. 126 

After the assembling, the external surfaces are topped off with a continuous thin multi-layer rendering system (with an 127 
overall thickness of 4 mm [68]). This latter includes three layers: a cement-based base coat reinforced with a glass fiber mesh 128 
(generally 5x5mm); a key coat, which acts as a preparation for the application of a finishing coat; a finishing coat, which 129 
contributes to the protection against weathering and provides a decorative finish (Fig. 1b). Due to its lightweight, the 130 
assembled building can be easily relocated and different units can be combined with each other to meet the needs of the 131 
inhabitants or to allow different use (i.e. temporary housing, affordable housing or for tourism). 132 

In order to study the durability of the system, in this work, a single panel typically adopted for one-story constructions is 133 
taken as reference. This panel is characterized by a thickness equal to 10 cm and an EPS density of 45 kg/m3. The 134 
dimensional characteristics of the tridimensional steel wire are reported in Fig. 2.  135 

As previously said, the weakest part of this construction system is the external multi-layer rendering system, i.e. that 136 
directly exposed to the weathering action. In the external surface, in fact, very high temperature and water content variations 137 
can occur, due to the high thermal resistance of the structural EPS panels. For this reason, different finishing systems have 138 
been considered in this study, i.e. those directly provided by the HOMEDONE manufacturer for different climatic 139 
conditions, in order to identify the most suitable for use. In particular, these systems involve three different cement-based 140 
base coat mortars and five different types of white finishing coats.  141 

Base coats are made of a ready dry mixture of cement binder and sand fillers smaller than 0.5, 0.7 and 1.2 mm for the 142 
basecoat 1, 2 and 3, respectively. The adopted finishing coats, instead, are characterized by different resin types, i.e. acrylic 143 
(A1 and A2), acrylic siloxane (AS and S) and styrene-acrylic (StA) resins. It is known, in fact, that different resin types may 144 
behave differently when subjected to aging cycles [5,47]. The main characteristics and the nomenclatures of the multi-layer 145 
rendering systems subject to the aging test are listed in  146 

Table 1. For the sake of brevity, the key coats are not reported since strictly related to the related finishing coat. 147 
Before carrying out aging tests, qualitative and quantitative information on the thermal performance variation of the 148 

chosen panel, due to the presence of the embedded steel bars have been collected. In particular, first a qualitative estimation 149 
of the surface temperatures variation on the panel surface was obtained through an active infrared thermographic analysis 150 
on a panel purposely heated at 55°C [72–74]. At this aim, a Mikron 7800 Infrared Camera was used, while climatic data, 151 
emissivity value (set equal to 0.95 [75]) and the distance of the thermal camera from the target area were set up into the 152 
NRG Pro software v.1.997 to obtain a good estimation of the temperatures. Then, in order to evaluate the thermal 153 
performance variation of a panel in real use conditions, surface temperatures and heat fluxes were measured in different 154 
points of a real panel used to build an experimental mock-up (see [62]). As a result, the IR camera showed a temperature 155 
difference on the panel surface of about 0.25°C when the IR photo was taken (Fig. 3). The in situ survey showed no 156 
significant variations between the measured surface temperatures and between heat fluxes, denoting a sufficiently good 157 
homogeneity of the panel in terms of thermal performance in real use conditions [62]. 158 

 159 
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a     b  160 

Fig. 1. a) Axonometric view of the assembly process of reinforced-EPS panels; b) axonometric view of reinforced-EPS panels adopted in 161 
this study with the description of the multi-coat rendering system. 162 

  163 

Fig. 2. Main geometrical data of the reinforced-EPS panels adopted in this study. Dimensions in millimeters. 164 
 165 

Table 1. Identification and composition of the HOMEDONE multi-layer rendering systems with the most relevant properties according 166 
to the technical datasheets. 167 

Rendering system ID 
 Base coat  Finishing coat 

 ID Width (mm) ETA  ID Kind of resin Width (mm) ETA Fibred 

1-AS  

1 3±0.2 06/0149 

 AS Acrylic siloxane 1.2±0.2 08/0252 Yes 
1-A1   A1 Acrylic 1.2±0.2 07/0200 Yes 
1-A2   A2 Acrylic 1.5±0.2 - No 
1-StA   StA Styrene acrylic 1.2±0.2 - Yes 

2-AS  

2  3±0.2 - 

 AS Acrylic siloxane 1.2±0.2 08/0252 Yes 
2-A1   A1 Acrylic 1.2±0.2 07/0200 Yes 
2-S   S Acrylic siloxane 1.0±0.2 07/0200 No 
2-StA   StA Styrene acrylic 1.2±0.2 - Yes 

3-AS  

3  3±0.2 04/0033 

 AS Acrylic siloxane 1.2±0.2 08/0252 Yes 

3-A1   A1 Acrylic 1.2±0.2 07/0200 Yes 

3-S   S Acrylic siloxane 1.0±0.2 07/0200 No 

3-StA   StA Styrene acrylic 1.2±0.2 - Yes 

 168 
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 169 

Fig. 3. Thermal IR image of the heated sample. Surface temperatures vary from about 23.75 °C (dark blue points) to about 24.00 °C (light 170 
green points). 171 

2.3 Material characterization 172 

2.3.1 X-ray diffraction (XRD) analyses 173 

X-ray diffraction (XRD) is a powerful nondestructive technique for material characterization based on Bragg’s law, able to 174 
provide information on structures, phases, preferred crystal orientations (texture), as well as average grain size, crystallinity, 175 
strain and crystal defects [3,5,76]. In particular, a monochromatic beam of X-rays is projected into the sample, and the 176 
reflected X-rays are then analyzed by a detector. A diffraction pattern is thus obtained, which can be considered as a 177 
fingerprint of the periodic atomic arrangements of the material under investigation, where broad peaks are produced by the 178 
amorphous regions of the samples while sharp peaks are produced by the crystalline regions.  179 

In this study, XRD analyses have been carried out on powdered hydrated base coats samples in order to evaluate the 180 
microstructural composition of the adopted base coats materials before aging [3,5]. At this aim, an X-Ray diffractometer RX 181 
Philips PW 1730, with CuKa radiation, have been used, scanning at a diffraction interval of 5–70° with speed of 0.2°/min at 182 
40kV voltage and 30 mA current intensity.  183 

2.3.2 Attenuated Total Reflection Fourier Transform IR (ATR-FT-IR) spectroscopy 184 

Attenuated Total Reflection Fourier Transform IR (ATR-FT-IR) spectroscopy is a sampling technique used in conjunction 185 
with infrared spectroscopy, in transmission or reflection modes, which enables samples to be examined directly in the solid 186 
or liquid state without further preparation [59]. 187 

An ATR accessory operates by measuring the changes occurring in a totally internally reflected infrared beam after 188 
interacting with the sample: the beam is directed onto an optically dense crystal with a high refractive index at a certain 189 
angle. This internal reflectance creates an evanescent wave that extends beyond the surface of the crystal into the sample in 190 
contact with it. In those regions of the IR spectrum in which the sample absorbs energy, the evanescent wave will be 191 
attenuated, returns back to the crystal, then exits in the opposite end towards the detector of the IR spectrometer which, in 192 
turn, records the attenuated beam as an interferogram, which is further transformed (FT) in an IR spectrum. For ATR 193 
measurements, the infrared beam protrudes only a few microns (0.5 µm - 5 µm) beyond the crystal surface and into the 194 
sample, hence the penetration depth of IR light is independent of the sample thickness. 195 

In this study, ATR-FT-IR measurements have been carried out to acquire the spectra of the resins 1A2 (acrylic resin), 196 
2A1 (acrylic resin), 2S (acrylic siloxane resin), 2StA (styrene-acrylic resin) and 2AS (acrylic siloxane resin) reported in  197 

Table 1. Spectral analyses have been carried out both on the original resin samples, used as controls, and on those 198 
subjected to aging treatments through freeze-thaw cycles (FT) and UV-wetting cycles (UV), in order to determine the 199 
occurrence of microscopic variation after aging. 200 

The samples have been analyzed by means of a Perkin-Elmer Spectrum GX FT-IR System spectrophotometer equipped with 201 
ATR single reflection diamond (Senior Tecnologies DURA SamplIR II) in the range between 4000 – 500 cm-1, with a spectral 202 
resolution of 4 cm-1 and recording 32 scans. For this kind of measurement, the samples have been directly deposited on the 203 
measuring surface without requiring any preparation. In particular, a small amount of each resin has been placed on the 204 
ATR crystal and measurement has been carried out immediately. Identical experimental conditions have been 205 
maintained for all samples, and the background adsorption spectrum has been recorded each time for correction. 206 
Spectrum 5.3.1 (Perkin-Elmer) has been used as the operating software.  207 

2.4 Freeze-thaw test 208 

For each applied rendering system ( 209 
Table 1), three 20x20x10 cm (B x H x W) samples have been prepared and cured for 7 days at the normalized temperature 210 
and relative humidity (RU) of the laboratory (21 ± 2 °C and 60 ± 10 %, respectively). One sample, marked as “a_FT” 211 
sample, has been stored in the laboratory and used as a reference sample. The other two, marked as “b_FT” and “c_FT”, 212 
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have been subjected to 30 freeze-thaw cycles (Fig. 4) according to EN 13687-4:2003 [66] and EN 1504-3:2006 [77]. 213 
The effects of freeze-thaw cycles on the rendering systems have been assessed every 10 freeze-thaw cycles (i.e. at t1, t2 214 

and t3) in terms of surface defects (degree of blistering, cracking and flaking according to EN ISO 4628-1:2016 [78]) and 215 
chromatic alterations (according to ISO/CIE 11664-6:2014 [79]). The final assessment (t3) has been carried out after 16h 216 
from the end of the last cycle [66].  217 

In particular, digital images have been acquired through a 4800 x 9600 dpi resolution scanner (HP G3010) and a Dino 218 
Lite Edge digital microscope. In the latter case, nine 10x images of about 5x6.25 mm at nine fixed locations have been taken 219 
at each time interval. 220 

