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RESUME Interest in using earth and bio-based materials for eco-friendly construction is
increasing, with rammed earth (RE) and hemp concrete (HC) attracting considerable attention.
While RE offers strong structural benefits, its insulation properties, especially in colder weather,
are often insufficient. To address this, a hybrid double-layer wall is proposed, using RE as the
core load-bearing layer and HC as the external insulation. The low density and porous structure
of HC help limit heat transfer, improving energy efficiency. However, to ensure the feasibility
and performance of this combination, a detailed assessment of the physical and mechanical
properties of each material individually is necessary before their integration. Therefore, this
study examines their fundamental characteristics and employs the Digital Image Correlation
(DIC) technique to capture full-field displacement and strain, offering detailed insights into the
materials behaviour. Understanding these aspects will guide the optimized design of the hybrid
wall system, ultimately improving the overall performance of rammed earth constructions,
while maintaining their environmental and structural advantages.

Mots-clefs rammed earth, hemp concrete, mechanical characterisation, DIC, hybrid insulation
solution

I. Introduction

Earth materials have been used in construction for millennia, providing a sustainable and durable
building solution. Among these, rammed earth (RE) construction is a traditional technique valued
for its environmental benefits, offering high thermal mass, which enhances energy efficiency and
indoor thermal comfort (Beckett, 2012; Maniatidis and Walker, 2003). Additionally, RE structures
are durable, fire-resistant, and aesthetically appealing, seamlessly blending with their
surroundings. Despite its labour-intensive process and need for skilled craftsmanship, RE
construction is experiencing renewed interest due to its potential for sustainable and resilient
building applications.

However, RE generally exhibits low mechanical resistance under uniaxial compression and
direct tension (Maniatidis and Walker, 2003), and also lacks sufficient insulation — particularly in
cold climates — necessitating the integration of insulation layers to meet modern thermal
regulations. When adding insulation to RE wall, one of the main concerns is moisture-related
damage. This can result from condensation within the wall, trapped water vapor due to the use of
too-closed insulating materials, or the ingress of liquid water from external sources or capillary
rise (Ple et al., 2024). If not properly managed, excessive water accumulation in rammed earth
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material can lead to a deterioration in its mechanical resistance (Chauhan et al., 2019; Heitz et al.,
2015; Morel et al.,, 2021) and can cause the material to fail. Insulation design must therefore
guarantee a balanced water state to avoid any structural failure.

In rehabilitation projects and occupied buildings, external insulation is often the preferred
solution, as it improves winter comfort while preserving the thermal mass properties of RE.
Previous studies have demonstrated the effectiveness of external insulation, reporting acceptable
indoor temperatures during winter and summer (Cheikhi et al., 2020; Serrano et al., 2016;
Soebarto, 2009). While conventional insulation materials provide high thermal efficiency, their
manufacturing processes are energy-intensive and environmentally taxing (Cetiner and Shea,
2018; Dickson and Pavia, 2021). Consequently, bio-based materials are gaining interest as
sustainable alternatives, requiring less energy for production, emitting fewer greenhouse gases,
and offering hygroscopic properties that improve indoor air quality by regulating humidity and
temperature (Antunes et al., 2019; Cosentino et al., 2023; Lafond and Blanchet, 2020).

Among bio-based materials, plant-based concrete (also known as vegetal concrete) has
emerged as a promising alternative, incorporating bio-aggregates into the mineral binders. These
materials not only reduce embodied energy but also act as carbon sequestration agents, capturing
and storing CO, throughout their lifecycle (Pittau et al., 2019). Projections indicate that bio-based
construction materials could contribute to a 27% reduction in carbon emissions by 2050. In
addition to their environmental benefits, plant-based aggregates have shown potential in
enhancing mechanical performance, including improvements in compressive and tensile strength
(Koutous and Hilali, 2021; Laborel-Preneron, 2017; Li et al., 2006; Zhou et al., 2017). However, this
effect remains under debate, as some bio-aggregates may compromise compressive strength. For
example, hemp shives, derived from hemp plant stems, are among the most widely used bio-
aggregates in Europe (Amziane et al., 2017). When combined with clay, lime, or cement-based
binders, vegetal concrete can be tailored to achieve various densities, making it suitable for
applications ranging from lightweight insulation to structural reinforcement (Arufe et al., 2021).

