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A B S T R A C T

This study investigates the high-value recycling of stone wool from construction and demolition waste into alkali-
activated lightweight insulation aggregates, designed for ground cover insulation. Various proportions of milled
and as-is stone wools are alkali-activated to produce aggregates. The aggregates demonstrate loose bulk densities
ranging from 720 to 850 kg m− 3 and dry thermal conductivity from 0.075 to 0.094 W m− 1⋅K− 1, with moderate
water sorption capacities. The fibre morphology of as-is stone wool influences rheology, introducing a greater
number of pores or defects, which results in a decrease in mechanical strength. Hydrothermal simulations reveal
that the floor assembly of the rehabilitated crawl space, partially filled with the fabricated aggregates, shows a
reduction in water content and an increase in floor surface temperature. This observation suggests potential
benefits for maintaining the structural integrity of buildings and enhancing occupant comfort.

1. Introduction

In accordance with the European Waste Framework Directive
(Directive, 2008), efforts to enhance the reuse, recycling and recovery of
non-hazardous construction and demolition waste (CDW) have been
mandated, with a target of achieving a minimum recycling rate of 70 %
by weight. The Netherlands currently recycles approximately 88% of
CDW (Conde et al., 2022). However, despite these high recycling rates,
the majority of recycled construction materials are downcycled or
repurposed for backfilling. Specifically, recycled materials from CDW
account for only about 8% of all construction materials used in new
buildings, with the remainder primarily downcycled in infrastructural
projects (Conde et al., 2022). This practice does not align with the ob-
jectives of the National Circular Economy Programme established by the
Dutch government to meet the growing demand for products and raw
materials (IenW, 2023).

One of the key areas within the circularity action plans is the
development of sustainable insulation materials. The goal is to adhere to
circular design principles, thereby minimizing the incineration and
landfilling of insulation materials at the end of their lifecycle. Insulation
materials make up a significant proportion of CDW, with approximately
8.8% and 8.6% being landfilled and incinerated, respectively (Conde
et al., 2022). Among these materials, stone and glass wool collectively
represent a significant share of the thermal insulation market in Europe,
accounting for approximately 58% of the volume in 2014 (Pavel and
Blagoeva, 2018). Furthermore, the projected volumes of mineral wool

waste in Europe exceed 2.5 million tonnes per year (Väntsi and Kärki,
2014). Therefore, high-value recycling of mineral wool is essential for
achieving circularity targets.

Mineral wool waste exhibits homogenous physical and chemical
properties compared to many other mineral wastes, making it a valuable
source of consistent secondary raw materials (Yliniemi et al., 2021). The
literature has explored various recycling approaches, including the use
of mineral wool waste as reinforcement in cement mortar, thereby
replacing conventional sand and aggregates (Ramírez et al., 2019;
Gebremariam et al., 2021). Additionally, lightweight aggregates pro-
duced from stone wool and glass wool through high-temperature sin-
tering have shown potential (López-García et al., 2022). Mineral wools
are pozzolanic, making them potential precursors for producing
alkali-activated materials (Mastali et al., 2021; Pavlin et al., 2021;
Kinnunen et al., 2016). However, the reutilization of mineral wool in
alkali-activated lightweight aggregates is currently limited, and their
performance as insulation material remains an area of ongoing research.
This limitation could be attributed to the fibrous and light-density na-
ture of mineral wool, which makes it challenging to process. Never-
theless, two studies on alkali-activating stone wool are worth
mentioning. In one study, waste stone wool from fine processing and
crushed final products were alkali-activated to create artificial aggre-
gates used in geopolymer mortar (Klima et al., 2023). Another study
focused on alkali-activating stone wool waste from greenhouses to
develop plant substrate materials (Oliveira et al., 2024). Both studies
demonstrate the potential for repurposing stone wool waste through
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alkali-activation and granulation.
This study investigates the potential fabrication and application of

