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A B S T R A C T

The construction sector contributes approximately 37 % of global embodied carbon from mate
rials. Earth-based materials offer a more sustainable alternative, and using recycled aggregates as 
sand substitutes further reduces environmental impact by limiting raw material extraction. 
However, these materials are often vulnerable to erosion and water action. This study investigates 
low-temperature thermal treatments (200–600 ◦C) of 10 and 60 min and bio-based polymer 
coatings to enhance the durability of clay-based mixtures with recycled aggregates. Treatments at 
500–600 ◦C significantly improved resistance, with short treatments at 600 ◦C performing 
comparably to longer ones. In contrast, bio-based coatings were less effective due to superficial 
application and film discontinuities. Results highlight the potential of in situ thermal stabilization 
as a sustainable and efficient method to improve the durability of earthen construction materials 
and promote their use as a viable alternative in sustainable building practices.

1. Introduction

The construction and building materials sector is among the most significant in terms of energy consumption and, therefore, 
environmental impact. To date, most efforts have focused on the operational carbon which pertains to emissions resulting from the 
heating, cooling, and lighting of buildings, as well as the energy consumption of internal devices [1–7]. In this respect, relevant 
progress has been made, with the aim of reducing the sector’s contribution from 75 % to 50 % over the coming decades [8]. However, 
substantial progress can only be achieved by simultaneously addressing the embodied carbon which relates to the production processes 
of construction materials such as cement, metals, and ceramics used in buildings. This significant portion of the market is classified as 
highly energy-intensive, and it is estimated to be responsible for 37 % of global emissions [9].

The reasons why this sector has received less attention in terms of reducing its environmental and energy impact are linked to 
several factors, including: (a) the complexity of the production chain, which involves multiple stakeholders with different roles and 
functions (e.g., complex supply chains for raw materials, fragmentation of preliminary production phases, and long life cycles of 
infrastructure and technologies); (b) insufficient awareness and the slow adoption of life cycle assessment (LCA) tools and method
ologies; and (c) the economic costs associated with process improvements [9,10].

These factors have made it difficult to develop effective strategies capable of attracting political and financial attention towards a 
transition path. Nonetheless, there is now widespread recognition of the urgent need to take action to achieve rapid decarbonization in 
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this sector. The primary goal is to reach net-zero emissions by 2050 [11,12]. This result can only be achieved by improving production 
process efficiency, increasing the use of bio-based materials, and expanding reuse and recycling policies. In this context, the use of 
earth as a sustainable building material has gained increasing importance, particularly for the construction of smaller-scale buildings 
[13,14]. Earth is widely available and can be processed locally by mixing it with water and fibrous materials of natural origin [15–18]. 
The resulting artifacts, following these principles, can be highly reusable and recyclable. Additionally, their significant mass con
tributes positively to indoor comfort, especially in arid climates, where extreme day-night temperature fluctuations can be signifi
cantly mitigated [19–22].

Currently, only 8–10 % of the global population lives in earth-constructed buildings (compared to 33 % at the end of the 20th 
century), with the majority concentrated in less economically developed countries such as Bangladesh, the Democratic Republic of 
Congo, Nigeria, and Ethiopia [23]. In these contexts, earth-based materials have often been used without proper attention to technical 
guidelines, increasing the perception of inefficiency. However, growing environmental awareness is leading to a resurgence of interest 
in using earth-based materials in high-end applications that aim to adapt traditional construction practices to contemporary standards 
[15,16,18,24–35]. Addressing the weaknesses of clay-sand-water-fiber materials, which are inherently susceptible to water damage 
and surface wear, is crucial [36–40]. Recent literature is rich in studies focusing on the stabilization of earthen material. Some methods 
derive directly from traditional practices using natural polymers, while others incorporate historical and modern binders (lime and 
cement), bio or synthetic polymers as additives, and still others apply thermal treatments [18,24,27,41–60].

For example, Kariyawasam and Jayasinghe [61] present a detailed study on the stabilization of compressed earth materials for 
construction (cement-stabilized rammed earth). The authors utilized three types of soils and identified sandy laterite as the most 
suitable base material. Mechanical tests showed satisfactory results for samples with cement contents exceeding 6 %, with flexural 
strength comparable to that of fired clay bricks. However, some challenges were observed in field durability tests, particularly with 
respect to capillary water absorption and surface erosion rates [61].

Bruno et al. [62] propose a study on the stabilization of earth-based materials using hydrated lime and guar gum for sustainable 
construction. The results indicated that the mechanical properties of the stabilized materials exceeded those of untreated systems, with 
increased load-bearing capacity and stiffness inversely proportional to the guar gum content. Thermal properties showed no significant 
differences, with values similar to those of untreated systems. The biopolymer-treated samples did not show improvements in hy
groscopic behaviour, while the hydrated lime-treated ones exhibited greater moisture resistance [62].