Building on this context, the present study explores the behaviour of rammed earth and
hemp concrete materials in the purpose of developing a hybrid system that enhances thermal
insulation while maintaining structural integrity. To achieve this, the paper presents an individual
characterization of each material, integrating 2D Digital Image Correlation (DIC) technique to
assess deformation behaviour under loading conditions. The findings aim to support the
implementation of RE-HC hybrid walls in double-layered panel systems, contributing to the
advancement of sustainable construction practices highlighting the risks and challenges.

II. Materials and Methods

A. Materials
1. Soil
Not all soils are suitable for rammed earth construction, as the optimal soils are typically found in

regions with long-standing rammed earth buildings that have demonstrated their durability over
centuries (Soudani, 2016). The Auvergne-Rhone-Alpes (AURA) region in southeast France is a
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prime example, notable for its rich heritage of historical rammed earth structures, many of which
require renovation, alongside a growing number of modern rammed earth constructions. Given
this context, the soil used in this study was sourced from Oytier village, located in the Isere
department within the AURA region. The selection of this soil sample aims to reflect the local
geotechnical characteristics while supporting both the preservation and development of rammed
earth architecture in the region. Historically, inhabitants of this area have recognized the soil’s
suitability and its perfect adaption to rammed earth constructions (Zawistowski et al., 2020).

To assess its suitability, geotechnical characterization was performed, including particle size
distribution (PSD) following (NF P94-057, 1992) and Atterberg limits (liquid limit (LL), plastic
limit (PL) and plasticity index (PI)), determination according to (NF EN ISO 17892-12, 2018). The
characterization results, including grain fractions categorized based on particle diameter as
defined by Maniatidis and Walker, 2003, are summarized in Table 1. Additionally, Erreur ! Source
du renvoi introuvable. presents the PSD curve, illustrating the cumulative passing percentages as
a function of particle size.

Several recommendations exist for evaluating soil suitability for rammed earth construction.
Among them, (Walker et al., 2005), as also reviewed by (Ciancio and Jaquin, 2011), provide
guidelines that define the range of the grain size, as referenced in Table 1, to assess the
compatibility of the soil for rammed earth applications.

Table 1. Grain size fractions and Atterberg limits

Reference Gravel [%] | Sand [%] Silt [%] Clay [%] | LL[%] | PL[%] | PI[%]
This work 45.3 26.9 14.4 134 30.4 16.9 13.5
(Walker et al., 2005) Sand+ Gravel: 45 — 80 10-30 5-20 /-45 / 2-30
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Figure 1. Particle size distribution curve

2. Bio-aggregates
The bio-aggregates used in this study are hemp shives (KANABAT), sourced from industrial
hemp (Cannabis sativa) and supplied by “La Chanviere”. According to the supplier, the hemp
shiv particles range in size from 5 to 20 mm in length and 1 to 10 mm in width. Their composition
is typically 52% cellulose, 9% hemicellulose, 18% lignin, 20% soluble, and 1% mineral matter.
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The physical characterization of the hemp shives was conducted following the
recommendations of the RILEM Technical Committee 236-BBM on bio-based materials (Amziane
et al., 2017). As per these guidelines, the aggregates were dried at 60°C prior to testing until a
constant mass was achieved, with a mass variation remaining below 0.1% over 24 hours.

e Bulk density:

The hemp shiv sample was placed in a cylindrical container measuring of 10 cm in diameter and
15 cm in height!, with a material quantity adjusted to occupy half the volume of the container. The
cylinder was then upending ten times. The volume was marked by a cardboard and measured
with water. The test was repeated 3 times.
¢ Initial water content and water absorption rate:

The initial water content (W) of the hemp shives was determined using the equation: Wo = (Mo —
Mb)/ Mb = 100, where M, represents the initial mass of the aggregates (g), and Mb is the mass of
the dry aggregates (g).

To assess water absorption, three dried samples of 25g each were placed in synthetic
permeable bags and immersed in water. The mass gain was measured at 1 min, 15 min, 4 h, and
48 h. After each immersion period, the bags were placed in a salad spinner and wrung at 2
rotations per second for 60 seconds to remove superficial water. The water absorption capacity
(W(t)) in % by weight was then calculated using the equation: W(t) = M(t) - MD / MD x 100,
where M(t) is the mass of wet aggregates after each immersion time (g). Two other parameters are
calculated being the initial rate of absorption (IRA) and K that is associated with the rate of water
diffusion within the hemp shiv cells and is closely linked to its intrinsic porosity based on the
equation: W (t) = IRA + K1 x In(t) (Bourdot et al., 2019).