lightweight aggregates derived from stone wool for crawl space reha-
bilitation in the Netherlands. Many residential properties built before
the 1970s in the Netherlands feature cavity walls and crawl spaces that
require retrofitting (RVO, 2020). Conventional methods, such as
spraying polyurethane (PUR) foam beneath the floor, are commonly
employed for crawl space rehabilitation (RVO, 2021). However, these
methods require sufficient crawl space height (above 35 cm) for access.
For crawl spaces with limited accessibility (less than 35 cm), alternative
strategies are necessary (Centraal, 2024). The lightweight aggregates
developed in this study could potentially be applied in such retrofitting
strategies, helping to mitigate ground moisture evaporation (Kurnitski,
2000) and improve occupant comfort and health (Vijay et al., 2019).

The primary objective of this study is to utilize stone wool as a
precursor for producing alkali-activated lightweight aggregates. These
aggregates are intended for use as ground cover insulation material in
crawl space rehabilitation projects. Stone wool will be milled and alkali-
activated to form aggregates, with unmilled stone wool included to
provide porous structures. The characteristics and performance of the
manufactured aggregates are investigated and utilized to simulate the
hygrothermal performance of rehabilitated crawl spaces under typical
Dutch climate conditions.

2. Material and methodology

2.1. Material and fabrication

In this study, commercially sourced stone wool, procured from
Rockwool B.V. (Germany), is used as the primary material, simulating
mineral wool waste free of significant impurities from other CDW. The
chemical composition of the stone wool is analysed using X-ray fluo-
rescence spectrometry (XRF) (PANalytical Epsilon 3) with a milled
sample, and its loss on ignition (LOI) is determined within the temper-
ature range of 105–1000 ◦C, as presented in Table 1. The length of stone
wool varies, with length-weighted diameters ranging between 2.4 and
5.3 μm (Nielsen et al., 2013). Sodium silicate solution (27.7% SiO2, 8.4%
Na2O and 63.9% H2O) and sodium hydroxide (NaOH) pellets are used as
the alkali activator.

The overall production procedure and specimen composition are
depicted in Fig. 1. Unmilled stone wool, characterized by a fibrous and
voluminous structure, exhibits low workability and strength when used
in its original form. The initially long stone wool fibres (Fig. 1a) undergo
milling to produce a powder (Fig. 1b) using a ball mill (Planetary Mill
Pulverisette 5). This milled stone wool serves as the solid precursor in
the alkali-activated binder for this study. Additionally, as-is stone wool
is incorporated into the mixture as a micro-fibre to enhance porosity and
thermal insulation. Five distinct weight ratios of milled and as-is stone
wool are prepared: 9.0, 6.1, 4.6, 3.5, and 2.8, denoted as M90, M86,

M82, M78 and M74 respectively (refer to Fig. 1c). The workability of the
paste deteriorates when the weight ratio decreases to 2.5 or lower. The
alkali activator is synthesized in advance by blending sodium silicate
solution, sodium hydroxide pellets, and additional water. The alkali
activator formulation is established with a modulus of 1.8 and Na2O
concentration of 8%, based on a previous fly ash-based geopolymer
formulation (Koh et al., 2024). The water-to-dry components ratio (dry
sodium silicate, sodium hydroxide, milled stone wool and as-is stone
wool) is set at 0.4. The mass ratio of liquid (alkali activator solution and
water) to precursor (milled stone wool) is fixed at 72%.

For the production process, milled stone wool and alkali activator
solution are combined in a mixer and blended until a homogeneous
paste is attained. Subsequently, as-is stone wool is added to the paste
and thoroughly mixed until all fibres are coated. In this lab-scale
manufacturing process, aggregates are shaped by placing the mixed
material into spherical silicone moulds. For upscaling production,
extrusion is suggested. The average diameter of the aggregates obtained
is 2 ± 1 cm. The moulds containing aggregates are wrapped in plastic
foil and cured in an oven at 60 ◦C for 24 h. Following curing, the ag-
gregates are removed from the mould and subjected to further drying in
an oven at 60 ◦C for an additional 12 h. Finally, the aggregates are
retrieved from the oven for further characterization and assessment.