Real et al. [63] used recycled cement from demolition waste as a stabilizer for earthen artifacts. The experimental results 
demonstrated significant performance improvements. After stabilization, water absorption decreased by up to 25 % in systems using 
clayey soil, while an increase of 22 % was observed in systems made with sandy soil. The use of recycled cement resulted in greater 
water absorption compared to systems stabilized with Portland cement, which was attributed to the reduced pore size and, conse
quently, finer porosity [63].

Atzeni et al. [51] studied the surface resistance of earthen materials by comparing untreated systems with those stabilized using 
various polymers, lime, and Portland cement, as well as thermally treated specimens subjected to sandblasting tests. The results did not 
show a clear correlation between microstructural data and the weight loss induced by particle impact. The highest surface resistance 
was observed in the samples treated with organic polymers. Lime and cement binders did not lead to significant improvements in 
mechanical or wear resistance but positively affected dimensional stability during curing. Thermal treatments improved mechanical 
strength, water resistance, and surface hardness [51].

Godoy et al. [50] conducted a study on earthen plasters stabilized through short surface heat treatments at 400 ◦C. The results 
showed improvements in mechanical properties and surface wear resistance, while a decrease in shear strength and adhesion was 
observed [50].

In general, different stabilization techniques exhibit both strengths and weaknesses. While thermal treatment entails energy 
consumption, chemical treatment may pose challenges in terms of compatibility with reuse and recycling, especially when synthetic 
organic components are significant. Despite the growing number of studies on the stabilization of earth-based materials, few works 
focus on low-temperature thermal treatments, reduced exposure times, and aging techniques under controlled conditions [24,47–51,
64,65]. In particular, in the specific case of erosion caused by particle impact on surfaces, there is a lack of methods in which the 
experimental setup involves a limited number of variables to control [40,51,66–70].

This work presents a systematic study aimed at enhancing water and surface erosion resistance through low-temperature thermal 
treatments with different exposure times. The materials analyzed are clay-based and incorporate recycled aggregates sourced from 
previous demolitions. The obtained results have been compared with equivalent systems that were either untreated or surface-treated 
with bio-based polymers. Furthermore, a new experimental technique based on the use of the Spex Miller is introduced for erosion 
testing.

The results obtained are intended to propose highly sustainable and recyclable materials as primary components for construction 
(either in small-scale structures or in limited elements of larger buildings), in place of energy-intensive binders such as lime and 
cement, thereby promoting on-site recycling and reducing embodied emissions and transportation costs.

2. Materials and methods

The raw materials used to prepare the different mix designs were clay and recycled aggregates from demolition waste. The clay 
came from a quarry in Lozzolo, Vercelli (Italy). The demolition waste, supplied by R.E.R. Srl (Is Seddas – Quartucciu – Sardinia, Italy), 
was macroscopically heterogeneous, with visible fragments of stone, soil, earthen and lime mortars, plastic, and wood. The latter two 
fractions (plastic and wood) were removed through a pre-washing process. Specifically, to obtain the recycled aggregates, the 
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demolition waste was immersed in distilled water and mixed. After 12 h, floating plastic and wood fragments were removed from the 
surface. This procedure was repeated several times until no plastics or wood were observed on the water surface. The aggregate was 
then dried for 24 h at 100 ◦C in an oven, and subsequently sieved to ensure a maximum particle size below 2 mm. Clay and recycled 
aggregates were characterized by X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer equipped with a multi-mode 
LYNXEYE XE-T detector and Cu Kα radiation. Particle size distribution was determined by laser light scattering analysis using a 
CILAS 1180 instrument.

Two bio-based polymers, namely S and D, were selected and applied as protective coatings to evaluate their effectiveness in 
improving water and erosion resistance of the particles, and to compare their performance with that of thermal treatments. S is a short 
oil alkyd emulsion, while D is a urethane–alkyd dispersion. The main characteristics of S and D are reported in Table 1 [71–74].

Clay and recycled aggregates were mixed in different proportions with distilled water. The weight ratios of the prepared mixtures 
are shown in Table 2.

For the preparation of the samples, clay and recycled aggregates were combined in the dry state according to the proportions 
reported in Table 2 and manually mixed for 60 s in a container to ensure homogenization. Distilled water was then gradually added and 
the mixture was mixed using an electric mixer for 5 min. After the mechanical mixing process, the mixture was allowed to rest for 5 min 
to promote more effective hydration of the components. Finally, a further brief mechanical mixing was performed for 30 s, after which 
the mixture was inserted into molds with the aid of a spatula to obtain the samples.