Spectrophotometric analyses in the 340-740 nm wavelength range have been carried out by using a Konika Minolta 221 
Cm.2600d spectrophotometer. Colorimetric alterations have been assessed by following the CIELAB method according to 222 
ISO/CIE 11664-6:2014 [79]. The CIELAB method defines colors through three different coordinates of the CIELAB space 223 
measuring lightness (L*), green to red (a*) and blue to yellow (b*) hue variations. For each specimen, and at each time 224 
interval, twenty-five measurements in terms of CIELab coordinates have been taken on twenty-five fixed locations in order 225 
to allow precise repeated measurements in the same points every time interval. Each measurement has been recorded as the 226 
mean of three. The color differences ΔE have been computed for each measuring point by comparing the measured 227 
coordinates before testing (t0) with those measured at each time interval according to the procedure described in ISO/CIE 228 
11664-6:2014 [79]. The differences in terms of lightness and chromaticity between two different colors, i.e.  ΔL*, Δa* and 229 
Δb*, have been also monitored. 230 

Before and after aging, pull-off tests (EN 1542:1999 [80]) and ATR-FT-IR spectrophotometric analyses in the 2.5 – 20 231 
μm (4000 – 500 cm-1) wavelength range (described in section 2.5) have been also carried out. Pull-off tests are important for 232 
investigating the behavior of the wall covering material through its service life. In this study, a CONTROLS Pull-Off/Bond 233 
strength digital tester 58-C0215 with accuracy equal to 1% has been used. In particular, according to the European Standard 234 
EN 1542:1999 [80], after a curing period of 7 days from the end of the test, five pull-off tests have been carried out on the 235 
fixed locations shown on both aged (“b_FT” and “c_FT”) and not-aged (“a_FT”) samples.  236 

 237 

 238 

Fig. 4. Freeze-Thaw cycle adopted in this study. 239 

2.5 Wet/drying and UV test 240 

Wet/drying and UV tests have been carried out by taking as reference the testing procedure reported in EN ISO 16474-241 
3:2016 [67]. In particular, for each rendering system, four 12.5x12.5x10 cm (B x H x W) samples have been prepared (Fig. 5) 242 
and cured for 7 days at the normalized temperature and RU of 23 ± 2 °C and 50 ± 5 %, respectively. According to EN 243 
1062-11:2002 [81], three samples, marked as “b_UV”, “c_UV” and “d_UV”, have been subjected to 42 days of wet/drying 244 
and UV cycles. One sample, namely “a_UV”, has been used as a reference sample and stored in a dark room at 23 ± 2 °C 245 
and 50 ± 5 % RU.  246 

Each cycle of exposure has lasted 6 hours and consisted of 5 hours of UV exposure at 35 ± 3 °C and 1 hour of water 247 
spray at 25 ± 3 °C. The adopted UV lamp emits across the entire spectrum of the UV light, with peak emission in the UVA 248 
range at 366 nm. The water spray technique has been adopted for wetting the specimen due to the low conductivity of the 249 
samples [67]. 250 

The effects of thermal cycles on the external layer of the specimens have been assessed in terms of surface defects, 251 
chromatic alterations and possible changes in their FT-IR spectra. According to ISO 16474-1:2013 [82], the surfaces of the 252 
tested samples have not been washed or cleaned before the measurements. In particular, surface defects and chromatic 253 
alterations have been assessed before testing (t0) and after every week (t1, t2, t3, t4, t5 and t6) by using the same instruments and 254 
methodologies described in section §0. Even in this case, the measurement points have been localized by a reference spatial 255 
grid to ensure precise repeated measurements in the same locations. Before color measurements, the specimens have been 256 
left to dry at the laboratory temperature for approximately 3h in order to minimize the color changes of the surfaces caused 257 
by the water content in the external layers. An additional color measurement has been also taken after a curing period of 24h 258 
in order to determine the color stability after exposure.  259 
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 260 

Fig. 5. Specimens prepared for the wet/drying and UV test. 261 

3 RESULTS 262 

3.1 Materials characterization 263 

3.1.1 XRD analyses 264 

Powdered samples of hydrated base coats have been investigated by means of XRD analyses spectroscopy, as described in 265 
section 2.3.1, in order to characterize the adopted base coats materials by evaluating their microstructural composition and 266 
then to extend the results to broader applications.  267 

XRD results of the 1, 2 and 3 basecoats after 28-day of hydration are reported in Fig. 6. As expected, the diffraction 268 
bands show the presence of cement binder components like alite and calcite in all the analyzed materials, as observed for 269 
similar thin-layer plaster typically applied on EPS or cement substrates (see e.g. [5]). The basecoats mainly differ from each 270 
other due to the use of different types of sand filler. In particular, for basecoats 1 and 2, the most often detected peak is 271 
related to quartz that, along with mica, chlorite and natural silicates, indicates the use of natural silica sand filler for 272 
manufacturing the two mortars [5]. Differently, for basecoat 3, the presence of ankerite is observed, denoting the use of 273 
carbonate sand instead of silica sand [83].  274 
 275 

 276 
Fig. 6. XRD analysis of 1, 2 and 3 basecoats (A – Alite, C – Calcite, Q – Quartz, Ab – natural silicates (albite), M – Mica, Ch 277 
– Chlorite, Ak – Ankerite). 278 
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3.1.2 ATR-FT-IR analyses 279 

Aliquots from the untreated samples have been investigated by means of ATR-FT-IR spectroscopy as described in section 280 
2.3.2, in order to characterize the different samples. As a result, all resins analyzed have been found to be charged with large 281 
quantities of calcium carbonate as a filler, whose characteristic spectral bands (at 2872, 2513, 2140, 1795, 1739, 1377, 873 282 
and 712 cm-1) resulted superimposed with those corresponding to the organic matrix of each sample, hence hampering a 283 
proper characterization. In Fig. 13Fig. 7, the non-aged 2StA IR spectrum has been reported as a representative example.  284 

 285 

 286 
Fig. 7. IR spectra comparison of calcium carbonate alone (black), 2StA (blue), in the 4000-450 cm-1 region. 287 

In order to perform a correct characterization, the organic matrix present in each sample has been separated from the 288 
calcium carbonate by overnight extraction with chloroform at room temperature. After solvent evaporation of these extracts 289 
at reduced pressure, the resulting organic residues have been analyzed in transmission mode, and the characteristic spectral 290 
bands of the polymers in the samples resulted clearly visible allowing their identification. This procedure has been 291 
successfully employed for all non-aged samples (1A2, 2A1, 2S, 2StA, 2AS), and some results have been reported in Fig. 8. In 292 
particular, the spectra of 2StA, 2S and 2A1 are shown in Fig. 8, as representative of the three different types of organic 293 
matrix found in the samples under investigation. 294 

In particular, by comparing the spectrum of non-aged 2StA resin with those present in the database available from the 295 
instrument used (Perkin-Elmer), the correspondence with the spectrum of a styrene-acrylic resin was clearly evident, 296 
according to what reported in  297 

Table 1; similarly, the spectra of 2S and 2A1 resulted attributable to an acrylic siloxane and an acrylic resin respectively. 298 
 299 
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 300 
Fig. 8. Comparison between IR spectra of 2StA (a) 2S (b) and 2A1 (c) before (dotted black lines) and after (solid black lines) the extraction 301 
procedure in the 4000-450 cm-1 spectral region. The blue lines refer to the spectrum of pure calcium carbonate. 302 

3.2 Freeze-thaw test 303 

The results of visual inspections are summarized in Fig. 9, in which some representative digital image acquisitions are 304 
reported. As can be seen, the freeze-thaw cycles have not caused detachments or other visible alterations on the surface of 305 
the specimens.  306 

The average color variations ΔE are reported in Table 2. In all cases, the obtained values are lower than the just 307 
noticeable difference (JND) fixed to 2.3 [84], which represents the physical threshold under which the human eye cannot 308 
perceive color differences. These values are also lower than 1, i.e. an alternative conventional threshold used in literature to 309 
identify slightly hue variations (see e.g. [85]), defined as the minimum threshold for 50% color match acceptability [86].  310 

All the ΔE samples are characterized by high coefficients of variation (CoV). These range from 22% to 72% with a 311 
mean value equal to 44%, while the corresponding standard deviation values range between 0.11 and 0.30 with a mean value 312 
equal to 0.19. 313 

Concerning pull-off tests, for both the aged and the non-aged samples, breaking has always occurred partially inside the 314 
base coat (cohesive breaking) and partially at the interface between the base coat and the insulation layer (adhesive breaking, 315 
see Fig. 10). From these results, it is clear that the interface between the base coat and insulation layer, as well as the base 316 
coat, represents the weakest points of the construction system.  317 

Since the type of finishing coat has not affected the breaking mode, the tensile strengths obtained from the pull-off tests 318 
have been grouped by type of base coats and reported in form of box plot (Fig. 11). As it can be seen, each group of non-319 
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aged specimen presents a median failure tension strength of about 0.09-0.10 MPa. This value is slightly higher than the 320 
minimum requirement set for similar technologies such as ETICS in reference documents (0.08 MPa [63,64]). Moreover, it 321 
should be noted that an increase in bonding strength is obtained due to aging. On average, this increase is about 6.1% for 322 
each base coat. 323 

 324 

Fig. 9. Examples of digital images taken before (t0) and after the freeze-thaw test (t3) for the 1A1b_FT and 3StAc_FT specimens by using 325 
(a) digital scanner and (b) digital microscope. 326 

 327 

 328 

Fig. 10. Example of the failure mode in tensile bond strength tests. 329 
 330 

Table 2. Mean color variations (ΔE) of the surface of the specimens calculated at each time interval due to freeze-thaw cycles. 331 

Time 
interval 

 Rendering system ID 

 1-AS 1-A1 1-A2 1-StA 2-AS 2-A1 2-S 2-StA 3-AS 3-A1 3-S 3-StA 

    0.48 0.57 0.39 0.50 0.27 0.29 0.34 0.27 0.35 0.28 0.27 0.25 

    0.63 0.65 0.40 0.61 0.38 0.49 0.54 0.26 0.45 0.4 0.52 0.27 

    0.68 0.65 0.40 0.57 0.43 0.43 0.73 0.27 0.53 0.51 0.74 0.38 

 332 
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 333 

Fig. 11. Tensile bonding strength (MPa) of the rendering system before and after aging through freeze-thaw cycles. Results grouped by 334 
type of base coat. 335 