The results, presented in Table 2, represent mean values obtained from three different
samples, with a coefficient of variation (CV%) below 5%.

Table 2. Physical properties of the hemp shives.

Initial water content [%] | Bulk density [kg/m3] | Water absorption
Average CV% Average CV% IRA % Ku
11.6 1.025 88.8 2.84 146.53 19.037
3. Binders

Two mineral binders were used in this study: commercial lime (Tradical PF 70) and low-alkaline
sulfoaluminate cement (CSA).

e Tradical PF 70 consists of 75% non-hydraulic lime (common lime), 15% hydraulic lime,
and 10% pozzolan. The hydraulic lime and pozzolan contribute to the activation of
carbonation, enhancing mechanical strength within a few days (Nguyen et al., 2009).

e CSA cement is composed of 81% clinker and 19% anhydrite, as reported in details by
(Bardouh et al., 2024b)

' A container with a height at least twice its diameter is recommended, as suggested by (Amziane et al., 2017)
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B. Mixing design and sample preparation
1. Rammed Earth (RE)

To simulate the compaction effort typically achieved through pneumatic placement in RE
construction, a Proctor test was performed (NF P94-093, 2014). This test determines the optimum
moisture content corresponding to the maximum dry density of the soil.

In collaboration with LOCIE Laboratory at “Université Savoie Mont-Blanc”, this step was carried
out by our partners, who recommended moisture content of approximately 11% for preparing the
rammed earth specimens.

Three Cubic samples (15 x 15 x 15 cm?) were fabricated, by compacting the wet soil in layers
using a pneumatic rammer. First, an initial 10-11 cm layer was poured into the formwork and
compacted at a pressure range of 6 — 6.5 bars, reducing its thickness to 5-6 cm. This process was
repeated layer by layer until reaching the final volume (overall ~3 layers). The samples were then
stored in a controlled environment around 20°C and 50% RH for eight weeks to allow mass
stabilization prior to testing. Mass measurements were recorded weekly throughout this period.
2. Hemp Concrete (HC)
Similarly, cubic hemp concrete specimens (15 x 15 x 15 cm?®) were prepared using a
binder:aggregate:water ratio of 1:0.5:1. Three HC specimens of each binder type, namely hemp-
lime (HTrad) and hemp-cement (HCSA) concrete, were prepared and stored under controlled
environmental conditions (20 = 2°C, 50 + 2% RH) for 5 to 6 months before testing. However, a 2-
month period was sufficient to monitor the drying kinetics, with measurements taken once per
week. Once the mass loss stabilized below 0.1%, the material was considered fully air-dried, and
the corresponding drying time was recorded.
Table 2 presents the densities of the materials, categorized as follows:

e Initial density: The density measured immediately after de-molding.

e Stabilized density: The density at which the samples reached a constant weight after the

drying period.
¢ Dry density: The density of specimens after oven-drying at 60°C over 48 hours, measured

before testing.

o W:[%]: Water content after equilibrium (by weight).

Table 3. Density values of rammed earth and hemp concrete specimens tested in this work

] Initial densit Stabilized Dry densit

Samples Mixture ke/m?] y density [ke/m’] [klg;mﬂ ¥ Wt [%]

RE2 2026.3 1904.7 1856.4 2.6

RE3 ., 2187.9 2014.9 1975.8 1.9

RE4 Oytier's raw earth 22483 2066.0 1985.9 4
Average 2167.2 £84 1995.2 +67 1939.4 £58 2.8 +0.8
HCSA-1 518.5 376.3 340.2 10.6
HCSA-4 Hemp shives + 592.6 387.2 372.5 3.9
HCSA-5 CSA 592.6 3915 384.9 1.7
Average 567.9 £34.9 376.3 £18.5 365.9 +18.8 5.4 +3.7
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HTrad-1 526.9 434.1 398.9 8.8
HTrad-2 Hemp shives + 518.5 415.7 383.9 8.3
HTrad-3 Tradical PF 70 548.2 424.3 388.8 9.1
Average 543.2 +18.5 424.7+7.5 390.5 +6.2 8.7 0.3

3. RE-HC Composite

In practice, a hemp concrete insulation panel —whether in dry-state (prefabricated panels) or wet
state—will be externally applied to rammed earth, considering both renovation and new
construction scenarios (Figure 2 (a)). Accordingly, several configurations need to be considered
when combing the two materials.