The samples were manufactured using circular metal molds with an internal diameter of 45 mm and a thickness of 6 mm. These 
were dried for 48 h under laboratory conditions and then placed in a desiccator for 30 days before use. Dimensional shrinkage was 
measured using a calliper by evaluating the change in diameter and thickness.

The different mixtures were then subjected to erosion tests. The series of samples that showed the least weight loss and, conse
quently, the highest resistance to erosion were then treated with the various stabilization methods. For each series, 10 samples were 
tested, and the result is the average value expressed in kg/m2.

Erosion was simulated using a SPEX Mixer/Mill 8000, a high-energy mill widely used in mechanochemistry for the grinding of 
powders contained within a stainless-steel vial [75]. This vial consists of a cylindrical container with an outer diameter of 2.4 cm, an 
inner diameter of approximately 1.9 cm, and an internal height of approximately 5.8 cm. It provides the chamber in which the powders 
and grinding balls are placed for processing. The vial is sealed with a stainless-steel cap and a threaded aluminum cap. In this study, the 
erodent material was placed inside the vial, while the steel cap was replaced with the sample to be eroded. A quartz sand, with nominal 
average diameter of 300 μm was used as erosive agent [40,68,76]. Selected sand was added to the vial as an erodent agent in the 
amount of 0.2 g. The samples were positioned in place of the vial cap. In particular, prior to testing, the samples were reinforced along 
the edges with a layer of two-component epoxy resin to minimize wear due to their placement in the Spex jar. A seal made of PVC with 
a thickness of 0.1 mm was inserted between the vial and the sample. Once the test began, the SPEX Mixer/Mill 8000 induced a complex 
motion in the vial, characterized by a three-dimensional trajectory combining a vertical harmonic component and partial rotation 
[75]. This motion causes the erodent material inside the vial to repeatedly impact the surface of the sample. Each sample was subjected 
to cycles of 5 min, and the weight loss was measured at the end of each cycle. A total of 12 cycles were performed for each sample. At 
the end of the erosion tests, the mixture with the highest erosion resistance was identified and its stabilization was studied.

The selected mixture was then subjected to different thermal treatments to study the effects of surface stabilization. The tem
peratures studied were 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, and 600 ◦C. For each temperature, two treatment times were investigated: 10 
min (samples named A) and 60 min (samples named B). For each treatment, 10 samples were prepared for the erosion test, 10 for water 
absorption, and 10 for wet-dry cycles. The same thermal treatments were also performed on the raw materials (clay and recycled 
aggregates), and the powders were subsequently analyzed by XRD to detect mineralogical changes.

Additionally, two more series of samples were prepared, which involved the use of bio-based polymers. These were diluted to 20 % 
w/w with distilled water, mixed thoroughly, and applied evenly to the sample surfaces with a brush. The samples were then left to dry 
under laboratory conditions for one week before undergoing erosion, water absorption, and wet-dry cycle tests. The series made with 
the bio-based polymers are named with either S or D at the end of the name, depending on the polymer used. Also in this case, 10 
samples were prepared for each test in every series.

Erosion tests were performed for each sample series (those thermally treated and those stabilized with bio-based polymer) as 
described earlier.

Total sample absorption was evaluated through complete imbibition, with samples weighed at regular intervals (every minute for 
the first 10 min, and then every 5 min thereafter, for a total test duration of 360 min). For samples that retained their shape during 
imbibition and exhibited no loss of cohesion between grains, the mass of water absorbed was evaluated relative to the mass of the dried 
sample. This evaluation enabled the assessment of the volume of water-accessible pores over the defined total absorption period.

Wet-dry cycles were conducted by immersing the samples in distilled water at room temperature (20 ◦C ± 2 ◦C) for 20 min, fol
lowed by heating in an oven (160 ◦C ± 2 ◦C) for 40 min. At the end of each immersion and drying phase, the weight of each sample was 
measured. A total of 40 cycles were performed on the samples that successfully completed the test.

Table 1 
Short oil alkyd emulsion (S) and urethane–alkyd dispersion (D) characteristics.

State Appearance pH Bio-based content (%) Density (g/cm3) Dynamic viscosity (at 20–25 ◦C)

S Liquid Slightly yellowish 7.0–9.0 >95 1.02–1.03 <1000 mPa s
D Liquid White, milky 6.0–8.0 >43 1.05 10 ÷ 500 mPa s
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A flowchart illustrating the different experimental steps involved in the study is shown in Fig. 1.

3. Results and discussion

3.1. Raw materials and mix design characterization

XRD analyses have shown that the clay is composed of quartz, albite, illite, interstratified illite/montmorillonite, interstratified 
illite/chlorite, and traces of kaolinite. The mineralogical principal phases identified in recycled aggregates include quartz, calcite, 
feldspar, muscovite/illite and kaolinite.