3.3 Wet/drying and UV test 336 

No detachments or other surface alterations due to the accelerated aging process have been observed after visual 337 
inspections. However, some slight color variations have been recorded in this case. For each multi-layer rendering system, 338 
Fig. 12 reports the average ΔE values computed at each time step. As can be seen, all the rendering systems have shown 339 
slight hue variations, i.e. ΔE values higher than 1 [85]. More in detail, according to the JND threshold (ΔE=2.30, [84]), 340 
specimens with StA and A2 finishing layers are the only ones that have maintained the original colors, while significant color 341 
variations (ΔE>2.30) have been obtained for specimens with the AS, A1 and S finishing coats. In  342 
Table 3, the average color variations at the end of the test in terms of CIELab coordinates are reported. From these results, 343 
slight variations in L values, corresponding to less bright specimens (negative ΔL,), and higher variations in b values, 344 
corresponding to less blue and more yellow specimens (positive Δb), can be observed. Concerning the scattering of the 345 
results, ΔE samples are characterized by a CoV ranging from 9% to 56% (average value equal to 21%), corresponding to 346 
standard deviations ranging from 0.19 to 0.72 (average value equal to 0.37). 347 
 348 
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349 

350 

 351 

Fig. 12. Mean color variations (ΔE) at each time interval after wet/drying and UV cycles. The horizontal dashed line is the limit under 352 
which color differences are not visible to the naked eye (just notable difference JND, ΔE = 2.3 [84]). The horizontal solid line is a 353 
conventional threshold used in literature for slight hue variations (ΔE = 1, [85]). 354 
 355 
Table 3. Average color variations at the end of the wet/drying and UV test expressed as CIELab color coordinates. 356 

 
 Multi-layer rendering system ID 

 1-AS 1-A1 1-A2 1-StA 2-AS 2-A1 2-S 2-StA 3-AS 3-A1 3-S 3-StA 

ΔL  -0.86 -0.88 0.20 -0.72 -0.79 -0.73 -0.55 -0.96 -0.84 -0.82 -0.68 -0.56 
Δa  -0.09 -0.06 -0.09 -0.03 -0.03 0.02 -0.04 0.01 -0.05 -0.07 -0.08 -0.08 
Δb  2.35 2.63 1.23 1.54 2.57 3.35 2.63 1.68 2.27 2.80 2.48 1.20 

 357 

3.4 ATR-FT-IR analyses on aged samples 358 

Aliquots from the aged samples from both treatments, i.e. freeze-thaw cycles (FT) and UV-wetting cycles (UV), have been 359 
investigated by means of ATR-FT-IR spectroscopy as described in section 2.3.2, in order to allow a comparison with the 360 
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corresponding non-aged samples. Overall, 15 different multi-layer finishing systems have been analyzed. 361 
As already noted for non-aged samples, all the aged ones have been found to be charged with large quantities of calcium 362 

carbonate as a filler (see Fig. 13). For this reason, in order to separate the organic matrix from the calcium carbonate, the 363 
overnight extraction with chloroform at room temperature has been carried out even in this case (see Section 3.1.2). 364 

 365 

 366 
Fig. 13. IR spectra comparison of calcium carbonate alone (black), 2StA_FT (red), 2StA_UV (green), in the 4000-450 cm-1 region. 367 

In Table 4, the results of the analysis carried out in transmission mode on the resulting organic residues from the solvent 368 
extraction procedure above described, are reported in terms of most relevant IR peak wavelengths, together with the 369 
corresponding vibrational assignments according to the literature, with the main spectral variations arising from both aging 370 
treatments in bold [87]. 371 

 372 

Peak wavenumber (cm-1) Assignment 

3322 Overtone C=C 
3026   =C-H 
2923 as  CH2,CH3 
2851 s  CH2,CH3 
1730   C=O 
1624   C=C 
1491 as  CH2,CH 
1451 s  CH2,CH3 
1374   COO- 
1260   =CH2 
1218   CH2,CH3 
1155   CH2,CH3 
1027   C-C 
906   C=C 
757   CH2 
699   C=C 

Table 4. Wavenumbers (in cm-1) of the most relevant IR bands in polymeric chains, together with the related vibrational mode marks. : 373 
stretching,: bending (s: symmetric, as: asymmetric), : twisting, : rocking. In bold the main spectral variations arising from both aging 374 

treatments. 375 

Considering the organic residues from the solvent extraction procedure above described, the aging effects on the studied 376 
systems resulted more evident from the FT-IR study with respect to the findings of the chromatic tests. In particular, the 377 
spectral comparison of the organic matrix from the untreated and aged samples showed the typical changes arising from 378 
alkyl chains alterations due to incoming oxidative processes. These changes resulted always more evident in the UV-wetting 379 
cycles. In  380 

Fig. 14, the spectral comparison of the styrene-acrylic resin 2StA with the corresponding aged ones, 2StA_FT and 381 
2StA_DWUV, has been reported as a typical example. 382 
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 383 
Fig. 14. Comparison between the chloroform extracts representative FT-IR spectrum of the non-aged resin 2StA (black) with those of the 384 
aged ones 2StA_FT (red) and 2StA_DWUV (blue).  385 

The IR spectra there reported clearly show some differences arising from aging. In particular, the decreased intensity of 386 

the bands at 3026 and 1624 cm-1, attributed to (=C-H) and (C=C) respectively, with instead an increase of the band at 387 

1730 cm-1, attributed to (C=O), because of incoming oxidative processes. 388 
Similar behavior has been found for 2A1. In this case, the changes recorded after aging are more pronounced if 389 

compared with 2StA resin, as shown in Fig. 15. In fact, both bands at 3026 and 1624 cm-1, attributed to (=C-H) and 390 

(C=C) respectively, dramatically decreased, together with the increase of the band at 1730 cm-1, attributed to (C=O), 391 
recording even an inversion of the intensities between the 1624 and 1730 cm-1 bands. 392 

 393 

 394 
Fig. 15. Comparison between the chloroform extracts representative FT-IR spectrum of the non-aged resin 2A1 (black) with those of the 395 
aged ones 2A1_FT (red) and 2A1_DWUV (blue).  396 

Finally, the differences between resin 2S and the corresponding aged ones 2S_FT and 2S_DWUV are shown in Fig. 16. 397 
In this case, the organic matrix is represented by an acrylic siloxane resin, hence a different behavior has been observed. 398 
However, due to the presence of hydrocarbon chains, changes relative to their aging are present, such as the decrease of 399 
bands intensities in the 3300 – 2800 cm-1 region (=C-H), also accompanied by the disappearance of the signal at 3322 cm-1 400 
attributed to the corresponding overtone. In addition, significant changes occurred in the spectral pattern ranging between 401 
1300 and 1000 cm-1, suggesting that the aging processes deeply affects the resin backbone, where the incoming oxidation 402 
process promoted cross-linking and chain scission reactions [88]. 403 
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 404 
Fig. 16. Comparison between the chloroform extracts representative FT-IR spectrum of the non-aged resin 2S (black) with those of the 405 
aged ones 2S_FT (red) and 2S_DWUV (blue). 406 

4 DISCUSSION 407 

The tests carried out in this study have allowed investigating the durability of a reinforced-EPS based construction system in 408 
outdoor environments. After aging tests, which have involved the most important atmospheric agents affecting the 409 
durability of similar technologies (i.e. thermal shocks, UV radiations and temperature and water content variations), the 410 
finishing layers have not shown visible detachments, cracks or other visible defects on the different finishing coats. Then, 411 
the presence of the steel wire does not have affected the EPS deformability. This result is similar to that obtained for similar 412 
technologies (e.g. [47]), where no visible defects are present on finishing coating after UV cycles. In [47], this was attributed 413 
to the presence of TiO2, able to reduce the transmittance of the UV radiations [89].  414 

Concerning colorimetric analyses, only the wet/drying and UV aging test has caused visible color variations on all the 415 
samples. This has been probably due to the UV action that has affected the aesthetic appearance of the external layer, 416 
becoming less blue and more yellow [90]. In particular, positive Δb corresponding to a less blue and more yellow specimen, 417 
and negative ΔL values, corresponding to a less bright sample, have been obtained for all of the samples, with best results 418 
for specimens with StA (styrene-acrylic) and A2 (acrylic) finishing coats. This is similar to that obtained in [91], where a 419 
positive Δb and a negative ΔL of a white siloxane finishing coat applied on a reinforced concrete slate were obtained after 420 
four years of natural exposure in Milan, Italy. In particular, in [91] a stable value of Δb of approximately 3 was reached after 421 
aging. This value is comparable to that obtained in our work at the end of accelerated tests, ranging between 2.3 and 3.3 for 422 
the acrylic and acrylic siloxane resins. Conversely, ΔL values are less comparable. In fact, in [91] a ΔL value equal to -15 was 423 
obtained after the natural exposure in the urban environment, which is much higher than those obtained in our study (i.e. 424 
between -0.5 and -1). The obtained higher values can be attributable to the absence of pollution and dirt in the accelerated 425 
tests that, instead, are massively present in urban environments. 426 

The tensile bond strength results indicate the good mechanical performance of the composite system before and after 427 
aging processes. In fact, the obtained tensile strengths values are higher than 0.8 MPa (i.e. the minimum requirement sets for 428 
ETICS in reference documents [63,64]). An increase of the tensile strength has been also registered after the aging process, 429 
probably due to the curing of the base coat during aging cycles. The breaking mode has not varied after the aging test. In 430 
particular, a mixed-mode has been obtained in all of the cases, with fracture lines developing inside the base coat between 431 
glass fiber mesh and the insulation layer, and at the interface between the base coat and insulation layer. This implies that 432 
the joints between the external multi-layer rendering system and reinforced-EPS panels, as well as the base coat, represents 433 
the weakest points of the construction system. 434 

Finally, the FT-IR spectral variations observed after both aging treatments are diagnostic of autooxidative processes, 435 
which are more evident in UV cycles as expected in processes involving organic free radicals.  436 