2.2. Characteristics assessment

Loose bulk density (ρbulk) of the aggregates is determined in accor-
dance with standard EN1097-3 (CEN, 1998). Particle density (ρparticle) is
assessed using a helium pycnometer (Micromeritics AccuPyc II 1340)
with a 10 cm3 cup is used. The pycnometer has a reading accuracy of
0.03% and an additional 0.03% uncertainty related to the sample ca-
pacity. Porosity of the specimen is calculated from particle density and
bulk density using the formula:

porosity=1 −
ρbulk

ρparticle
(1)

Open porosity is directly measured from the aggregates, while total
porosity is determined from the powder obtained from crushed and
milled aggregates.

Mechanical property is assessed using a mechanical testing system
(Instron 5967) equipped with a 5 kN load cell. Single crushing strength
(σ) is calculated using the formula proposed by (Hiramatsu et al., 1965):

σ =
2.8 ∗ P
π ∗ d2 (2)

Where P represents the recorded failure load and d is the diameter of
aggregate. An average value is computed from 10 aggregates per spec-
imen group.

Thermal conductivity (λ) is determined utilizing the transient line
source method with a thermal needle probe (AP Isomet model 2104).
The probe has an accuracy of 5% of the reading plus 0.001 W m− 1⋅K− 1.
Measurements are taken at 20 ± 2 ◦C, with three readings obtained per
specimen group. To ensure consistency in measurements, samples are
filled into the same cylindrical container utilized to determine bulk
density.

Hygroscopic sorption properties are evaluated following standard
ISO 12571 (CEN, 2013a). Sorption isotherms are measured by the
saturated salt solutions (SSS) method, covering specific relative hu-
midity levels from 0% to 98%. Moisture uptake is monitored by
weighing the samples at 24-h intervals using a digital balance until a
constant mass is reached, defined as three successive weighings showing
a mass loss change of less than 0.1%.

Water absorption is measured in accordance with standard EN1097-
6 (CEN, 2013b). Samples are immersed in water in a pyknometer for 24
h, and the mass of the saturated and surface-dried aggregates is
recorded.

Table 1
Chemical composition of raw material.

Oxides (%) Stone Wool

SiO2 38.11
Al2O3 23.18
CaO 16.82
MgO 8.91
Fe2O3 7.43
TiO2 1.56
K2O 0.74
MnO 0.28
SO3 0.07
Cr2O3 0.07
V2O5 0.05
Other 0.64
LOI (1000◦C) 2.14
Specific density (kg⋅m− 3) 2800 ± 2

C.H. Koh et al.
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Microstructure analysis is performed through visual inspection using
an optical microscope (ZEISS Axio Imager 2).

Thermogravimetric analysis (TGA) is conducted to assess mass loss
or decomposition events with respect to temperature, utilizing a ther-
mogravimetric analyser (TA Instruments TGA Q500). The heating pro-
cess, starting from room temperature and continuing up to 1000 ◦C at a
rate of 10 ◦C⋅min− 1, is carried out under a controlled nitrogen atmo-
sphere with a constant flow rate of 60 ml min− 1.

Chemical composition analysis is performed using Fourier transform-
infrared (FT-IR) spectroscopy coupled with an attenuated total reflec-
tion (ATR) attachment (PerkinElmer Frontier FT-IR). Spectra are
collected over a wavenumber range of 4000 to 400 cm− 1 at a resolution
of 1 cm− 1.

Mineralogical composition is further characterized by X-ray
diffraction (XRD), utilizing a Bruker D2 (Co tube, Kα1 1.7890 [Å] Kα2
1.7929 [Å], step size 0.02 2Theta, range 10–90 2Theta).