Granulometric analysis has been conducted on clay and recycled aggregates and the resulting particle size distribution curves are 
shown in Fig. 2. The clay exhibits a predominantly fine-grained distribution, with approximately 94 % of particles smaller than 0.1 
mm. In contrast, the recycled aggregate presents a significantly coarser and broader distribution, with most particles ranging from 
approximately 0.1 mm–2 mm. This indicates its function as a structural component, contributing to the dimensional stability of the 
mixtures.

The raw materials were mixed with distilled water according to the proportions given in Table 2, and samples of M1, M2, and M3 
were prepared. After the drying process, the samples exhibited different levels of shrinkage, which decreased with increasing recycled 
aggregates content in the mixture. Specifically, the M1 samples showed the highest shrinkage, with a diameter reduction of 1.75 mm; 
the M2 samples exhibited intermediate shrinkage, with a reduction of 1.55 mm, whereas the M3 samples displayed the smallest 
diameter reduction, measuring 1.00 mm. The height of 6 mm, however, remained unchanged across all sample types.

Visually, the M1 samples exhibit greater chromatic uniformity, with the fine grain remaining on the surface after application, 
resulting in smooth and colour-consistent surfaces (Fig. 3 a). Conversely, the M3 samples display high surface roughness and less 
chromatic uniformity due to the prominent recycled aggregates grains visible on the surface (Fig. 3 c). The M2 samples represent 
intermediate conditions (Fig. 3 b).

3.2. Erosion resistance of M1, M2 and M2 samples

Erosion tests conducted on the samples revealed a clear relationship between material composition and erosion resistance. Samples 
prepared with varying proportions of clay, recycled aggregates, and water exhibited distinct behaviours under particle impact.

In Fig. 4, the angular coefficients of the best correlation lines between the experimental points obtained from the erosion cycles 

Table 2 
Mixtures made with clay and recycled aggregates. The indicated proportions refer to the weight of the different components 
in the mixture.

Mixture type Clay Recycled Aggregate Water

M1 4 4 2
M2 3 5 2
M3 2 6 2

Fig. 1. Flowchart of the different experimental steps.
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represent the speed of the degradation process of individual systems (erosion rate: ER). The greater the absolute value, the higher the 
ER (Table 3). Thus, these values can be used as a basis for comparison to describe the phenomenon.

Samples with a higher clay content, such as M1, proved to be more resistant to erosion than those with a higher recycled aggregates 
content, such as M3 (Fig. 4). This behaviour is attributable to the plastic nature of clay, which absorbs impact energy through per
manent deformation rather than breaking. The smooth and homogenous surface of the samples M1, achieved through the clay’s ability 
to create a compact matrix, also reduces the exposure of recycled aggregates grains and limits the impact points of erosive particles. In 
the series with a higher recycled aggregates content, erosion is primarily attributed to the disintegration of the matrix, which com
promises the system’s cohesion, despite the higher intrinsic hardness of the exposed mineralogical species. This is consistent with the 
findings of other authors on similar materials subjected to different erosion tests [51].

Samples with a higher recycled aggregates content exhibit a more irregular surface, where exposed grains serve as weak points 
(Fig. 5). Under impact, micro-cracks form at the points of contact with the matrix. The inherent brittleness of recycled aggregates 
promotes grain fragmentation and detachment, leading to an increased loss of material. The type of erosion observed is attributable to 
localized particle impacts, with compressive, shear and tensile stresses acting simultaneously. In samples with more clay, a plastic 

Fig. 2. Particle size distribution of clay and recycled aggregates.

Fig. 3. Surfaces of samples M1 (a), M2 (b), and M3 (c).

Fig. 4. Weight loss measured on samples M1 (◊), M2 (△), and M3 (○) during erosion cycles.

M. Cappai and G. Pia                                                                                                                                                                                                 Journal of Building Engineering 108 (2025) 112867 

5 



response prevails, while brittle fracturing predominates in samples with more recycled aggregates. These findings are consistent with 
previous studies, particularly with Atzeni et al. [51], where similar earth-based systems showed that increasing sand content in the 
mixture leads to higher surface erosion due to reduced interparticle cohesion.

These results confirm that increasing the clay fraction improves erosion resistance, both due to the inherent mechanical properties 
of the material and the protective effect of the smooth and uniform surface.

3.3. M1 samples subjected to thermal and bio-based polymer treatments

The results obtained from erosion tests conducted on the different mixtures guided the selection of the sample composition for 
studying the effects of surface treatment. Considering the higher erosion resistance of the M1 samples, this mixture was chosen for the 
study of surface stabilization treatments. To perform different treatments, samples from the M1 series have been divided into two 
groups: group A, treated for 10 min; and group B, treated for 60 min. The new acronyms have been designed to explicitly include the 
treatment temperature (consequently, a sample originally belonging to the M1 series and treated for 10 min at 600 ◦C has been 
henceforth referred to as A600).

