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Abstract: In the building renovation industry, a growing volume of discarded insulation materials,
such as stone wool insulation, prematurely finds its way to landfills or incinerators after building
demolitions. However, these materials often did not reach their complete service life potential,
and the reuse of insulation materials is usually not considered in current building practices. This
study provides a comprehensive overview of the potential challenges associated with repurposing
stone wool insulation from existing flat roofs. By means of detailed assessments via dismantling
and performance evaluations of collected stone wool insulation boards up to 28 years old, this
research reveals the unavoidable damages that occur upon dismantling yet emphasizes that this
does not impede reuse. While density and thermal performance remain stable over time, water
absorption and mechanical stability are affected. In total, 48% of all short-term tests revealed an
increase in water absorption, possibly due to hydrophobic substance degradation. Mechanical
performances of aged SW insulation from flat roofs depend on various factors, with 43% and 33%
of compression and puncture resistance tests, respectively, not meeting current standards. Beyond
a durability assessment, this study advocates for a multidisciplinary approach, uniting materials
science, construction engineering, and sustainability insights, to creatively repurpose used insulation
materials into future projects.

Keywords: circular building; urban mining; reusability; durability; thermal insulation; stone wool;
flat roof; long-term performance

1. Introduction

In recent decades, insulation materials have played a crucial role in improving the
energy efficiency of buildings within the construction sector. The development of building
codes focusing on thermal performance has stimulated research and production of various
insulation materials. For instance, Vienna experienced a significant increase in the use
of polystyrene insulation and mineral wool insulation between 1990 and 2015, showing
growth factors of 6.5 and 2.5, respectively [1].

In today’s building market, there exists a broad spectrum of insulation materials,
each distinguished by its unique properties and manufacturing processes. In this context,
prevalent insulation materials such as mineral wool (MW), polyurethane (PUR), polyiso-
cyanurate (PIR), and expanded polystyrene (EPS) are widely employed. However, there is
an emerging trend towards the adoption of more environmentally sustainable alternatives.
Several studies have already compared different recycled or bio-based insulation materials
and composites [2,3], with hemp, cellulose, wood fiber, mycelium [4], reed [5], wheat [6],
and straw [5,6] being well-performing insulation options. Moreover, the production of
insulation materials is not confined to natural sources alone; there is a growing trend of
valorizing waste streams for the creation of new thermal and acoustic insulation materials.
In their 2019 review, Massoudinejad et al. [7] delved into the utilization of waste from
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various streams to manufacture insulation materials for buildings. This spanned from
straightforward waste streams such as wood waste [8] and textile waste [9] to more complex
waste streams, e.g., plastic waste [10], elastomeric waste residues [11], and even waste
products from thermal power plants [12].

The combination of raw material extraction, building component production, con-
struction, and renovation activities, together contribute to 5-12% of total greenhouse gas
emissions in Belgium [13]. The environmental impact of insulation materials currently
in use plays an important part in this. A critical review of 47 studies compared the en-
vironmental impact of different building insulation materials with the use of Life-Cycle
Assessment (LCA) [14]. This analysis concluded that EPS, stone wool (SW), and glass wool
(GW) have a similar environmental impact, whereas PUR, extruded polystyrene (XPS), and
cork exhibit higher impacts. Renewable materials such as cellulose, hemp, and wood fiber
insulation have the lowest environmental impact.

The predominant contributor to the environmental impact of insulation materials is
the production process. Using inorganic raw materials generates the largest impact for non-
renewable insulation materials, whereas binders and additives in production contribute the
most to the environmental impact of renewable materials [14,15]. For MW products such as
SW and GW, exceptionally high temperatures ranging from 1300 °C to 1500 °C are essential
for melting the raw materials [16]. Additionally, processes aiming to achieve higher densi-
ties further amplify the environmental impact of production, transportation, construction,
and end-of-life scenarios. Considering the fact that SW insulation boards need higher
densities for application in flat roofs, their production process is consequently regarded
as one of the least environmentally favorable compared to other insulation materials used
in this application [17,18]. Various initiatives aim to mitigate the environmental impact of
the production process of SW insulation. This includes ongoing studies to optimize the
production process itself [19], incorporate circularity in manufacturing processes [20], and
repurpose production waste in other products, such as Portland Cement [21].