In fact, molecular oxygen plays an important role in aging and represents the main responsible of the olefin (C=C and 437 
C=C-H) moieties transformation in the organic polymeric fraction of the samples under investigation. In particular, these 438 
moieties are converted into the corresponding oxidation products characterized by the presence of carbonyl (C=O) 439 
moieties. In terms of IR spectra, this behavior produces the observed intensity decrease of the bands present in the region 440 
between 3300 – 2800 cm-1 as well as at 1624 cm-1, typical of the C=C and C=C-H moieties, accompanied by an increased 441 
intensity of the C=O band at 1730 cm-1, due to the formation of carbonyl derivatives, such as aldehydes, lactones and 442 
ketones, typical of hydrocarbon polymer chains oxidative degradation. In the styrene-acrylic resin 2StA, these changes occur 443 
to a minor extent, probably for a less reactivity due to the presence of the styrene moiety. On the other hand, siloxanes are 444 
known to be less reactive toward molecular oxygen, and the aging process behaves differently. In the acryl siloxane resin 2S, 445 
the hydrocarbon (acrylic) component follows the mechanism described above, while the siloxane one mainly undergoes 446 
cross-linking and chain scission reactions responsible of polymer backbone alterations, according to the significant changes 447 
observed in the spectral pattern in the IR region between 1300 and 1000 cm-1. 448 

However, all the specimens seem to resist satisfactorily to weathering actions. 449 
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5 CONCLUSIONS 450 

In this study, the durability in the outdoor environment of a novel reinforced-EPS based construction system named 451 
HOMEDONE, developed for affordable and temporary housing solutions, has been investigated.  452 

The results of this experimental campaign, which represents the initial stage of a wider research program on the 453 
hygrothermal performance of HOMEDONE panels, have pointed out the absence of significant defects on different 454 
external finishing layers after freeze-thaw cycles and wet/drying and UV cycles. After freeze-thaw cycles, pull-off tests 455 
results have shown good mechanical performance, even higher than the limits fixed by reference standards for ordinary 456 
ETICS with render finishing [63,64]. After wet/drying and UV cycles, some color variations have been recorded, with the 457 
best results obtained for specimens with styrene-acrylic and acrylic finishing coats. These results are comparable with those 458 
obtained for a siloxane finishing coat exposed for four years to the urban environment.  459 

In addition, the present study indicates FT-IR spectroscopy as a powerful tool to investigate the incoming of 460 
degradation processes, even occurring to a small extent, due to its sensitivity with respect to chromatic tests, also allowing to 461 
evaluate the aging processes at a molecular level. Even in this case, the styrene-acrylic resin showed minor changes than 462 
other resins, probably due to the less reactivity caused by the presence of the styrene moiety. 463 

In conclusion, the results obtained in this study indicate the HOMEDONE construction system as a promising and 464 
durable solution for affordable housing and emergency shelter. The thermal and hygrothermal behavior of such a system 465 
will be investigated in a further stage of the research.  466 
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DETAILED RESPONSE TO REVIEWERS 

 

We have greatly appreciated the reviewer’s efforts in carefully reviewing the paper. Thus, we thank them for their deep 

and thorough review. We have revised the paper according to their suggestions and comments, and we hope to have 

accomplished all their requests. All the corrections and new texts are reported in red in the manuscript. 

Number wise answers to their specific comments/suggestions/queries are reported in the following. 

1 Response to Reviewer #1’ Comments 

General comment: This paper reports a comprehensively experimental study of the durability of a prefabricated 

reinforced EPS based panel. Various environmental factors were considered: freeze-thaw, wet/drying-UV aging. 

Several techniques were used to evaluate the panels after exposed to those environmental conditions. The testings and 

results are clearly described.  

Comment #1: However, all tests are tied to one industrial product. The in-depth theoretical analysis is desired in 

order to extend the findings from this research to broader applications. 

Response #1: Thank you for this remark that has allowed us to enhance the quality of the paper. In order to allow 

extending the obtained results to broader applications, a “Material characterization” Section has been added to the paper 

(see Section 2.1 and 3.1). X-ray diffraction (XRD) analyses on powered samples of hydrated base coats have been 

carried out to characterize the adopted base coat materials. The ATR-FTIR analyses are instead used to characterize the 

finishing coat materials. The main XRD results added to the paper are reported in the following: 

“As expected, the diffraction bands show the presence of cement binder components like alite and calcite in all the 

analyzed materials, as observed for similar thin-layer plaster typically applied on EPS or cement substrates (see e.g. 

[5]). The basecoats mainly differ from each other due to the use of different types of sand filler. In particular, for 

basecoats 1 and 2, the most often detected peak is related to quartz that, along with mica, chlorite and natural silicates, 

indicates the use of natural silica sand filler for manufacturing the two mortars [5]. Differently, for basecoat 3, the 

presence of ankerite is observed, denoting the use of carbonate sand instead of silica sand [83].” 

2 Response to Reviewer #2’ Comments 

General comment: The main aim, in this work, the thermal compatibility among the different layers of the 

HOMEDONE construction system is investigated with appropriate accelerated aging tests, i.e. freeze-thaw tests and 

wet/drying and UV tests. These tests involve the most relevant atmospheric agents affecting the durability of EPS walls 

with multilayer rendering systems, such as thermal shocks, UV radiation and variations in water contents (driving rain), 

excepting for physical and chemical agents such as pollutants that have been not considered in this study. During tests, 

the development of cracking, detachments and variations in bonding strength between different layers have been then 

measured. Fourier Transform Infrared (FT-IR) spectroscopic analyses have been also carried out in order to understand 

the effects of aging processes on a micro scale. The paper is well done but I have some remarks: 

Comment #1: The authors should explain better the thermal performance variation of the entire module (some 

references: Improving building energy modelling by applying advanced 3D surveying techniques on agri-food facilities, 

Thermal insulation performance assessment of agglomerated cork boards, ecc). 

Response #1: Thank you for this remark that allows us to enhance the quality of the paper. Actually, the 

experimental investigation carried out in the study is focused on the single HOMEDONE panel, while experimental and 

numerical investigations on the entire module, including its thermal performance, have been considered in recent 

studies (see e.g. [62]). However, in order to explain better the thermal performance variation of the single HOMEDONE 

panel, a thermographic analysis has been added to this work, and the following sentences have been added in Section 

2.2: 

“Before carrying out aging tests, qualitative and quantitative information on the thermal performance variation of 

the chosen panel due to the presence of the embedded steel bars have been collected. In particular, first a qualitative 

*Detailed Response to Reviewers



2 
 

estimation of the surface temperatures variation on the panel surface was obtained through an active infrared 

thermographic analysis on a panel purposely heated at 55°C [72–74]. At this aim, a Mikron 7800 Infrared Camera was 

used, while climatic data, emissivity value (set equal to 0.95 [75]) and the distance of the thermal camera from the 

target area were set up into the NRG Pro software v.1.997 to obtain a good estimation of the temperatures. Then, in 

order to evaluate the thermal performance variation of a panel in real use conditions, surface temperatures and heat 

fluxes were measured in different points of a real panel used to build an experimental mock-up (see [62]). As a result, 

the IR camera showed a temperature difference on the panel surface of about 0.25°C when the IR photo was taken 

(Error! Reference source not found.). The in situ survey showed no significant variations between the measured 

surface temperatures and between heat fluxes, denoting a sufficiently good homogeneity of the panel in terms of thermal 

performance in real use conditions [62].”. 

 

Comment #2: There are some unit measure errors (e.g. row 151, ecc.). 

Response #2: Thank you. Unit measures have been corrected throughout the text. 
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ABSTRACT 12 

This paper investigates the durability of a low-cost construction system named HOMEDONE developed to realize 13 
affordable and also temporary housing solutions. The system is based on the assembly of 3D-reinforced EPS panels 14 
externally topped off with a multi-layer rendering system. Similar technologies showed durability issues, especially in hot 15 
climates, due to the thermal and hygrometric stresses of the thin finishing layers when coupled to thick EPS panels and 16 
exposed to extreme events. For this reason, in this work freeze-thaw and wet/drying-UV aging tests on HOMEDONE 17 
panels with different finishing systems have been carried out, monitoring macroscopic, microscopic (ATR-FT-IR analysis) 18 
and bond strength variations due to aging. Results have pointed out good mechanical properties of the system and only 19 
small color variations of the finishing layer due to UV cycles. Then, HOMEDONE can be considered as a durable option 20 
for affordable and temporary housing solutions. 21 

KEYWORDS 22 

Affordable housing; Temporary housing; Reinforced EPS; Prefabricated; Durability; Pull-off; ATR-FT-IR spectroscopy; 23 
XRD analysis 24 

1 INTRODUCTION 25 

Durability is one of the most important criteria for materials selection in building constructions. The natural deterioration of 26 
building components, in fact, leads to a loss of performance of these elements, affecting their original characteristics and 27 
compromising the fulfillment of specific requirements during building service life. 28 

Roofs and external walls are the building components most affected by durability issues since directly exposed to the 29 
most aggressive actions (climate, impact, etc.) [1–3]. These elements, however, have also important functions such as 30 
protection, thermal insulation and watertightness, which must be guaranteed for a specified minimum period of time [4]. 31 
Then, it is important to investigate their durability, suitability for use and aging processes, even in order to optimize the 32 
adoption of preventive and effective interventions. 33 

With this aims, a lot of studies in literature investigated the durability of traditional roof and walls components, mainly 34 
focusing on the behavior under extreme environmental conditions of their covering materials, such as mortars, ceramic tiles, 35 
natural stone, ETICS, wood panels, curtain walls and ventilated façades (see e.g. [1–3,5–9]).  36 

However, the increasing global need of affordable housing [10,11] and temporary accommodations for post-disaster 37 
scenarios (increasingly frequent due to climate change [12,13]) are pushing the research towards the development of new 38 
and non-traditional low-cost building components, whose durability is often treated as a secondary aspect [14,15]. In 39 
particular, about 330 million urban households around the world live today in inadequate housing or are financially 40 
overstretched by housing costs [16–18] and 106 million additional households, i.e. about 1.6 billion additional people, will 41 
face the affordability challenge in 2025 [16,19,20]. In addition, over 60 million of displaced people are living in low-cost 42 
temporary accommodations, in which forcibly displaced people may end up living for years or even decades [21–25]. In this 43 
framework, it is imperative for cities and governments to develop and provide durable and low-cost housing solutions for 44 
the lower-income and poorest population and for displaced people, in order to curb the growth and creation of slums, to 45 
ensure a resilient and sustainable urban development and to respect the everyone’s right to have an adequate standard of 46 
living [16]. 47 