2.3. Building performance simulation

Heat, air and moisture (HAM) transport simulations and indoor
climate analyses are conducted on a terraced housing unit with a narrow
crawl space and cavity walls, based on a model established in a prior
study (Koh et al., 2022). Specifically, the water content and temperature
of the floor (wooden flooring and floor joist) above the crawl space are
examined for the original unfilled crawl space and the crawl space filled
with lightweight aggregates manufactured in this study. The software
WUFI Plus is utilized to compute the heat and moisture balances within
the room (WUFI, 2018) using the following equations:

∂H
∂t

=
∑

j
Qcomp,j + Qsol + Qin + Qvent + QHVAC (3)

and

∂C
∂t

=
∑

j
Ẇcomp,j + Ẇin + Ẇvent + ẆHVAC (4)

Here, H (J) represents the overall enthalpy of the air in the simulated
zone, C (kg) the overall moisture content of the air in the simulated zone,

Qcomp,j (W) the transmission heat flow over component j, Qsol (W) the
short-wave solar radiation leading directly to heating the inner air, Qin
(W) the convective heat sources in the room, Qvent (W) the heat flow
from ventilation, QHVAC (W) the convective heat flow from building
ventilation systems, Ẇcomp,j (kg⋅s− 1) the moisture flow between the
inner wall surface j and room air, Ẇin (kg⋅s− 1) the moisture source in the
room, Ẇvent (kg⋅s− 1) the moisture flow due to ventilation, and ẆHVAC
(kg⋅s− 1) the moisture flow due to building ventilation systems.

The building model encompasses dimensions of 5 × 8x2.8 m3 per
floor (width x depth x height) per housing unit, each featuring a floor
area of 80m2 and an unheated attic, refer to Fig. 2a. An elevated wooden
floor above sandy ground creates a narrow crawl space with a height of
30 cm (Fig. 2b), exhibiting an arbitrary air change rate of 10 h− 1 with
the outdoor environments. Two-floor assembly designs are considered:
one with the original unfilled crawl space and another filled with a 20
cm thick layer of manufactured aggregates on the sandy ground, leaving
only 10 cm of airspace. The effective thermal transmittance (U-value) of
the floor assembly with the unfilled crawl space is 0.332 W m− 2⋅K− 1.
Masonry walls with a 6 cm cavity filled with stone wool exhibit a U-
value of 0.499 W m− 2⋅K− 1. Additional building components include a
ceiling assembly with a U-value of 0.087 W m− 2⋅K− 1 and glazing with a
U-value of 0.8 W m− 2⋅K− 1.

Boundary conditions are established based on the outdoor climate of
Eindhoven in the Netherlands, characterized by a temperate oceanic
climate (Cfb) according to the Köppen climate classification. The annual
air temperature and relative humidity profile (Crawley and Lawrie,
2023) are depicted in Fig. 2c. Two indoor scenarios are defined: one
with a heating system maintaining an indoor temperature above 20 ◦C,
and another without any heating system. Cooling systems, mechanical
humidification, and dehumidification systems are excluded, as they are
not commonly utilized in residential housing in the Netherlands. A
steady airflow of 7 l s− 1 per person is incorporated into the model. The
indoor heat and moisture loads are based on the software’s predefined
four-person family household occupancy. The simulation is conducted
for three years or until hygrothermal equilibrium within the building
assemblies is reached.

The simulated results are further compared against another

Fig. 1. (A) As-is stone wool, (b) milled stone wool, (c) specimen compositions, and (d) manufactured stone wool-based lightweight aggregates (LWA).

C.H. Koh et al.
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commonly applied insulation aggregate, namely expanded perlite ag-
gregates (EPA). The main properties of the reference material are: bulk
density of 147 kg m− 3, porosity of 0.94, thermal conductivity of 0.04
and 0.05 W m− 1⋅K− 1 under dry and 60% relative humidity (RH) con-
ditions, respectively, and moisture content of 1 %kg⋅kg− 1 under 60% RH
(WUFI Mateial Database).