Despite its environmentally intensive production process, stone wool (SW) remains a
sustainable material of choice, which is expected to last at least 75 years in a building [22].
Unfortunately, large quantities end up in mixed containers for landfilling or incineration
after just 20 years due to degradation of the roof cover, renovation, or demolition (see
Figure 1). The annual volume of mineral wool waste will therefore continue to increase year
after year [23]. Consequently, the embedded energy of these insulation materials (energy-
intensive manufacturing processes, transportation, processing, etc.) is systematically and
irreversibly lost.

(b)

Figure 1. (a—c) Pictures of various mixed containers with dismantled SW insulation from different

flat roofs located in Flanders, Belgium, observed during standard dismantling processes.
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Efforts to tackle this waste stream are already underway, as can be seen in a mul-
tifaceted approach highlighted by the use of the R-ladder. This signifies a hierarchy of
strategies to transform the current linear model into a new circular model from more to less
environmental benefits: RO refuse, R1 rethink, R2 reduce, R3 reuse, R4 repair, R5 refurbish,
R6 remanufacture, R7 repurpose, R8 recycle, and R9 recover [24]. The process always
starts with demolition, as research indicates that separating core materials during demoli-
tion and recycling and/or reusing them can yield significant environmental benefits [25].
Furthermore, considerable efforts are directed towards the recycling of MW construction
and demolition waste (CDW) [23], both within the context of a circular management
approach [26] as well as the creation of new materials such as mortars, conglomerates,
composites, and more [27-30]. Given the hierarchy of the R-ladder [24], reuse is consistently
preferred over recycling. The recycling of MW insulation requires a considerable amount
of energy, as dismantled insulation boards should be shredded, compressed, and melted
again. The recycled content of recycled materials is often limited, necessitating a relatively
high amount of virgin materials. Additionally, contaminated MW insulation boards con-
sistently impede high-quality recycling, whereas this can be easily taken into account in a
reuse scenario.

To initiate the reuse of insulation materials such as MW, knowledge is first acquired
about the missing long-term properties of this reused material. Manufacturers and re-
searchers rely on accelerated aging tests to simulate the aging of various insulation materi-
als [31-38]. However, to facilitate the practical reuse of insulation materials, it is essential
to understand how these materials perform under real conditions. Regrettably, there is a
notable scarcity of specific research in this domain [39-45], with Langmans et al. [39] being
a rare exception, providing a comprehensive overview of the durability of MW insulation.
Data of the European Insulation Manufacturers Association for mineral wool insulation
(Eurima) [40,41] were compared with existing studies [42—44] to assess performance over
time. For flat roofs, a case study conducted in Hungary investigated the effect of built-in
MW insulation on its thermal and mechanical performance [45]. The findings indicate
that the thermal and mechanical performances may degrade in built-in conditions due to
moisture, spoiling, and the production mistakes of MW. Consequently, there is a pressing
need for research in this domain, not only to assess durability but also to develop the-
oretical frameworks for efficiently promoting the reuse of insulation materials like MW.
Langmans et al. [39] primarily focused on assessing the durability of MW insulation (in-
cluding glass wool and stone wool) in various applications (walls and roofs) in Lithuania,
Switzerland, Denmark, and Germany. By contrast, this paper investigates the disassembly,
durability, and reusability of stone wool (SW) insulation from existing flat roofs in Belgium.
The outcomes of this research will be consistently interpreted from a circular perspective,
ultimately leading to insights into the feasibility of reintegrating this insulation product
into current construction practices.

2. Materials and Methods
2.1. Sampling

To conduct a thorough analysis of the disassembly process and the damage inflicted
on the insulation boards, the disassembly of 14 flat roofs located in Belgium was studied
and comprehensively documented (see Figure 2). In these case studies, the existing SW
insulation was being replaced due to the demolition, renovation, or repair of the flat roof.