Lightweight prefabricated construction systems are often proposed as an affordable housing solution, to solve the 48 
increasing global housing demand, and as temporary housing units in emergency scenarios [10,11,26,27]. Thanks to the 49 
simultaneous adoption of prefabrication and value engineering, in fact, these technologies allow reducing delivery time and 50 
costs by up to 50 and 30%, respectively [16]. In particular, the use of standardized and prefabricated units or elements 51 
allows not only a quick, inexpensive and on a larger scale delivering, but also the reduction of energy consumption and 52 
wastes during the construction stages [28,29] due to the improvement of worksite safety, productivity and quality [30–32]. 53 
The impact of the buildings at the end of their life is also minimized due to the possibility of disassembling and/or 54 
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relocating the prefabricated modules [33–35]. Value engineering, instead, allows meeting specific economic targets through 55 
the minimization of not strictly necessary costs. This is usually obtained by "de-specifying" building requirements, such as, 56 
for example, minimum ceiling heights, amount of electrical or plumbing fixtures, but also varying characteristics of building 57 
components, favoring the use of cheaper ones [16]. 58 

Due to this, it is not uncommon that durability issues may occur during the service life of these buildings, especially if an 59 
adequate investigation on the aging processes of these low-cost building components is not accurately carried out [36]. 60 
Studies on affordable or temporary lightweight construction systems, in fact, often neglect durability aspects, mainly 61 
focusing on energy performance and thermal comfort (see e.g. [22,34,36–43]). An adequate investigation on durability 62 
aspects of these new building components and construction systems is then strongly needed to ensure a specific building 63 
performance and to predict correctly their actual life span, but also to avoid undesirable maintenance and repairing costs 64 
during their service life and to assess efficiently their life cycle cost and environmental impact [15,35].  65 

This paper presents the research results of an experimental campaign aimed at investigating the durability in outdoor 66 
environments of a novel EPS-based lightweight prefabricated construction system, named HOMEDONE, specifically 67 
developed for affordable housing and temporary accommodation. The HOMEDONE construction technology is based on 68 
the assembly of prefabricated structural reinforced-EPS panels internally reinforced with a 3D steel wire mesh and externally 69 
topped off with a thin and continuous multi-layer rendering system. This system can be used to obtain in a few days even 70 
multi-story buildings, and several buildings were just built to obtain low-cost districts in developing countries and temporary 71 
emergency camps in post-earthquake scenarios [44]. 72 

As evidenced by similar technologies that adopt thin multilayer rendering systems on EPS panels (for which, however, a 73 
satisfactory body of knowledge about their long-term properties and durability is still lacking [45,46]), the durability of the 74 
HOMEDONE system is strongly related to the durability of its external finishing layers [47–52]. In fact, due to the high 75 
thermal resistance of the EPS panels, the outermost rendering layer reaches very high temperatures in summer (even 70°C), 76 
which can suddenly drop when, for example, a rainstorm occurs [37,53,54]. These high-temperature variations, along with 77 
the water content variations, cause different deformations among layers that may cause cracks or detachments of the 78 
finishing layers from the background [3,5,6,50,55]. Clearly, since the studied system is composed of a set of panels whose 79 
external continuity is ensured only by the external finishing system, these cracks may turn in (or be a symptom of) a loss of 80 
performance of the entire system [45,48,49,55–57]. Then, it is important to investigate the possible occurrence of cracks and 81 
detachments on the external rendering systems. 82 

With this aim, in this work, the thermal compatibility among the different layers of the HOMEDONE construction 83 
system is investigated with appropriate accelerated aging tests, i.e. freeze-thaw tests and wet/drying and UV tests. These 84 
tests involve the most relevant atmospheric agents affecting the durability of EPS walls with multilayer rendering systems, 85 
such as thermal shocks, UV radiation and variations in water contents (driving rain) [3,8,9,47,58], excepting for physical and 86 
chemical agents such as pollutants that have been not considered in this study [48]. During tests, the development of 87 
cracking, detachments and variations in bonding strength between different layers have been then measured. Attenuated 88 
Total Reflection Fourier-Transform Infrared (ATR-FT-IR) spectroscopic analyses have been carried out to understand the 89 
effects of aging processes on a micro-scale [59–61]. X-Ray Diffraction (XRD) and ATR-FT-IR analyses have been also 90 
carried out to characterize the different finishing materials. This experimental campaign represents the initial stage of a wider 91 
research program on the hygrothermal performance of HOMEDONE panels [62]. 92 

2 MATERIALS AND METHODS 93 

2.1 Phases 94 

This paper can be subdivided into two main phases.  95 
In the first phase, a characterization of the different finishing materials applied on the EPS-reinforced panels is carried 96 

out through X-Ray Diffraction (XRD) and Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-97 
FT-IR) analyses in order to evaluate their composition and to extend the findings to broader applications.  98 

In the second phase, the effects of atmospheric agents (such as thermal shock, UV radiation, driving rain, etc. [48]) on 99 
the HOMEDONE panels have been evaluated by carrying out aging tests typically adopted in literature for similar 100 
technologies [3,8,9,47,58]. In particular, considering the absence of specific standards for reinforced-EPS construction 101 
systems, testing procedures commonly adopted for assessing the thermal compatibility between rendering systems and 102 
different substrates (as EPS [63–65] and concrete [66]) have been taken as reference, i.e.: 103 

 Freeze-Thaw tests according to EN 13687-4:2003 [66];  104 

 Wet/Drying and UV tests according to EN ISO 16474-3:2016 [67]. 105 

The effects of the two different aging cycles on the external layers of the samples have been monitored by using both 106 
non-destructive and destructive tests. Firstly, macroscopic variations of the external layers caused by aging have been 107 
assessed by spectrophotometric analyses (in the visible wavelength range) and visual inspections. Then, changes on the 108 
microstructure, which have an important meaning for macroscopic properties such as strength, water absorption, frost-109 
proof, etc. [6], have been assessed by using ATR-FT-IR analyses [59–61]. Finally, since bond strength is a key factor for 110 
determining the thermal compatibility between layers of a wall covering [68], bond strengths have been also determined 111 
through pull-off tests after Freeze-Thaw tests, as prescribed in EN 13687-4:2003 [66]. 112 
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2.2 HOMEDONE construction system 113 

The HOMEDONE construction system is a lightweight relocatable prefabricated construction system based on the 114 
assembly of prefabricated reinforced-EPS panels. Specifically developed for affordable and temporary housing solutions, it 115 
takes advantage of industrial automated construction processes and value engineering to reduce housing delivery time and 116 
costs. In particular, it allows delivering both ready-made units (totally made off-site and then shipped on-site) and kit 117 
supplies (involving the shipping of prefabricated and modular elements for the on-site assembly). The latter are very useful 118 
for areas where, due to difficult access, heavy transport systems such as crane cannot be used [69].  119 

Each reinforced-EPS panel (Fig. 1b) consists of a high strength tridimensional electro-welded galvanized steel wire 120 
(S235JR [70] steel bars with a diameter of 3 mm), embedded in a high-density EPS panel (from 45 kg/m3 to 65 kg/m3).  121 

Depending on the structural and architectural needs, the panels and the embedded steel wires can be provided in 122 
different shapes and dimensions, allowing the construction of buildings of any size. The steel mesh is provided with metal 123 
joints, designed to easily connect roof and wall panels. Thanks to a patented hooking system, in fact, panels can be manually 124 
assembled on-site by using a simple Allen wrench (Fig. 1). This is very useful in emergency situations or, in general, in places 125 
where skilled workers are not present as in developing countries [71]. 126 

After the assembling, the external surfaces are topped off with a continuous thin multi-layer rendering system (with an 127 
overall thickness of 4 mm [68]). This latter includes three layers: a cement-based base coat reinforced with a glass fiber mesh 128 
(generally 5x5mm); a key coat, which acts as a preparation for the application of a finishing coat; a finishing coat, which 129 
contributes to the protection against weathering and provides a decorative finish (Fig. 1b). Due to its lightweight, the 130 
assembled building can be easily relocated and different units can be combined with each other to meet the needs of the 131 
inhabitants or to allow different use (i.e. temporary housing, affordable housing or for tourism). 132 

In order to study the durability of the system, in this work, a single panel typically adopted for one-story constructions is 133 
taken as reference. This panel is characterized by a thickness equal to 10 cm and an EPS density of 45 kg/m3. The 134 
dimensional characteristics of the tridimensional steel wire are reported in Fig. 2.  135 

As previously said, the weakest part of this construction system is the external multi-layer rendering system, i.e. that 136 
directly exposed to the weathering action. In the external surface, in fact, very high temperature and water content variations 137 
can occur, due to the high thermal resistance of the structural EPS panels. For this reason, different finishing systems have 138 
been considered in this study, i.e. those directly provided by the HOMEDONE manufacturer for different climatic 139 
conditions, in order to identify the most suitable for use. In particular, these systems involve three different cement-based 140 
base coat mortars and five different types of white finishing coats.  141 

Base coats are made of a ready dry mixture of cement binder and sand fillers smaller than 0.5, 0.7 and 1.2 mm for the basecoat 1, 2 and 3, 142 
respectively. The adopted finishing coats, instead, are characterized by different resin types, i.e. acrylic (A1 and A2), acrylic siloxane (AS 143 

and S) and styrene-acrylic (StA) resins. It is known, in fact, that different resin types may behave differently when subjected to aging cycles 144 
[5,47]. The main characteristics and the nomenclatures of the multi-layer rendering systems subject to the aging test are listed in  145 

Table 1. For the sake of brevity, the key coats are not reported since strictly related to the related finishing coat. 146 
Before carrying out aging tests, qualitative and quantitative information on the thermal performance variation of the 147 

chosen panel, due to the presence of the embedded steel bars have been collected. In particular, first a qualitative estimation 148 
of the surface temperatures variation on the panel surface was obtained through an active infrared thermographic analysis 149 
on a panel purposely heated at 55°C [72–74]. At this aim, a Mikron 7800 Infrared Camera was used, while climatic data, 150 
emissivity value (set equal to 0.95 [75]) and the distance of the thermal camera from the target area were set up into the 151 
NRG Pro software v.1.997 to obtain a good estimation of the temperatures. Then, in order to evaluate the thermal 152 
performance variation of a panel in real use conditions, surface temperatures and heat fluxes were measured in different 153 
points of a real panel used to build an experimental mock-up (see [62]). As a result, the IR camera showed a temperature 154 
difference on the panel surface of about 0.25°C when the IR photo was taken (Fig. 3). The in situ survey showed no 155 
significant variations between the measured surface temperatures and between heat fluxes, denoting a sufficiently good 156 
homogeneity of the panel in terms of thermal performance in real use conditions [62]. 157 