This paper presents exclusively one configuration, in which both materials are used in wet state. It
details the fabrication process, along with initial observations and challenges. This approach
replicates the conditions of new construction, allowing the direct bonding between the materials.

Following the same mixing design and fabrication techniques described earlier, a 10 x 15x 20 cm?
panels, for both RE and HC, were designed for the push-out test (Erreur! Source du renvoi
introuvable. (b)). The primary objective was to assess the mechanical performance of a double-
layered RE-HC wall, specifically by evaluating the shear strength at the RE-HC interface.

(@)

20 cm

Figure 2. (a) Schematic representation of the double-layered assembly, (b) Push-out schematic low-
scaled laboratory configuration and the tested sample

C. Test Setup
The compression tests were conducted using a Zwick Roell machine, with the load applied
perpendicular to the compaction direction of the layers. For HC, three cycles of loading and
unloading were applied between 1% and 3% deformation, with 1% increments per cycle, at
loading and unloading velocities of 3 mm/min and 6 mm/min, respectively. Similarly, for rammed
earth, three cycles were performed between 3 mm and 6 mm displacement, with 1.5 mm
increments per cycle, maintaining the same loading and unloading velocities. The compression
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test setup, in combination with the DIC technique, is illustrated in Erreur! Source du renvoi
introuvable. (a).

Figure 3. (a) Compression test setup and (b) the basic principle of subset-based DIC method (Pan et
al., 2009)

A 2D Digital Image Correlation (DIC) technique was employed to analyse the displacement and
deformation fields of the tested specimens. A PCO 2000 digital camera, equipped with a 2048 x
2048-pixel CCD sensor, was positioned in front of the specimen. Image acquisition was carried
out using Camware64 software, capturing 1 image per second throughout the test duration.

Before processing the images, two key DIC parameters were defined: the subset size and step
size, both set to 10 pixels. The fundamental principle of DIC involves tracking identical image
points across sequential digital images of the specimen’s surface, recorded before and after
deformation (Erreur! Source du renvoi introuvable. (b)). For a detailed explanation of the
methodology, the procedure is comprehensively described by (Bardouh et al., 2024b).

D. Thermal conductivity
Thermal conductivity measurements were conducted on oven-dried samples using the hot-wire
probe method, operated by NEOTIM. The hot-wire probe was positioned between two samples,
ensuring optimal contact to minimize air gaps, which could affect measurement accuracy.

The device is capable of measuring thermal conductivity values ranging from 0.02 to 5
W-m-K™, with an accuracy of +5% and a reproducibility of +3%. Further details on the procedure
can be found in (Benkhaled, 2020).

I11. Results and Discussion

A. Individual Characterization
Table 4 presents the average values of the investigated parameters, including dry density (odry),
thermal conductivity (A), compressive strength (oc), compressive strength at 1.5% strain (oc1.5%)
Young’s modulus (E), and peak strain (ep). The Young’s modulus was determined using the
floating modulus method, as described by (Niyigena et al., 2016). The peak strain (ep) represents
the deformation level at which the material reached its maximum stress.
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Table 4. Average values of the physical and mechanical properties of the tested specimens

Properties RE HCSA HTrad

Average | CV% | Average | CV % Average | CV%

Physical oary [kg/m3] | 1939.42 3.03 365.88 5.1 390.55 1.6

AWm1K1] | 1.283 6.3 0.056 - 0.06 1.38

Mechanical oc (MPa) 2.088 5.7 0.32 7.9 0.59 8.9
0c15% (MPa) 0.2 18.9 0.128 8.8 0.146 11.07

E (MPa) 97.92 24.9 20.94 32.48 28.57 27.6

&p (mm/mm) 0.069 49 0.097 12.83 0.139 6.8

The thermal conductivity of HCSA and HTrad was approximately 95% lower than that of
RE. This difference is primarily attributed to the denser structure of RE, resulting from the higher
compaction energy applied during fabrication. Among the hemp concrete formulations, HCSA
recorded the lowest thermal conductivity (0.056 W/m-K) and the lowest density (365.88 kg/m?),
reinforcing the well-established correlation between density and thermal conductivity, as
highlighted by (Avila et al., 2021).