Subsequently, from six flat roofs where the insulation had been in service for at least
12 years, SW samples were collected for further performance assessment (see Table 1).
From each flat roof, at least 2 m? of SW insulation was collected and transported to the
laboratory. An important distinction among these cases is the roof structure, as some
SW boards were glued to a concrete roof deck with a vapor barrier (cases Cla,b and C2),
while others were mechanically fixed to a steel deck roof without a vapor barrier (cases
51, 52, S3 and S4). Based on the age, the density type, and the identified manufacturer,
the appropriate product data sheets and Technical Approval Guidelines (ATGs) that were
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valid at the time of production were retrieved. To study degradation in aged SW insulation,
the results of this experimental study were compared with the corresponding values from
historical documents. It should be noted that in one case, two layers of insulation were
found in the flat roof assembly (C1 a and b), and among all collected SW insulation boards,
three different density types were identified. There are SW insulation boards that consist of
only one density layer (Mono Density), some are equipped with a more pressure-resistant
integrated top layer of SW (Dual Density) [46,47], and others additionally have a very hard
top layer of SW fibers (Triple Density) [48].

(b) ©

Figure 2. (a—c) Examples of dismantling SW insulation from flat roofs in Flanders, Belgium.

Table 1. Overview of the collected SW samples on a concrete (C) and steel deck (S) roof structure.

Roof Vapor Original Densi Technical
Case Structure Barrr,ier Attachment Thicknfss (mm) Typety Age (Years) Approval (ATG)
Cla! Concrete - glued 110-140 Triple 2 12 11/2601 [48]
Clb! Concrete yes glued 70 Dual 3 12 11/2413 [46]
C2 Concrete yes glued 60 Triple 2 12 11/2601 [48]
S1 Steel deck no mechanical 40 Mono 4 28 94/1685 [49]
S2 Steel deck no mechanical 60 Mono 4 25 03/H577-2 [50]
S3 Steel deck no mechanical 60 Mono * 22 03/H577-2 [50]
S4 Steel deck no mechanical 80 Dual 3 17 04/2413 [47]

1 This flat roof was insulated with two layers of stone wool insulation; the upper layer with a slope (a) was
attached on the bottom layer (b) that was attached on the vapor barrier. 2 Triple density: SW boards with
a more pressure-resistant top layer and a very hard top layer [48]. ® Dual density: SW boards with a more
pressure-resistant integrated top layer [46,47]. * Mono density: SW boards with only one density layer.

2.2. Material Testing

In the context of the durability and reusability of insulation materials like SW, it is
important to test the relevant properties for the specific application. Therefore, in this study;,
a selection was made of specific test standards relevant to mineral wool insulation in flat
roofs. Apart from thickness and density, all the specific test standards prescribed in the
general product standard for mineral wool insulation (EN 13162 + A1 [51]) were followed,
as indicated here:

Thickness;

Density;

Short-term water absorption (acc. to EN ISO 29767 [52]);
Long-term water absorption (acc. to EN 12087 [53]);
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Compressive strength (acc. to EN ISO 29469 [54]);
Point load (acc. to EN 12430 [55]);
Thermal conductivity (acc. to EN 12667 [56]).

Before the various tests could be conducted, the test samples were first cut to the
dimensions as specified in the corresponding test procedure. Subsequently, all test samples
were conditioned and dried in the laboratory, after which the tests could be carried out
(see Figure 3). To provide a comprehensive assessment of aging, for each case study, a
maximum of three tests were conducted on both sides of the insulation board, depending
on which parameter was to be tested.

gewnumnes: <o

(b)

(d)

Figure 3. Pictures of material testing: short- and long-term water absorption (a), compressive stress

at 10% deformation (b), point load at 5 mm deformation (c), and thermal conductivity with the heat
flow meter method (d).