Fig. 6 was developed to qualitatively illustrate the colour variations resulting from thermal treatments. All treated sample series 
exhibited evident qualitative changes in both colour (Fig. 6) and weight (Table 4). Heat-treated samples displayed a colour shift from 
brown to orange, with the change occurring more rapidly in the series treated for 60 min (Fig. 6f–j). This observation suggests that 
treatment duration significantly influences the properties of the systems. Samples treated with bio-based polymers demonstrated slight 
colour saturation and the development of a mildly glossy surface (Fig. 6k and l).

The thermally treated series showed a weight reduction, with treatments extending to 60 min resulting in a more pronounced 
weight decrease compared to samples treated for only 10 min (Table 4). In contrast, the application of bio-based polymers led to an 
average weight increase of approximately 1.54 % ± 0.5 for the samples treated with polymer S and 1.57 % ± 0.6 for those treated with 
polymer D (Table 4).

The mineralogical variations induced by heat treatment have been studied on the powdered raw materials using X-ray diffraction 
(XRD). Given the temperatures used in the experiment and the mineralogical composition of the raw materials, the most significant 
transformations have been observed in the clay minerals present in the samples.

In the case of clay, increasing temperature has led to a progressive reduction in the intensity of low-angle peaks associated with 
mixed phases such as illite/montmorillonite and interstratified illite/chlorite. Fig. 7a shows the XRD patterns of the untreated sample 
and those thermally treated at 300 ◦C and 600 ◦C. A comparison of Fig. 7a and b highlights that the intensity of the peaks at 300 ◦C for 
samples treated for 10 min has been higher than that observed for powders thermally treated for 60 min. This indicates that heat 
treatment time has significantly influenced the extent of mineralogical transformations, particularly dehydration process, which have 
been highly time-dependent at these temperatures. At 600 ◦C, the intensity of the low-angle peak has almost completely disappeared, 
while the peaks associated with kaolinite have been entirely eliminated due to the collapse of the kaolinite lattice, which occurs at 
approximately 500 ◦C [77,78]. This behaviour is consistent in samples subjected to heat treatment for both 10 and 60 min. This 
suggests that at temperatures between 500 ◦C and 600 ◦C, even short heat treatment durations (10 min) have been sufficient to induce 
substantial structural changes in the lattices of clay minerals.

In contrast, the XRD patterns of recycled aggregates (Fig. 7c and d) have shown only the disappearance of kaolinite peaks, as this 

Table 3 
ER (kg/m2⋅min) for the different mixture.

Sample series ER (− 1⋅10− 3 kg/m2⋅min)

M1 2.1
M2 3.6
M3 9.3

Fig. 5. Samples M1 (a), M2 (b), and M3 (c) after completing the erosion cycles.
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Fig. 6. Surfaces of the samples subjected to superficial stabilization: A200 (a); A300 (b); A400 (c); A500 (d); A600 (e); B200 (f); B300 (g); B400 (h); 
B500 (i); B600 (j); M1_S (k); M1_D (l).

Table 4 
Weight variations of M1 samples subjected to surface treatments.

Samples Temperature (◦C) Treatment time (min) Weight variation after treatment (%)

A200 200 10 0.66 ± 0.05
A300 300 10 1.73 ± 0.09
A400 400 10 2.74 ± 0.1
A500 500 10 3.5 ± 0.06
A600 600 10 4.62 ± 0.11
B200 200 60 0.86 ± 0.05
B300 300 60 2.14 ± 0.09
B400 400 60 3.87 ± 0.1
B500 500 60 4.9 ± 0.06
B600 600 60 5.68 ± 0.11
M1_S – – 1.54 ± 0.5
M1_D – – 1.57 ± 0.6
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material does not contain swelling clay minerals, unlike clay.

3.4. Erosion resistance of M1 treated samples

The results obtained on the surface-treated samples subjected to erosion tests are shown in Fig. 8.
Samples subjected to heat treatment for only 10 min (Fig. 8 a) exhibit a progressive weight loss as the temperature increases. In 

particular, those treated at 200 ◦C showed behaviour very similar to that of untreated samples. This effect can be attributed to the fact 
that, at 200 ◦C and for such a short duration, structural changes in the material matrix are limited. The clay matrix, therefore, retains 
the cohesion and plasticity typical of untreated material, the extent of the treatment is insufficient to induce a significant change, and 
the sample behaves as if it had not been treated.