 158 
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a     b  159 

Fig. 1. a) Axonometric view of the assembly process of reinforced-EPS panels; b) axonometric view of reinforced-EPS panels adopted in 160 
this study with the description of the multi-coat rendering system. 161 

  162 

Fig. 2. Main geometrical data of the reinforced-EPS panels adopted in this study. Dimensions in millimeters. 163 
 164 

Table 1. Identification and composition of the HOMEDONE multi-layer rendering systems with the most relevant properties according 165 
to the technical datasheets. 166 

Rendering system ID 
 Base coat  Finishing coat 

 ID Width (mm) ETA  ID Kind of resin Width (mm) ETA Fibred 

1-AS  

1 3±0.2 06/0149 

 AS Acrylic siloxane 1.2±0.2 08/0252 Yes 
1-A1   A1 Acrylic 1.2±0.2 07/0200 Yes 
1-A2   A2 Acrylic 1.5±0.2 - No 
1-StA   StA Styrene acrylic 1.2±0.2 - Yes 

2-AS  

2  3±0.2 - 

 AS Acrylic siloxane 1.2±0.2 08/0252 Yes 
2-A1   A1 Acrylic 1.2±0.2 07/0200 Yes 
2-S   S Acrylic siloxane 1.0±0.2 07/0200 No 
2-StA   StA Styrene acrylic 1.2±0.2 - Yes 

3-AS  

3  3±0.2 04/0033 

 AS Acrylic siloxane 1.2±0.2 08/0252 Yes 

3-A1   A1 Acrylic 1.2±0.2 07/0200 Yes 

3-S   S Acrylic siloxane 1.0±0.2 07/0200 No 

3-StA   StA Styrene acrylic 1.2±0.2 - Yes 

 167 
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 168 

Fig. 3. Thermal IR image of the heated sample. Surface temperatures vary from about 23.75 °C (dark blue points) to about 24.00 °C (light 169 
green points). 170 

2.3 Material characterization 171 

2.3.1 X-ray diffraction (XRD) analyses 172 

X-ray diffraction (XRD) is a powerful nondestructive technique for material characterization based on Bragg’s law, able to 173 
provide information on structures, phases, preferred crystal orientations (texture), as well as average grain size, crystallinity, 174 
strain and crystal defects [3,5,76]. In particular, a monochromatic beam of X-rays is projected into the sample, and the 175 
reflected X-rays are then analyzed by a detector. A diffraction pattern is thus obtained, which can be considered as a 176 
fingerprint of the periodic atomic arrangements of the material under investigation, where broad peaks are produced by the 177 
amorphous regions of the samples while sharp peaks are produced by the crystalline regions.  178 

In this study, XRD analyses have been carried out on powdered hydrated base coats samples in order to evaluate the 179 
microstructural composition of the adopted base coats materials before aging [3,5]. At this aim, an X-Ray diffractometer RX 180 
Philips PW 1730, with CuKa radiation, have been used, scanning at a diffraction interval of 5–70° with speed of 0.2°/min at 181 
40kV voltage and 30 mA current intensity.  182 

2.3.2 Attenuated Total Reflection Fourier Transform IR (ATR-FT-IR) spectroscopy 183 

Attenuated Total Reflection Fourier Transform IR (ATR-FT-IR) spectroscopy is a sampling technique used in conjunction 184 
with infrared spectroscopy, in transmission or reflection modes, which enables samples to be examined directly in the solid 185 
or liquid state without further preparation [59]. 186 

An ATR accessory operates by measuring the changes occurring in a totally internally reflected infrared beam after 187 
interacting with the sample: the beam is directed onto an optically dense crystal with a high refractive index at a certain 188 
angle. This internal reflectance creates an evanescent wave that extends beyond the surface of the crystal into the sample in 189 
contact with it. In those regions of the IR spectrum in which the sample absorbs energy, the evanescent wave will be 190 
attenuated, returns back to the crystal, then exits in the opposite end towards the detector of the IR spectrometer which, in 191 
turn, records the attenuated beam as an interferogram, which is further transformed (FT) in an IR spectrum. For ATR 192 
measurements, the infrared beam protrudes only a few microns (0.5 µm - 5 µm) beyond the crystal surface and into the 193 
sample, hence the penetration depth of IR light is independent of the sample thickness. 194 

In this study, ATR-FT-IR measurements have been carried out to acquire the spectra of the resins 1A2 (acrylic resin), 2A1 (acrylic resin), 195 
2S (acrylic siloxane resin), 2StA (styrene-acrylic resin) and 2AS (acrylic siloxane resin) reported in  196 

Table 1. Spectral analyses have been carried out both on the original resin samples, used as controls, and on those 197 
subjected to aging treatments through freeze-thaw cycles (FT) and UV-wetting cycles (UV), in order to determine the 198 
occurrence of microscopic variation after aging. 199 

The samples have been analyzed by means of a Perkin-Elmer Spectrum GX FT-IR System spectrophotometer equipped with 200 
ATR single reflection diamond (Senior Tecnologies DURA SamplIR II) in the range between 4000 – 500 cm-1, with a spectral 201 
resolution of 4 cm-1 and recording 32 scans. For this kind of measurement, the samples have been directly deposited on the 202 
measuring surface without requiring any preparation. In particular, a small amount of each resin has been placed on the 203 
ATR crystal and measurement has been carried out immediately. Identical experimental conditions have been 204 
maintained for all samples, and the background adsorption spectrum has been recorded each time for correction. 205 
Spectrum 5.3.1 (Perkin-Elmer) has been used as the operating software.  206 

2.4 Freeze-thaw test 207 

For each applied rendering system ( 208 

Table 1), three 20x20x10 cm (B x H x W) samples have been prepared and cured for 7 days at the normalized temperature 209 
and relative humidity (RU) of the laboratory (21 ± 2 °C and 60 ± 10 %, respectively). One sample, marked as “a_FT” 210 
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sample, has been stored in the laboratory and used as a reference sample. The other two, marked as “b_FT” and “c_FT”, 211 
have been subjected to 30 freeze-thaw cycles (Fig. 4) according to EN 13687-4:2003 [66] and EN 1504-3:2006 [77]. 212 

The effects of freeze-thaw cycles on the rendering systems have been assessed every 10 freeze-thaw cycles (i.e. at t1, t2 213 
and t3) in terms of surface defects (degree of blistering, cracking and flaking according to EN ISO 4628-1:2016 [78]) and 214 
chromatic alterations (according to ISO/CIE 11664-6:2014 [79]). The final assessment (t3) has been carried out after 16h 215 
from the end of the last cycle [66].  216 

In particular, digital images have been acquired through a 4800 x 9600 dpi resolution scanner (HP G3010) and a Dino 217 
Lite Edge digital microscope. In the latter case, nine 10x images of about 5x6.25 mm at nine fixed locations have been taken 218 
at each time interval. 219 

Spectrophotometric analyses in the 340-740 nm wavelength range have been carried out by using a Konika Minolta 220 
Cm.2600d spectrophotometer. Colorimetric alterations have been assessed by following the CIELAB method according to 221 
ISO/CIE 11664-6:2014 [79]. The CIELAB method defines colors through three different coordinates of the CIELAB space 222 
measuring lightness (L*), green to red (a*) and blue to yellow (b*) hue variations. For each specimen, and at each time 223 
interval, twenty-five measurements in terms of CIELab coordinates have been taken on twenty-five fixed locations in order 224 
to allow precise repeated measurements in the same points every time interval. Each measurement has been recorded as the 225 
mean of three. The color differences ΔE have been computed for each measuring point by comparing the measured 226 
coordinates before testing (t0) with those measured at each time interval according to the procedure described in ISO/CIE 227 
11664-6:2014 [79]. The differences in terms of lightness and chromaticity between two different colors, i.e.  ΔL*, Δa* and 228 
Δb*, have been also monitored. 229 

Before and after aging, pull-off tests (EN 1542:1999 [80]) and ATR-FT-IR spectrophotometric analyses in the 2.5 – 20 230 
μm (4000 – 500 cm-1) wavelength range (described in section 2.5) have been also carried out. Pull-off tests are important for 231 
investigating the behavior of the wall covering material through its service life. In this study, a CONTROLS Pull-Off/Bond 232 
strength digital tester 58-C0215 with accuracy equal to 1% has been used. In particular, according to the European Standard 233 
EN 1542:1999 [80], after a curing period of 7 days from the end of the test, five pull-off tests have been carried out on the 234 
fixed locations shown on both aged (“b_FT” and “c_FT”) and not-aged (“a_FT”) samples.  235 

 236 

 237 

Fig. 4. Freeze-Thaw cycle adopted in this study. 238 

2.5 Wet/drying and UV test 239 

Wet/drying and UV tests have been carried out by taking as reference the testing procedure reported in EN ISO 16474-240 
3:2016 [67]. In particular, for each rendering system, four 12.5x12.5x10 cm (B x H x W) samples have been prepared (Fig. 5) 241 
and cured for 7 days at the normalized temperature and RU of 23 ± 2 °C and 50 ± 5 %, respectively. According to EN 242 
1062-11:2002 [81], three samples, marked as “b_UV”, “c_UV” and “d_UV”, have been subjected to 42 days of wet/drying 243 
and UV cycles. One sample, namely “a_UV”, has been used as a reference sample and stored in a dark room at 23 ± 2 °C 244 
and 50 ± 5 % RU.  245 

Each cycle of exposure has lasted 6 hours and consisted of 5 hours of UV exposure at 35 ± 3 °C and 1 hour of water 246 
spray at 25 ± 3 °C. The adopted UV lamp emits across the entire spectrum of the UV light, with peak emission in the UVA 247 
range at 366 nm. The water spray technique has been adopted for wetting the specimen due to the low conductivity of the 248 
samples [67]. 249 