3. Results and discussions

3.1. Characteristics assessment

In this study, an increase in the content of as-is stone wool results in a
more porous aggregate structure, as demonstrated by the elevated
porosity and reduced bulk density (Fig. 3a–b). The internal porosity of
the aggregates primarily comprises interconnected and open pores, with

Fig. 2. (A) Building model, (b) crawl space design, and (c) exterior climates for simulation.

Fig. 3. (A) Bulk densities, (b) porosities, (c) crushing strength, (d) thermal conductivities, and (e) sorption isotherms of specimens.

C.H. Koh et al.
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closed pores constituting less than 1% of the sample porosity. The bulk
densities range from 720 (M74) to 850 kg m− 3 (M90), slightly lower
than those reported for similar lightweight aggregates (LWA) derived
from stone wool precursors, such as the 860 kg m− 3 reported by
(López-García et al., 2022). This reduction in weight primarily stems
from the combination of as-is and milled stone wool used in this study.
While the loose bulk density adheres to the 1200 kg m− 3 limit defined
for LWA (CEN, 2016), these aggregates display notably higher densities
than conventional expanded perlite aggregates (EPA), which typically
range from 30 to 150 kg m− 3 (ISO, 2007). This suggests a higher
anticipated thermal conductivity; however, it also provides greater
thermal mass than EPA.

The individual aggregate crushing resistance ranges between 1.0 and
2.3 MPa (Fig. 3c). The highest strength is observed in the M86 specimen.
The results show that the strength decreases as a higher percentage of as-
is stone wool is incorporated. The incorporation of as-is stone wool can
impact rheology due to its fibre morphology, introducing more pores or
defects. However, the overall strength is notably lower than that re-
ported for other stone wool-based LWA, such as 8.8 MPa reported by
(López-García et al., 2022) and 7.0 MPa by (Klima et al., 2023). It is
important to note that the higher strengths achieved in these studies are
attributed to additional high-temperature sintering following the curing
process. For loose-fill insulation applications in crawl spaces, crushing
resistance is primarily necessary for the handling and installation of the
material. Therefore, a comparable lower strength can be tolerated, and
more importantly, lower energy manufacturing is achieved.

The dry thermal conductivity of the samples falls within the range of
0.075 and 0.094 W m− 1⋅K− 1 (Fig. 3d). A decrease in thermal conduc-
tivity is observed with increasing as-is stone wool contents, aligning
directly with the higher porosity evident in the aggregates. The greater
volume of air voids within the aggregates results in reduced thermal
conductivity. This range is consistent with other alkali-activated ag-
gregates, as reported between 0.079 and 0.087 W m− 1⋅K− 1 by (Zorić
et al., 2012). However, the thermal conductivity is higher than that of
typical EPA, which typically ranges from 0.04 to 0.05 W m− 1⋅K− 1 (ISO,
2007), owing to their lower density. Under 60% relative humidity (RH)
conditions, the thermal conductivity increases. Conversely, when
compared against as-is stone wool contents, the thermal conductivity
exhibits a slight increase with higher as-is stone wool contents. The
heightened presence of open pores results in increased water content
within the aggregate, subsequently elevating its effective thermal con-
ductivity under high RH conditions. This suggests that further increases
in as-is stone wool contents to achieve a more porous structure may
compromise insulation performance in humid environments.

The moisture adsorption of the samples shows no significant differ-
ence up to 85% RH, with water contents measuring at 7 and 11 %
kg⋅kg− 1 under 60% and 80% RH respectively (Fig. 3e). The influence of
as-is stone wool contents becomes more pronounced regarding water
absorption capability. Water contents up to 36 %kg⋅kg− 1 are measured
in samples M74 and M78, while approximately 28 %kg⋅kg− 1 is observed
in samples M82, M86 and M90 under fully saturated conditions. This
observation suggests the formation of larger pores when as-is stone wool
content exceeds 22% in composition. It also implies that the thermal
conductivity of aggregates with higher as-is stone wool contents will
increase significantly under higher RH or when in contact with water,
which is undesirable, especially when they are directly in contact with
the ground. For comparison, water content for EPA is typically around 1
and 2 %kg⋅kg− 1 under 60% and 80% RH respectively (ISO, 2007),
although water absorption can reach as high as 71 %kg⋅kg− 1 (Celik
et al., 2013) due to the presence of large pores.