First, water absorption tests were performed in the Building Physics Laboratory of
Ghent University to verify the hydrophobic behavior of SW insulation (see Figure 3a). For
this purpose, test samples measuring 200 mm by 200 mm were cut and tested for short-term
(24 h) and long-term (28 days) absorption. Subsequently, two mechanical performance tests
were conducted at the Textile Science and Engineering Center laboratory (UGent—CTSE).
These tests included compressive stress at 10% deformation (see Figure 3b) and point
load at 5 mm deformation (see Figure 3c) on test samples measuring 200 mm by 200 mm
and 300 mm by 300 mm. The thickness of each sample was measured during thermal
conductivity testing performed by the Buildwise Test Centre (Limelette, Belgium), using
test samples measuring 300 mm by 300 mm in a heat flow meter (see Figure 3d). These
thermal conductivity tests were carried out in the frame of the international ‘Facilitating
the circulation of reclaimed building elements in Northwestern Europe’ (FCRBE). Finally,
an average density value was calculated based on weight and dimensions per sample. For
each case, an average was taken from a minimum of 12 to a maximum of 23 test samples
used in all material tests.

3. Results

To facilitate a comprehensive assessment of the reusability of SW insulation extracted
from flat roofs, it is imperative to examine its condition after dismantling and its per-
formance after a certain service life. These results will ultimately provide insights and
considerations for the future reuse of this insulation material, described in the discussion
section of this paper.

3.1. Damage Assessment

A visual analysis of SW insulation boards after dismantling reveals that damage was
inevitable but remained limited, as the product generally remained intact. The predominant
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damage observed in each insulation board was at the top layer of the insulation. During the
removal of the roofing, the bituminous connection to the underlying insulation was torn,
partially or sometimes completely removing the top layer of the insulation (see Figure 4a).
Additionally, other damage phenomena were visible after dismantling, such as penetrations
in the boards due to mechanical fasteners (see Figure 4b). Occasionally, adhesive residues
were left on the bottom side, top side, and edges of the insulation boards (see Figure 4c).

s S

Figure 4. Pictures from the visual damage analysis. (a) Damaged top layer of the SW insulation after
the removal of the roofing; (b) perforations of the insulation boards caused by mechanical fasteners;
(c) adhesive residues on the bottom side of the insulation board.

The dismantling process of SW insulation from the examined flat roofs revealed
that mechanically fixed SW insulation on a steel deck roof structure was most effectively
dismantled in practice. By contrast, SW insulation boards glued to a concrete roof struc-
ture suffered damage on the interior side. Nevertheless, the connection to the roofing
unavoidably caused damage to the exterior side of the insulation board for every flat
roof. Dismantling insulation from flat roofs remains a challenging task, as they are fully
encapsulated, making them inseparable without causing damage to surrounding materials
or the insulation itself. If the goal is to reuse mineral wool insulation from flat roofs in
its entirety, dealing with the inevitable damage caused by detaching various connections
during dismantling will always be necessary. Nonetheless, the key is to ensure that the
SW remains intact as a rigid board, allowing for easy stacking, transportation, and reuse
(see Figure 5).

(b)

Figure 5. Examples of case studies in Flanders, Belgium, where mineral wool can be reused as a
rigid board, stacked, and transported. (a) Stacked SW insulation boards after dismantling a flat roof;
(b) stacked SW insulation on a construction site with the four samples gathered for this research in front.
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3.2. Performance Assessment
3.2.1. Thickness

To assess the damage to the top layer of the insulation, the exact thickness of the
insulation boards was measured during the thermal conductivity tests (EN 12667 [56]). This
approach allowed for the observation of a specific reduction in thickness by calculating
the difference of the original thickness of the SW insulation boards (see Table 2). The SW
boards from case Cla were excluded from measurement, as they involved inclined SW
insulation.

Table 2. Overview thickness: original thickness (t), measured thickness (t), thickness reduction
(At=ty — t).