The effects of thermal cycles on the external layer of the specimens have been assessed in terms of surface defects, 250 
chromatic alterations and possible changes in their FT-IR spectra. According to ISO 16474-1:2013 [82], the surfaces of the 251 
tested samples have not been washed or cleaned before the measurements. In particular, surface defects and chromatic 252 
alterations have been assessed before testing (t0) and after every week (t1, t2, t3, t4, t5 and t6) by using the same instruments and 253 
methodologies described in section §0. Even in this case, the measurement points have been localized by a reference spatial 254 
grid to ensure precise repeated measurements in the same locations. Before color measurements, the specimens have been 255 
left to dry at the laboratory temperature for approximately 3h in order to minimize the color changes of the surfaces caused 256 
by the water content in the external layers. An additional color measurement has been also taken after a curing period of 24h 257 
in order to determine the color stability after exposure.  258 
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 259 

Fig. 5. Specimens prepared for the wet/drying and UV test. 260 

3 RESULTS 261 

3.1 Materials characterization 262 

3.1.1 XRD analyses 263 

Powdered samples of hydrated base coats have been investigated by means of XRD analyses spectroscopy, as described in 264 
section 2.3.1, in order to characterize the adopted base coats materials by evaluating their microstructural composition and 265 
then to extend the results to broader applications.  266 

XRD results of the 1, 2 and 3 basecoats after 28-day of hydration are reported in Fig. 6. As expected, the diffraction 267 
bands show the presence of cement binder components like alite and calcite in all the analyzed materials, as observed for 268 
similar thin-layer plaster typically applied on EPS or cement substrates (see e.g. [5]). The basecoats mainly differ from each 269 
other due to the use of different types of sand filler. In particular, for basecoats 1 and 2, the most often detected peak is 270 
related to quartz that, along with mica, chlorite and natural silicates, indicates the use of natural silica sand filler for 271 
manufacturing the two mortars [5]. Differently, for basecoat 3, the presence of ankerite is observed, denoting the use of 272 
carbonate sand instead of silica sand [83].  273 
 274 

 275 
Fig. 6. XRD analysis of 1, 2 and 3 basecoats (A – Alite, C – Calcite, Q – Quartz, Ab – natural silicates (albite), M – Mica, Ch 276 
– Chlorite, Ak – Ankerite). 277 
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3.1.2 ATR-FT-IR analyses 278 

Aliquots from the untreated samples have been investigated by means of ATR-FT-IR spectroscopy as described in section 279 
2.3.2, in order to characterize the different samples. As a result, all resins analyzed have been found to be charged with large 280 
quantities of calcium carbonate as a filler, whose characteristic spectral bands (at 2872, 2513, 2140, 1795, 1739, 1377, 873 281 
and 712 cm-1) resulted superimposed with those corresponding to the organic matrix of each sample, hence hampering a 282 
proper characterization. In Fig. 13Fig. 7, the non-aged 2StA IR spectrum has been reported as a representative example.  283 

 284 

 285 
Fig. 7. IR spectra comparison of calcium carbonate alone (black), 2StA (blue), in the 4000-450 cm-1 region. 286 

In order to perform a correct characterization, the organic matrix present in each sample has been separated from the 287 
calcium carbonate by overnight extraction with chloroform at room temperature. After solvent evaporation of these extracts 288 
at reduced pressure, the resulting organic residues have been analyzed in transmission mode, and the characteristic spectral 289 
bands of the polymers in the samples resulted clearly visible allowing their identification. This procedure has been 290 
successfully employed for all non-aged samples (1A2, 2A1, 2S, 2StA, 2AS), and some results have been reported in Fig. 8. In 291 
particular, the spectra of 2StA, 2S and 2A1 are shown in Fig. 8, as representative of the three different types of organic 292 
matrix found in the samples under investigation. 293 

In particular, by comparing the spectrum of non-aged 2StA resin with those present in the database available from the instrument used 294 
(Perkin-Elmer), the correspondence with the spectrum of a styrene-acrylic resin was clearly evident, according to what reported in  295 

Table 1; similarly, the spectra of 2S and 2A1 resulted attributable to an acrylic siloxane and an acrylic resin respectively. 296 
 297 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 
9 

 

 298 
Fig. 8. Comparison between IR spectra of 2StA (a) 2S (b) and 2A1 (c) before (dotted black lines) and after (solid black lines) the extraction 299 
procedure in the 4000-450 cm-1 spectral region. The blue lines refer to the spectrum of pure calcium carbonate. 300 

3.2 Freeze-thaw test 301 

The results of visual inspections are summarized in Fig. 9, in which some representative digital image acquisitions are 302 
reported. As can be seen, the freeze-thaw cycles have not caused detachments or other visible alterations on the surface of 303 
the specimens.  304 

The average color variations ΔE are reported in Table 2. In all cases, the obtained values are lower than the just 305 
noticeable difference (JND) fixed to 2.3 [84], which represents the physical threshold under which the human eye cannot 306 
perceive color differences. These values are also lower than 1, i.e. an alternative conventional threshold used in literature to 307 
identify slightly hue variations (see e.g. [85]), defined as the minimum threshold for 50% color match acceptability [86].  308 

All the ΔE samples are characterized by high coefficients of variation (CoV). These range from 22% to 72% with a 309 
mean value equal to 44%, while the corresponding standard deviation values range between 0.11 and 0.30 with a mean value 310 
equal to 0.19. 311 

Concerning pull-off tests, for both the aged and the non-aged samples, breaking has always occurred partially inside the 312 
base coat (cohesive breaking) and partially at the interface between the base coat and the insulation layer (adhesive breaking, 313 
see Fig. 10). From these results, it is clear that the interface between the base coat and insulation layer, as well as the base 314 
coat, represents the weakest points of the construction system.  315 

Since the type of finishing coat has not affected the breaking mode, the tensile strengths obtained from the pull-off tests 316 
have been grouped by type of base coats and reported in form of box plot (Fig. 11). As it can be seen, each group of non-317 
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aged specimen presents a median failure tension strength of about 0.09-0.10 MPa. This value is slightly higher than the 318 
minimum requirement set for similar technologies such as ETICS in reference documents (0.08 MPa [63,64]). Moreover, it 319 
should be noted that an increase in bonding strength is obtained due to aging. On average, this increase is about 6.1% for 320 
each base coat. 321 

 322 

Fig. 9. Examples of digital images taken before (t0) and after the freeze-thaw test (t3) for the 1A1b_FT and 3StAc_FT specimens by using 323 
(a) digital scanner and (b) digital microscope. 324 

 325 

 326 

Fig. 10. Example of the failure mode in tensile bond strength tests. 327 
 328 

Table 2. Mean color variations (ΔE) of the surface of the specimens calculated at each time interval due to freeze-thaw cycles. 329 

Time 
interval 

 Rendering system ID 

 1-AS 1-A1 1-A2 1-StA 2-AS 2-A1 2-S 2-StA 3-AS 3-A1 3-S 3-StA 

    0.48 0.57 0.39 0.50 0.27 0.29 0.34 0.27 0.35 0.28 0.27 0.25 

    0.63 0.65 0.40 0.61 0.38 0.49 0.54 0.26 0.45 0.4 0.52 0.27 

    0.68 0.65 0.40 0.57 0.43 0.43 0.73 0.27 0.53 0.51 0.74 0.38 

 330 
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 331 

Fig. 11. Tensile bonding strength (MPa) of the rendering system before and after aging through freeze-thaw cycles. Results grouped by 332 
type of base coat. 333 

3.3 Wet/drying and UV test 334 

No detachments or other surface alterations due to the accelerated aging process have been observed after visual inspections. However, 335 
some slight color variations have been recorded in this case. For each multi-layer rendering system, Fig. 12 reports the average ΔE values 336 
computed at each time step. As can be seen, all the rendering systems have shown slight hue variations, i.e. ΔE values higher than 1 [85]. 337 
More in detail, according to the JND threshold (ΔE=2.30, [84]), specimens with StA and A2 finishing layers are the only ones that have 338 
maintained the original colors, while significant color variations (ΔE>2.30) have been obtained for specimens with the AS, A1 and S 339 
finishing coats. In  340 

Table 3, the average color variations at the end of the test in terms of CIELab coordinates are reported. From these results, 341 
slight variations in L values, corresponding to less bright specimens (negative ΔL,), and higher variations in b values, 342 
corresponding to less blue and more yellow specimens (positive Δb), can be observed. Concerning the scattering of the 343 
results, ΔE samples are characterized by a CoV ranging from 9% to 56% (average value equal to 21%), corresponding to 344 
standard deviations ranging from 0.19 to 0.72 (average value equal to 0.37). 345 
 346 
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347 

348 

 349 

Fig. 12. Mean color variations (ΔE) at each time interval after wet/drying and UV cycles. The horizontal dashed line is the limit under 350 
which color differences are not visible to the naked eye (just notable difference JND, ΔE = 2.3 [84]). The horizontal solid line is a 351 
conventional threshold used in literature for slight hue variations (ΔE = 1, [85]). 352 
 353 
Table 3. Average color variations at the end of the wet/drying and UV test expressed as CIELab color coordinates. 354 

 
 Multi-layer rendering system ID 

 1-AS 1-A1 1-A2 1-StA 2-AS 2-A1 2-S 2-StA 3-AS 3-A1 3-S 3-StA 

ΔL  -0.86 -0.88 0.20 -0.72 -0.79 -0.73 -0.55 -0.96 -0.84 -0.82 -0.68 -0.56 
Δa  -0.09 -0.06 -0.09 -0.03 -0.03 0.02 -0.04 0.01 -0.05 -0.07 -0.08 -0.08 
Δb  2.35 2.63 1.23 1.54 2.57 3.35 2.63 1.68 2.27 2.80 2.48 1.20 

 355 

3.4 ATR-FT-IR analyses on aged samples 356 

Aliquots from the aged samples from both treatments, i.e. freeze-thaw cycles (FT) and UV-wetting cycles (UV), have been 357 
investigated by means of ATR-FT-IR spectroscopy as described in section 2.3.2, in order to allow a comparison with the 358 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 
13 