Pores are readily observable on the manufactured samples, as
depicted in Fig. 4. The as-is stone wool entraps air bubbles during the gel
formation process, particularly in areas where wool is aggregated. This
phenomenon leads to the formation of larger pores and defects within
the matrix. Smaller pores are also discernible and randomly distributed
within the binder gel. The internal structure exhibits a notable degree of

inhomogeneity due to the random distribution of as-is stone wool and
the lab-scale fabrication process.

Fig. 5a depicts the results of thermogravimetric (TG) analysis con-
ducted on the crushed powder extracted from the aggregates. The initial
derivative thermogravimetry (DTG) peak emerges within the tempera-
ture range of 100–300 ◦C, signifying the release of physically and
chemically bound water inherent in the aluminosilicate gel structure
(Luo and Yu, 2024). A subtle shift of the peak towards higher temper-
atures is observed with increased milled stone wool incorporation,
transitioning from 179 ◦C for M74/M78 to 185 ◦C for M86/M90. This
shift is attributed to the rapid dissolution rate of milled stone wool
compared to as-is stone wool, leading to an enhanced gel formation with
more tightly bonded water, thus corroborating the observed trends in
crushing strength. The original organic binder present in stone wool
(Fig. 1) undergoes decomposition within the range of 300–500 ◦C (Chen
et al., 2023; Kizinievič et al., 2014). When exposed to the alkaline so-
lution, the organic binder decomposes and releases ammonia, poten-
tially increasing the porosity of the binder (Luo and Yu, 2024).
Additionally, the DTG peak at 700 ◦C corresponds to the decomposition
of carbonates (Luo and Yu, 2024). However, within the same tempera-
ture range, an exothermic peak at 700 ◦C is notable, particularly in raw
stone wool, which may signify the devitrification of wool and subse-
quent formation of crystalline phases (Ramírez et al., 2018; Siligardi
et al., 2017). A similar exothermic peak is also discernible in the ag-
gregates, especially those with higher as-is stone wool content such as
M74.

Fig. 5b illustrates the Fourier transform-infrared (FT-IR) spectros-
copy analysis on both the aggregates and raw stone wool. The primary
peak at broad bands around 900 cm− 1 on raw stone wool corresponds to
the asymmetric stretching vibration modes of Si–O-T bonds (T = tetra-
hedral Si or Al) (Pavlin et al., 2021). Upon alkali activation, the bands in
the aggregates are shifted and centred at or around 980 cm− 1. This shift
primarily reflects changes in the polymerization degree of Si–O-T
crosslinking. In this investigation, an increase in milled stone wool leads
to the shifting of the main Si–O-T band from 960 cm− 1 to 980 cm− 1,
indicating a higher polymerization degree with milled stone wool,
consistent with the TG measurement. The humps at 1400 cm− 1 and
1460 cm− 1 are attributed to the presence of various carbonates (Luo and
Yu, 2024). Small peaks at 1640 cm− 1, attributed to OH groups (Gao

Fig. 4. Microscope images of samples M82 showing pores.

C.H. Koh et al.
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et al., 2015), originating from chemically bound water in the gel, are
also observed.

Raw stone wool primarily exhibits an amorphous structure, attrib-
utable to the rapid cooling during the manufacturing process (Kinnunen
et al., 2016; Chen et al., 2023; Chen et al., 2019), as confirmed by X-ray
diffraction (XRD) analysis (Fig. 5c), wherein no discernible peaks are
evident, but rather a broad halo around 30◦ 2θ. Similarly, the
alkali-activated aggregates retain an amorphous nature without any
crystalline phase formation, which is consistent with the findings re-
ported by (Pavlin et al., 2021).