In terms of mechanical behaviour, HCSA and HTrad exhibited higher peak strain values,
ranging between 8% and 12% for HCSA and between 12% and 15% for HTrad, whereas RE
reached peak strain values between 6% and 7% which are relatively higher than those reported in
the literature (values < 3%) (Avila et al., 2023; Koutous and Hilali, 2023; Maniatidis and Walker,
2008). To facilitate material comparisons and maintain a strain level relevant to practical
applications, a 1.5% strain threshold was adopted for compressive strength evaluation, following
the recommendations of (Cerezo, 2005) for hemp concrete, later applied by several researchers.

It is also worth noting that the coefficient of variation (CV) exceeding 10%, suggesting the
influence of several factors. In the case of rammed earth, variations may arise from uneven
compaction between layers, slight volume change due to high compaction pressure that caused
the framework to swell, and heterogeneous grain distribution within each compacted layer. For
hemp concrete, the variability could be linked to differences in mix preparation, as the samples
were fabricated in multiple batches, potentially leading to slight variations in the precision of the
associated ratio. Despite these disparities, RE exhibited the highest compressive strength (~2 MPa)
and Young’s modulus (~100 MPa), highlighting its high rigidity while its stress at 1.5% strain (~0.2
MPa) accounts for only 10% of its maximum strength. This implies that the material does not
develop significant strength at low strain levels, meaning it remains relatively unstressed until a
higher strain threshold is reached. Unlike Avila et al., 2023, where oc15% was around 70% of its
peak strength. In this case, it may be said that it is irrelevant to assess the oc15% of RE as it still has
a long way to go before reaching peak strength.

Among the HC formulations, HCSA reached the lower maximum compressive strength of
~0.32 MPa and a Young’s modulus of ~21 MP. At 1.5% strain, it shows approximately 40% of its
peak strength (~0.128 MPa), indicating a higher capacity for plastic deformation compared to RE.
A similar trend was observed for HIrad, exhibiting a compressive strength ~0.6 MPa and Young's
modulus ~30 MPa, outperforming HCSA in both strength and stiffness. At 1.5% strain, HIrad
shows around 26% of its peak strength, which is slightly lower in relative terms compared to
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HCSA. However, its higher absolute mechanical properties confirm its improved performance
compared to HCSA.
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Figure 4. Stress-strain curves of the studied specimens

Figure 4 presents the strain-stress curves of the tested specimens. As shown, the mechanical
behaviour of rammed earth exhibits a distinct two-phase response characterized by limited post-
peak ductility. The material fails abruptly once its peak load-bearing capacity is reached. In
contrasts, HC materials follows a three-phase mechanical response —quasi-elastic, elastoplastic,
and gentle softening phases, as described by (Bardouh et al., 2024a). Unlike rammed earth—
which transitions abruptly from an elastic phase, marked by very limited plastic deformation due
to microcracking and grain rearrangement, to sudden brittle failure—hemp concrete exhibits a
more gradual loss of strength, resulting in a plateau-like response after peak load.
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Figure 5. DIC outputs: (A) vertical full field displacement dy [mm] and (B) vertical strain gyy
considering that for (a) RE4 at 5% strain rate, (b) HCSA-5 and (c) HTrad-1 at 1.5% strain rate
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To further analyse the deformation behaviour of the materials, Figure 5 presents the vertical
full field displacements dy (A) and strains &y (B) distribution over the entire surface of three
selected specimens: (a) RE4, (b) HCSA-5, and (c) HIrad-1. For the RE sample, the presented fields
correspond to load at a strain rate of 5% and the hemp concrete samples corresponds to that of
1.5%.

Overall, the dy field for HSCA-5 and HTrad-1 exhibits a clear gradient, with the upper region
displaying the highest displacement and the least displacement at the bottom part (Figure 5 (A,
(b) and (c))). This suggests that the material deforms progressively from top to bottom, meaning
that the upper layers experience more vertical movement under compression. The displacement
distribution is relatively uniform for HTrad-1 and not HCSA-5, but the transition between regions
is more pronounced, suggesting a higher degree of flexibility in comparison to rammed earth,
where the behaviour of RE suggests that the material is undergoing homogeneous deformation,
with no clear signs of localized failure yet (Figure 5 (A, (a))). However, minor strain concentration
areas at the top indicate potential initiation of cracks (Figure 5 (B, (a))). The strain field appears
mostly homogeneous, with a clear horizontal banding effect, indicating layered compaction
behaviour from the fabrication process and the localized strain concentrations could be due to
pre-existing weak zones between layers, where deformation concentrates. No widespread failure
is observed, but the onset of cracking at these bands might indicate the beginning of structural
degradation.