The increase in the ER (Fig. 9, in blue) with rising temperature is moderate and occurs up to 400 ◦C. At 500 ◦C, however, a trend 
reversal is observed, with an increase in erosion resistance compared to samples treated at lower temperatures. Nevertheless, samples 
treated at 500 ◦C do not show any improvement compared to untreated ones. A marked decrease in erosion susceptibility is observed 
only for samples subjected to heat treatment at 600 ◦C (A600), where the XRD patterns no longer show the peaks associated with mixed 
illite/montmorillonite, illite/interstratified chlorite, and kaolinite layers (Fig. 7).

Samples subjected to heat treatment for 60 min (Fig. 8 b) show a more pronounced weight loss after erosion, leading to a higher ER 
compared to those treated for only 10 min (Fig. 9, in red). This increased weight loss is particularly evident up to a temperature of 
400 ◦C. However, at treatment temperatures of 500 ◦C and 600 ◦C, the erosion susceptibility of the samples decreases significantly, 
becoming even lower than that of untreated samples.

Fig. 7. XRD patterns of clay and recycled aggregates powders subjected to heat treatment. Clay thermally treated for 10 min (a) and 60 min (b). 
Recycled aggregates thermally treated for 10 min (c) and 60 min (d). Untreated sample (black); sample treated at 300 ◦C (red); sample treated at 
600 ◦C (blue).
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This phenomenon can be attributed to the fact that, up to 400 ◦C, dehydration weakens the cohesion of the matrix, making the 
material more fragile and susceptible to impacts. This effect is more pronounced in samples treated for 60 min, as deeper dehydration 
involves the water in the innermost parts of the samples. This behaviour is further supported by the weight loss observed in the 
thermally treated samples (Table 4), which highlights higher weight loss percentages in the samples treated for 60 min.

At temperatures above 400 ◦C, the dehydration process is accompanied by dihydroxylation [79]. This phenomenon is also observed 
in the samples treated at 500 ◦C for 10 min, which, however, show only a slight improvement compared to the samples treated at 
400 ◦C, 300 ◦C, and 200 ◦C, due to the short duration of the treatment, without surpassing the performance of untreated samples. In 
these cases, the dehydroxylation processes are less developed, explaining the lower resistance compared to samples subjected to a 
60-min treatment at the same temperature.

Furthermore, from Fig. 9, it can be observed that the ER of the samples treated at temperatures below 400 ◦C show significant 
differences between the two treatment durations. However, starting from 500 ◦C, the values become closer and show a high degree of 

Fig. 8. Weight loss during the erosion cycles of A samples (treated for 10 min) (a), B samples (treated for 60 min) (b), and M1 samples treated with 
bio-based polymers (c).

Fig. 9. ER of heat-treated samples at different temperatures: 10 min (⋄) and 60 min (○).
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similarity, particularly at 600 ◦C, where they reach 1.1⋅10− 3 kg m− 2⋅min− 1 and 0.9⋅10− 3 kg m− 2⋅min− 1 for treatment durations of 10 
and 60 min, respectively. This is further confirmed by the similarity of the XRD patterns at 600 ◦C for the 10 and 60 min treatments, 
where no evidence of the low-angle peaks associated with clay minerals is observed.

The temperature and duration of the heat treatment significantly influence erosion resistance. Longer treatment times amplify both 
the negative effects of dehydration (at temperatures below 400 ◦C) and the positive effects of dehydroxylation (at temperatures above 
500 ◦C). Specifically, at 600 ◦C, the treatment duration becomes less influential, as the sets of samples treated at this temperature 
exhibit similar ER.

Samples treated with bio-based polymers exhibit significant resistance to erosion, particularly during the first four cycles (Fig. 8 c). 
However, after this initial phase, microcracks begin to form, especially in areas where the penetration of polymer is more difficult for 
surface irregularity. These microcracks progressively lead to more intense and localized erosion as the cycles continue, resulting in a 
change in the slope of the erosion trend and a corresponding increase in the ER. Specifically, the ER increases from 0.08⋅10− 3 kg 
m− 2⋅min− 1 to 0.6⋅10− 3 kg m− 2⋅min− 1 for polymer S after the third cycle and from 0.2⋅10− 3 kg m− 2⋅min− 1 to 1⋅10− 3 kg m− 2⋅min− 1 for 
polymer D after the fourth cycle, reaching values comparable to those of samples thermally treated at 600 ◦C. In areas where the 
polymer film is damaged, the surface degrades similarly to untreated samples, with the exposed area increasing with each cycle, as 
visually shown in Fig. 10k and l. While the polymer coating is effective at protecting the surface from erosion initially, even a single 
weak point can significantly accelerate the erosion process, ultimately compromising the protective effect due to the limited pene
tration depth of this treatment. By comparing Fig. 10a–j with Fig. 6a–j, it is evident that thermal treatment provides uniform pro
tection, even in the subsurface layers. The colour, indicative of dehydration and dehydroxylation processes, does not change beneath 
the eroded surface, suggesting good penetration of the treatment. This effect can be estimated to reach at least 3 mm in depth, 
considering the 6 mm thickness of the sample exposed on both sides to the treatment temperatures.