Based on the crushing strength results, specimen M86 is selected for
further hygrothermal performance simulation as insulation aggregates
for crawl space rehabilitation. The aggregates have a measured bulk
density of 821 kg m− 3, open porosity of 68%, dry thermal conductivity
of 0.090 W m− 1⋅K− 1, heat capacity of 800 J kg− 1⋅K− 1, and sorption
isotherms as shown in Fig. 3e. The aggregates are assumed to be vapour-
diffusive, with a water vapour diffusion resistance factor of 2. Addi-
tionally, the aggregates are assumed to exhibit the same liquid transport
properties as sands to account for additional capillary liquid transport
during the hygrothermal simulation.

3.2. Building performance simulation

The water content profiles of the floor assembly, comprising the
wooden flooring exposed to the indoor environment and the floor joist
exposed to the crawl space, are depicted in Fig. 6. Both heated and
unheated building scenarios are considered for comparison. In cold
climates, building design typically incorporates a heating system to
maintain an indoor temperature of approximately 20 ◦C or higher,
thereby preventing damage from ground frost, structural wetting, mould

formation, and other moisture-related issues (Viljanen et al., 1999).
These distinct trends in water content within the floor assembly are
discernible in the simulated profiles presented in Fig. 6.

In both heated and unheated scenarios, a reduction in water content
is observed in the floor assembly of the rehabilitated crawl space
partially filled with M86 aggregates, compared to the original con-
struction with an empty crawl space. The reduction is more pronounced
in the floor joist exposed to the crawl space, with reductions of up to
2.9% for heated buildings and up to 2.7% for unheated buildings
(Fig. 6b). Conversely, for the flooring exposed to the indoor environ-
ment, reductions of approximately 1.2% and 0.5% are observed for
heated and unheated buildings, respectively (Fig. 6a).

The moisture reduction profiles of M86 aggregates and conventional
EPA used as filling aggregates for floor rehabilitation follow a similar
trend. However, conventional EPA performs slightly better than M86
aggregates, providing up to an additional 0.2% moisture reduction in
wooden flooring and an additional 0.4% moisture reduction in wooden
floor joists. This difference is mainly due to the lower moisture sorption
capacity of conventional EPA compared to the M86 aggregates manu-
factured in this study.

Despite the relatively small reduction in moisture content, these
improvements within the floor assembly offer potential benefits in
mitigating structural damage, mould proliferation, or other health and
safety hazards associated with undesirable levels of moisture content
(Vijay et al., 2019). The simulated results in this study are consistent
with previous research on measured and simulated moisture conditions
in outdoor air-ventilated crawl spaces with ground cover, showing a
reduction in relative humidity in the rehabilitated crawl space
(Kurnitski and Matilainen, 2000).

The effective thermal transmittance (U-value) of the rehabilitated

Fig. 5. (A) TG/DTG, (b) FTIR, and (c) XRD patterns of specimens and raw material.

C.H. Koh et al.
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floor assembly, filled with M86 aggregates, decreases from 0.332 W
m− 2⋅K− 1 to 0.191 W m− 2⋅K− 1, compared to 0.121 W m− 2⋅K− 1 when
filled with EPA. For energy retrofitting of a ventilated crawl space, the
most effective approach involves adding an insulation layer beneath the
floor if sufficient crawl space height is available. Consequently, only a
minor increase in floor temperature is observed when aggregates are
placed on the ground in the crawl space, as illustrated in Fig. 7.

During the winter period, temperature increments of up to 0.2 ◦C and
0.4 ◦C are noted for heated and unheated buildings, respectively, when
applying M86 aggregates. Conversely, using conventional EPA as
ground cover insulation offers an additional 0.1 ◦C increment due to its
lower thermal conductivity. For heated buildings, ground cover with
M86 aggregates translates into an energy saving of 5.4% based on
simulation results, reducing from 5992 to 5669 kWh after rehabilitation.
This is slightly lower than the EPA case, which provides a 7.0% energy
saving.