In contrast, the strain distribution in hemp concrete samples is more diffuse in HTrad-1,
while in HCSA-5, the diffusion is less pronounced, with cracks appearing more distinctly at this
phase. This difference may be attributed to uneven compaction efforts applied to HCSA samples
during fabrication, which can lead to inconsistencies and localized stress concentrations. Both
samples exhibit less sharply defined strain bands than rammed earth, confirming their more
ductile behaviour (Figure 5 (B, (b) and (c)). And some localized strain concentrations are present
but spread more evenly across the sample. But, for HTrad-1 sample, more scattered high-strain
zones, suggesting slightly higher heterogeneity in deformation and that's depending on the
binder type. Generally, in hemp concrete, bio-aggregates move without significantly deforming,
with most of the strain concentrated within the binder matrix. As explained by (Amziane et al.,
2024), this behaviour is associated with the interfacial transition zone (ITZ), where deformation
occurs primarily in the binder surrounding the bio-aggregates, rather than the aggregates
themselves. Their study highlights that damage in hemp concrete is often localized at binder-
aggregate interfaces, leading to a diffuse failure mechanism across the material block, without
direct mechanical contribution from the plant-based phase.

B. Hybrid solution: challenges and risks

The selected solution for combing rammed earth with hemp concrete was HTrad due to its
better mechanical behaviour and sufficient thermal conductivity.

While preparing the RE-HC composite at the wet state we encountered significant
challenges, particularly during the demoulding process. A total of four samples were prepared in
this phase, each exhibiting distinct fabrication-related issues. Firstly, due to the fresh state of
hemp concrete, the material exhibited low early-age cohesion, making it highly fragile and prone
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to crumbling upon demoulding. To mitigate thus issue, the demoulding period was extended for
some samples by keeping the composite within the formwork for over two weeks, allowing the
HC panels to gain strength before demoulding. However, this led to a secondary issue—mould
growth, as observed in Figure 6 (a, b). The extended confinement resulted in moisture retention
and poor ventilation, creating favourable conditions for biological growth. This issue could be
linked to water capillarity issues arise or in extremely humid climates (Giuffrida et al., 2024).
Additionally, one of the samples demoulded immediately after fabrication exhibited detachment
of the hemp concrete panel from the rammed earth core (Figure 6(c)). This separation suggests
that the initial bond between RE and HC was weak, likely due to differential drying rates,
shrinkage of the HC, or insufficient mechanical interlocking at the interface.

; o (b 5
Figure 6. Issues encountered in the RE-HC configurations

As a result of these fabrication-related difficulties, only one of the prepared RE-HC
composite specimens was successfully tested under the push-out configuration. As a result, the
data obtained is not sufficient to be considered representative, and additional testing is required
to confirm the shear behavior at the interface. Nonetheless, this preliminary result indicates a
weak interfacial bond, suggesting that adhesion between the materials is limited in the current
configuration. To address this, future work will focus on reinforcing the interface—particularly
through the introduction of a binder layer—to enhance mechanical interlocking and improve
shear resistance.

IV. Conclusion

This study investigated the mechanical and thermal properties of rammed earth and hemp
concrete composites. Rammed earth exhibited high stiffness and strength but brittle failure,
whereas hemp concrete showed lower mechanical performance but superior thermal insulation
and ductility. Among the tested formulations, HTrad was selected as the optimal insulating layer,
offering a balance between mechanical compatibility and thermal efficiency.

The fabrication process revealed several challenges, particularly in the wet-state integration
of RE and HC. Issues such as early-age fragility of HC when demoulding, weak interface
bonding, and mould growth due to prolonged curing underscored the complexities of combining
these materials.

To overcome these challenges, optimized curing protocols, improved interface treatments,
and refined mix designs are essential. Future research should focus on broader testing methods,
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encompassing different scales to ensure the practical application and reliability of hybrid RE-HC
systems in sustainable construction.
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