Fig. 10. Surfaces of the samples subjected to superficial stabilization after the erosion cycles: A200 (a); A300 (b); A400 (c); A500 (d); A600 (e); 
B200 (f); B300 (g); B400 (h); B500_60 (i); B600 (j); M1_S (k); M1_D (l).
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3.5. Water resistance and wet-dry cycles on M1 treated samples

Regarding water resistance, the C1_442 samples, surface-stabilized, were subjected to a total imbibition test for a duration of 360 
min at room temperature. The results for water resistance time (WRT) and the volume of voids accessible to water (PH2O) are presented 
in Table 5.

In untreated samples, the loss of cohesion occurred immediately, leading to the complete disintegration of the samples within the 
first minute of immersion. In contrast, samples A200, A300, B200, and B300 exhibited slightly longer cohesion times, resisting for 3, 5, 
6, and 15 min, respectively. However, the disintegration mechanism was similar to that of untreated samples, with grain detachment 
caused by the loss of cohesion between particles. This made it impossible to measure the final weight of the sample to determine the 
porosity accessible to water.

A different behaviour was observed in samples A400, which resisted imbibition for 20 min. These samples fractured due to the 
development of cracks and fissures, eventually undergoing fragmentation into multiple parts. Another observation for this series 
(A400) was a degree of plasticity detected in the material when the first cracks appeared. Similarly, samples B400 showed comparable 
behaviour but with significantly higher imbibition times, resisting for 220 min.

The increased resistance times during total immersion suggest that even at low temperatures and short durations, thermal treat
ments induce slight but measurable changes in grain cohesion and resistance to disintegration caused by prolonged exposure to water. 
For samples treated at 500 ◦C and 600 ◦C, both for 10 and 60 min, no cracking or grain decohesion was observed during the 6-h 
imbibition test, indicating significantly higher stability compared to treatments at lower temperatures.

The water-accessible porosity (PH2O) was evaluated for samples treated at 400 ◦C, 500 ◦C, and 600 ◦C. The results, presented in 
Table 5, show that porosity remained largely unchanged across these temperatures and treatment durations by varying between about 
21 and 24 %. This behaviour suggests that within this temperature range and treatment durations, microstructural transformations are 
still in their early stages and not advanced enough to produce substantial changes in the material’s porous structure. Thermal 
treatments are known to induce contraction of the clay lattice; however, at these temperatures and durations, such contraction is 
minimal and insufficient to cause significant modifications to water-accessible porosity. The consistent PH2O values therefore indicate a 
relative stability of the porous structure within this temperature range and treatment conditions. In conclusion, the stability of water- 
accessible porosity in samples treated at 400 ◦C, 500 ◦C, and 600 ◦C reflects the limited extent of heat-induced microstructural changes 
under these conditions. To observe significant variations in porosity, higher temperatures or longer treatment durations would be 
required.

The samples treated with bio-based polymers S and D exhibited similar behaviour in terms of breaking and disintegration modes, 
but with a significant difference in water stability. Specifically, the samples treated with bio-based polymer S demonstrated nearly 
double the water resistance compared to those treated with bio-based polymer D, with resistance times of 140 min and 80 min, 
respectively. As observed in the case of erosion, the areas where the polymer film showed less penetration acted as weak points. In 
these locations, water was able to penetrate the sample, leading to progressive saturation through a slow absorption process. During 
the initial stages of imbibition, stains were observed at various points on the surface, indicating the low penetration of the polymer film 
coating in some points (Fig. 11 a and d).

In the stages preceding the disintegration of the sample, the polymer film enveloped the grains like a wrapping (Fig. 11 c), causing 
the material to lose its structural integrity. However, as the process continued, the film began to disintegrate at the edges. This led to 
the progressive detachment of the surface film (Fig. 11 f) and ultimately to the complete disintegration of the sample.

This behaviour highlights the importance of the continuity and integrity of the polymer film in protecting materials. The difficulty 
in ensuring a uniform application of the bio-based polymer, particularly in the presence of protruding grains, presents a significant 
challenge in enhancing the effectiveness of the treatment, both in terms of erosion resistance and water stability.