 

corresponding non-aged samples. Overall, 15 different multi-layer finishing systems have been analyzed. 359 
As already noted for non-aged samples, all the aged ones have been found to be charged with large quantities of calcium 360 

carbonate as a filler (see Fig. 13). For this reason, in order to separate the organic matrix from the calcium carbonate, the 361 
overnight extraction with chloroform at room temperature has been carried out even in this case (see Section 3.1.2). 362 

 363 

 364 
Fig. 13. IR spectra comparison of calcium carbonate alone (black), 2StA_FT (red), 2StA_UV (green), in the 4000-450 cm-1 region. 365 

In Table 4, the results of the analysis carried out in transmission mode on the resulting organic residues from the solvent 366 
extraction procedure above described, are reported in terms of most relevant IR peak wavelengths, together with the 367 
corresponding vibrational assignments according to the literature, with the main spectral variations arising from both aging 368 
treatments in bold [87]. 369 

 370 

Peak wavenumber (cm-1) Assignment 

3322 Overtone C=C 
3026   =C-H 
2923 as  CH2,CH3 
2851 s  CH2,CH3 
1730   C=O 
1624   C=C 
1491 as  CH2,CH 
1451 s  CH2,CH3 
1374   COO- 
1260   =CH2 
1218   CH2,CH3 
1155   CH2,CH3 
1027   C-C 
906   C=C 
757   CH2 
699   C=C 

Table 4. Wavenumbers (in cm-1) of the most relevant IR bands in polymeric chains, together with the related vibrational mode marks. : 371 
stretching,: bending (s: symmetric, as: asymmetric), : twisting, : rocking. In bold the main spectral variations arising from both aging 372 

treatments. 373 

Considering the organic residues from the solvent extraction procedure above described, the aging effects on the studied 374 
systems resulted more evident from the FT-IR study with respect to the findings of the chromatic tests. In particular, the 375 
spectral comparison of the organic matrix from the untreated and aged samples showed the typical changes arising from 376 

alkyl chains alterations due to incoming oxidative processes. These changes resulted always more evident in the UV-wetting 377 
cycles. In  378 

Fig. 14, the spectral comparison of the styrene-acrylic resin 2StA with the corresponding aged ones, 2StA_FT and 379 
2StA_DWUV, has been reported as a typical example. 380 
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 381 
Fig. 14. Comparison between the chloroform extracts representative FT-IR spectrum of the non-aged resin 2StA (black) with those of the 382 
aged ones 2StA_FT (red) and 2StA_DWUV (blue).  383 

The IR spectra there reported clearly show some differences arising from aging. In particular, the decreased intensity of 384 

the bands at 3026 and 1624 cm-1, attributed to (=C-H) and (C=C) respectively, with instead an increase of the band at 385 

1730 cm-1, attributed to (C=O), because of incoming oxidative processes. 386 
Similar behavior has been found for 2A1. In this case, the changes recorded after aging are more pronounced if 387 

compared with 2StA resin, as shown in Fig. 15. In fact, both bands at 3026 and 1624 cm-1, attributed to (=C-H) and 388 

(C=C) respectively, dramatically decreased, together with the increase of the band at 1730 cm-1, attributed to (C=O), 389 
recording even an inversion of the intensities between the 1624 and 1730 cm-1 bands. 390 

 391 

 392 
Fig. 15. Comparison between the chloroform extracts representative FT-IR spectrum of the non-aged resin 2A1 (black) with those of the 393 
aged ones 2A1_FT (red) and 2A1_DWUV (blue).  394 

Finally, the differences between resin 2S and the corresponding aged ones 2S_FT and 2S_DWUV are shown in Fig. 16. 395 
In this case, the organic matrix is represented by an acrylic siloxane resin, hence a different behavior has been observed. 396 
However, due to the presence of hydrocarbon chains, changes relative to their aging are present, such as the decrease of 397 
bands intensities in the 3300 – 2800 cm-1 region (=C-H), also accompanied by the disappearance of the signal at 3322 cm-1 398 
attributed to the corresponding overtone. In addition, significant changes occurred in the spectral pattern ranging between 399 
1300 and 1000 cm-1, suggesting that the aging processes deeply affects the resin backbone, where the incoming oxidation 400 
process promoted cross-linking and chain scission reactions [88]. 401 
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 402 
Fig. 16. Comparison between the chloroform extracts representative FT-IR spectrum of the non-aged resin 2S (black) with those of the 403 
aged ones 2S_FT (red) and 2S_DWUV (blue). 404 

4 DISCUSSION 405 

The tests carried out in this study have allowed investigating the durability of a reinforced-EPS based construction system in 406 
outdoor environments. After aging tests, which have involved the most important atmospheric agents affecting the 407 
durability of similar technologies (i.e. thermal shocks, UV radiations and temperature and water content variations), the 408 
finishing layers have not shown visible detachments, cracks or other visible defects on the different finishing coats. Then, 409 
the presence of the steel wire does not have affected the EPS deformability. This result is similar to that obtained for similar 410 
technologies (e.g. [47]), where no visible defects are present on finishing coating after UV cycles. In [47], this was attributed 411 
to the presence of TiO2, able to reduce the transmittance of the UV radiations [89].  412 

Concerning colorimetric analyses, only the wet/drying and UV aging test has caused visible color variations on all the 413 
samples. This has been probably due to the UV action that has affected the aesthetic appearance of the external layer, 414 
becoming less blue and more yellow [90]. In particular, positive Δb corresponding to a less blue and more yellow specimen, 415 
and negative ΔL values, corresponding to a less bright sample, have been obtained for all of the samples, with best results 416 
for specimens with StA (styrene-acrylic) and A2 (acrylic) finishing coats. This is similar to that obtained in [91], where a 417 
positive Δb and a negative ΔL of a white siloxane finishing coat applied on a reinforced concrete slate were obtained after 418 
four years of natural exposure in Milan, Italy. In particular, in [91] a stable value of Δb of approximately 3 was reached after 419 
aging. This value is comparable to that obtained in our work at the end of accelerated tests, ranging between 2.3 and 3.3 for 420 
the acrylic and acrylic siloxane resins. Conversely, ΔL values are less comparable. In fact, in [91] a ΔL value equal to -15 was 421 
obtained after the natural exposure in the urban environment, which is much higher than those obtained in our study (i.e. 422 
between -0.5 and -1). The obtained higher values can be attributable to the absence of pollution and dirt in the accelerated 423 
tests that, instead, are massively present in urban environments. 424 

The tensile bond strength results indicate the good mechanical performance of the composite system before and after 425 
aging processes. In fact, the obtained tensile strengths values are higher than 0.8 MPa (i.e. the minimum requirement sets for 426 
ETICS in reference documents [63,64]). An increase of the tensile strength has been also registered after the aging process, 427 
probably due to the curing of the base coat during aging cycles. The breaking mode has not varied after the aging test. In 428 
particular, a mixed-mode has been obtained in all of the cases, with fracture lines developing inside the base coat between 429 
glass fiber mesh and the insulation layer, and at the interface between the base coat and insulation layer. This implies that 430 
the joints between the external multi-layer rendering system and reinforced-EPS panels, as well as the base coat, represents 431 
the weakest points of the construction system. 432 

Finally, the FT-IR spectral variations observed after both aging treatments are diagnostic of autooxidative processes, 433 
which are more evident in UV cycles as expected in processes involving organic free radicals.  434 

In fact, molecular oxygen plays an important role in aging and represents the main responsible of the olefin (C=C and 435 
C=C-H) moieties transformation in the organic polymeric fraction of the samples under investigation. In particular, these 436 
moieties are converted into the corresponding oxidation products characterized by the presence of carbonyl (C=O) 437 
moieties. In terms of IR spectra, this behavior produces the observed intensity decrease of the bands present in the region 438 
between 3300 – 2800 cm-1 as well as at 1624 cm-1, typical of the C=C and C=C-H moieties, accompanied by an increased 439 
intensity of the C=O band at 1730 cm-1, due to the formation of carbonyl derivatives, such as aldehydes, lactones and 440 
ketones, typical of hydrocarbon polymer chains oxidative degradation. In the styrene-acrylic resin 2StA, these changes occur 441 
to a minor extent, probably for a less reactivity due to the presence of the styrene moiety. On the other hand, siloxanes are 442 
known to be less reactive toward molecular oxygen, and the aging process behaves differently. In the acryl siloxane resin 2S, 443 
the hydrocarbon (acrylic) component follows the mechanism described above, while the siloxane one mainly undergoes 444 
cross-linking and chain scission reactions responsible of polymer backbone alterations, according to the significant changes 445 
observed in the spectral pattern in the IR region between 1300 and 1000 cm-1. 446 

However, all the specimens seem to resist satisfactorily to weathering actions. 447 
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5 CONCLUSIONS 448 

In this study, the durability in the outdoor environment of a novel reinforced-EPS based construction system named 449 
HOMEDONE, developed for affordable and temporary housing solutions, has been investigated.  450 

The results of this experimental campaign, which represents the initial stage of a wider research program on the 451 
hygrothermal performance of HOMEDONE panels, have pointed out the absence of significant defects on different 452 
external finishing layers after freeze-thaw cycles and wet/drying and UV cycles. After freeze-thaw cycles, pull-off tests 453 
results have shown good mechanical performance, even higher than the limits fixed by reference standards for ordinary 454 
ETICS with render finishing [63,64]. After wet/drying and UV cycles, some color variations have been recorded, with the 455 
best results obtained for specimens with styrene-acrylic and acrylic finishing coats. These results are comparable with those 456 
obtained for a siloxane finishing coat exposed for four years to the urban environment.  457 

In addition, the present study indicates FT-IR spectroscopy as a powerful tool to investigate the incoming of 458 
degradation processes, even occurring to a small extent, due to its sensitivity with respect to chromatic tests, also allowing to 459 
evaluate the aging processes at a molecular level. Even in this case, the styrene-acrylic resin showed minor changes than 460 
other resins, probably due to the less reactivity caused by the presence of the styrene moiety. 461 

In conclusion, the results obtained in this study indicate the HOMEDONE construction system as a promising and 462 
durable solution for affordable housing and emergency shelter. The thermal and hygrothermal behavior of such a system 463 
will be investigated in a further stage of the research.  464 
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