Interestingly, an undesirable decrease in temperature is observed in
unheated buildings during the early winter period. This phenomenon is
attributed to reduced access to ground heat, which could be more pro-
nounced with materials of lower thermal conductivity or thermal mass,
such as expanded perlite aggregates. However, it is important to note
that this phenomenon is limited to unheated buildings.

4. Conclusion

The properties of the fabricated stone wool-based aggregates are
determined by the ratio of milled stone wool to as-is stone wool in their
compositions. It has been observed that the fibre morphology of as-is
stone wool influences rheology, introducing a greater number of pores

or defects, which results in a decrease in mechanical strength. As the
proportion of as-is stone wool increases from 10% to 26% in the stone
wool mixture, there is a corresponding increase in the porosity of the
specimens from 67% to 72%. These porous structures exhibit a thermal
conductivity ranging from 0.075 to 0.094 W m− 1⋅K− 1 under dry condi-
tions. However, under humid conditions, aggregates with higher
porosity demonstrate an increase in thermal conductivity, which can be
attributed to their elevated moisture adsorption and water absorption
capacity. When compared to conventional expanded perlite aggregates
(EPA), the fabricated aggregates exhibit certain disadvantages such as
higher density, thermal conductivity, and moisture adsorption capacity.
However, they offer advantages such as lower water absorption and
higher thermal mass.

In the hydrothermal simulation involving the use of stone wool-
based aggregates for crawl space rehabilitation, a notable reduction in
water content and an increase in floor surface temperature are observed
in the floor assembly of the rehabilitated crawl space partially filled with
aggregates, compared to the original construction with an empty crawl
space. This decrease in water content within the floor assembly offers
potential advantages for maintaining the structural integrity of build-
ings and mitigating adverse impacts on occupant comfort and health.
Furthermore, there is potential for a 5.4% reduction in heating energy
consumption after rehabilitation.

The findings of this study suggest that stone wool-based aggregates
provide a high-value recycling option suitable for crawl space retrofit-
ting applications. These aggregates and their potential applications
represent sustainable construction practices, contributing to the circular
economy by repurposing insulation waste materials into valuable
building insulation components. Future research should focus on the

Fig. 6. Average water content in the floor assembly: (a) wooden flooring that is exposed to the indoor environment and (b) wooden floor joist that is exposed to
crawl space.
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durability of these aggregates when exposed to water and freeze-thaw
cycles, their leaching behaviour, composition design, manufacturing
optimization, and conducting a full life cycle assessment and life cycle
costing to ensure practical implementation.
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Zorić, D., Lazar, D., Rudić, O., Radeka, M., Ranogajec, J., Hiršenberger, H., 2012.
Thermal conductivity of lightweight aggregate based on coal fly ash. Journal of
Thermal Analysis and Calorimetry 110, 489–495. https://doi.org/10.1007/s10973-
012-2339-x.

C.H. Koh et al.

https://doi.org/10.1016/j.conbuildmat.2019.03.062
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref33
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref33
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref33
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref34
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref34
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref34
https://doi.org/10.1016/j.enbuild.2016.12.022
https://doi.org/10.1007/s10163-013-0170-5
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000350
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref38
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref38
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref38
http://refhub.elsevier.com/S2666-1659(24)00187-X/sref39
https://doi.org/10.1016/j.wasman.2021.06.022
https://doi.org/10.1007/s10973-012-2339-x
https://doi.org/10.1007/s10973-012-2339-x

	A circular approach to stone wool: Alkali-activated lightweight aggregates
	1 Introduction
	2 Material and methodology
	2.1 Material and fabrication
	2.2 Characteristics assessment
	2.3 Building performance simulation

	3 Results and discussions
	3.1 Characteristics assessment
	3.2 Building performance simulation

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