The wet-dry cycles have confirmed the findings observed during total water imbibition tests. Samples heat treated at 200 ◦C and 
300 ◦C, for both tested durations, failed to complete the first 20-min imbibition cycle, disintegrating within the previously reported 
timeframes. Samples A400 exhibited minor cracks and slight plasticity at the end of the first imbibition cycle. Subsequent heating at 
160 ◦C caused 80 % of the tested samples to fragment into multiple pieces upon re-immersion in water at the start of the second cycle. 
In contrast, samples from the B400 series successfully completed an average of 4 ± 1 cycles before fracturing. Samples from the A500 
series, despite completing the 6-h total imbibition test, failed to withstand the wet-dry cycles, breaking after 11 ± 2 cycles. Meanwhile, 
samples B500, A600, and B600 successfully completed 40 cycles without any weight variation, demonstrating excellent water 
resistance and durability under repeated wet-dry conditions and associated thermohygrometric stress.

The series of samples treated with bio-based polymers completed 1 cycle (M1_S) and 4 cycles (M1_D), respectively. In both cases, 
surface staining was observed during the first imbibition cycle, indicating that in some areas the polymer coating lost continuity due to 
slight surface roughness. These stains increased in number following oven heating at 160 ◦C, attributed to the decomposition of the 
polymer. The samples subsequently lost their structural integrity, ultimately fracturing due to peeling of the coating.

4. Conclusions

In this work, a procedure was proposed for the stabilization of sustainable earth-based materials (systems M1, M2, M3) through 
low-temperature thermal treatments (200–600 ◦C) and different exposure times (10 and 60 min), in comparison with systems treated 
with biopolymers (S and D). Stabilization was verified in terms of surface erosion resistance and through wet–dry cycles. 
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1. Erosion resistance. For the evaluation of the erosion rate, an original technique was used based on the Spex Mixer/Mill, which is 
widely employed in other fields such as mechanochemistry for powder grinding and the mechanical activation of chemical re
actions. The jar, containing an erodent, was set in motion by the mill’s mechanism and modified so that one of its closing surfaces 
was replaced with the sample to be tested. The test lasted 5 min and was cyclically repeated 12 times, measuring the weight loss at 
each step. At the end of the erosion tests, mixture M1, with a higher clay content, showed superior erosion resistance due to plastic 
deformation of the matrix and a smoother surface structure and was thus selected for stabilization.

2. Effects of thermal treatments. Up to 400 ◦C, partial dehydration weakens cohesion, increasing erosion susceptibility, particularly in 
systems treated for 60 min. At 500–600 ◦C, clay dehydroxylation leads to an improvement in erosion rate and water stability. In 
particular, samples treated at 600 ◦C for both exposure times reached erosion rate values of approximately 1⋅10− 3 kg m− 2⋅min− 1, 
lower than those of untreated samples and those treated at lower temperatures, and successfully completed 40 wet–dry cycles 
without weight variations, demonstrating the potential for shorter processing times at higher temperatures. Water resistance under 
total absorption conditions varied depending on the thermal treatment temperature and duration.

3. Performance of bio-based polymers. Treatments with the biopolymers used to obtain systems S and D provided excellent initial 
protection against erosion (low ER) but led to the formation of microcracks and subsequent localized degradation which, after 
about the fourth cycle, resulted in erosion rate values comparable to those of systems treated at the highest temperatures. 

Table 5 
WRT and PH2O of stabilized samples.

Sample WRT (min) PH2O (%)

M1 1 ± 0.25 –
A200 3 ± 0.12 –
A300 5 ± 1.2 –
A400 20 ± 1.2 22.83
A500 360 22.02
A600 360 22.76
B200 6 ± 1 –
B300 15 ± 2.6 –
B400 220 ± 6.3 23.54
B500 360 21.83
B600 360 23.79
M1_S 140 ± 4.3 –
M1_D 80 ± 6.1 –

Fig. 11. Sample M1_S after 1 min (a), 18 min (b) and 135 min (c) of absorption test; Sample M1_D after 1 min (a), 11 min (b) and 80 min (c) of 
absorption test.
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Resistance to wet–dry cycles was considerably lower (S: 1 cycle; D: 4 cycles). Water resistance in terms of total absorption was 
significantly improved, but the continuity of the polymer film proved essential for ensuring the durability of the sample.

These results highlight how low-temperature thermal treatments with short exposure times represent a potential alternative to 
conventional binders (lime, cement) in specific applications (small-scale buildings, architectural elements with moderate durability, 
etc.), allowing for the development of materials with adequate mechanical and hygrometric performance without the need to intro
duce non-recyclable organic components. The use of recycled aggregates from previous demolitions promotes sustainability by 
reducing embodied emissions and the environmental impact associated with quarrying raw materials.

In the future, it will be necessary to quantify the overall footprint of the selected treatments through a life cycle assessment (LCA), 
with reference to the benefits in terms of strength, durability, and reversibility of the intervention.
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