Case top (mm) t (mm) At (mm)
Cla 110-140 -1 -1
Clb 70 68 2

C2 60 58 2

S1 40 39 1

S2 60 58 2

S3 60 54 6

S4 80 76 4

1 Excluded from measurement due to the slope of the insulation board.

3.2.2. Density

The determination of the average density was based on an outdated test standard
(NBN EN 1602 [57]). Despite its withdrawal in 2013 and its exclusion from current product
standards, density measurements can still provide valuable information. On the one
hand, density may contribute to obtaining deviating results or degradation phenomena
after testing the performance of SW insulation. On the other hand, density serves as a
reliable indicator for the potential application in which an SW product can be (re)used. In
a 1994 technical approval for SW insulation used in warm flat roofs, a reference value of
155 kg/ m3 +/— 10% for density was reported [49]. This value served as a reference for
comparing the results of the measured densities (see Table 3 and Figure 6).

Notably, the samples attached to a concrete structure (C1b and C2) exhibit a higher
average density than the indicated range (see Table 3). When weighing the various test sam-
ples from C1b, a significant variation was observed (see Figure 6). This can be explained, on
the one hand, by the thick layer of insulation on top (Cla), causing prolonged compression
of the underlying layer (C1b), and on the other hand, by the ‘Dual Density” technology
used in this type of SW insulation board (C1b and S4) [46,50]. The high density of test
sample C2 can be attributed to the “Triple Density” technology, which is not manufactured
anymore (Cla and C2) [47]. Since C2 involves a much thinner SW board (60 mm), the
presence of these hardened density layers has a more pronounced effect than in the thicker
sloping insulation board (110-140 mm) of Cla. All other SW boards are Mono density,
and the measured density only deviates in a limited manner from the specified range
(51,52, and S3).

Table 3. Overview densities: measured mean density (0mean), difference with reported reference
value 155 kg/m3 (Ap) both in kg/m? and in percentage. Values outside the range are indicated in red.

Case Pmean (kg/m?) Ap (kg/m3) Ap (%)
Cla 158 +3 +1.9
Clb 171 +16 +10.3
C2 204 +49 +31.6
S1 154 -1 —0.6
S2 155 0 0.0
S3 160 +5 +3.2

S4 164 +9 +5.8
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Variation in density (p)
220

210
200
190

180

p [kg/m?]

170 - T

160

150 l 155 kg/m?

140

X

130
Cla Clb Cc2 S1 S2 S3 S4

O Mono @ Dual H Triple

Figure 6. Variation in the measured densities for every case study, with the indicated range of
155 kg/m3 +/— 10% in orange. Note that the y-axis does not start at zero. The number of density
layers (Mono, Dual, or Triple Density) is distinguished by three different shades of gray.

3.2.3. Short-Term Water Absorption (STWA)

Research has indicated a potential decline in water repellency over time [39-45], which
could impact the performance and reusability of mineral wool products. The graphs below
(see Figure 7a,b) depict the results of STWA tests based on EN ISO 29767 [52]. The red line
represents the maximum value imposed by the harmonized standard for the production of
mineral wool insulation (EN 13162 + Al [51]) for STWA, set at 1.00 kg/ m? [51]. The yellow
line indicates the value specified in the current Technical Approval Guidelines (ATGs) for
stone wool roof insulation products, namely 0.50 kg/m? [46-50].

Of all test results, 52% comply with the maximum value of 1.00 kg/ m?2, whereas 48%
does not. More specifically, 38% of all the tested SW insulation boards comply regarding
both sides—19% only on the exterior side, 10% only on the interior side, and 33% on neither
side. Compared with the current ATGs, only 19% meet the reference value of 0.50 kg/m?.

The scatter plot below (see Figure 8) provides a clear illustration of increasing STWA
values with insulation age, confirming the loss of water repellency in SW insulation as it
ages during its lifetime in the construction of a flat roof. Additionally, there is a difference
between the test samples from a concrete roof deck with vapor barrier (Cla, Clb, and
C2) and those with a steel deck roof structure without a vapor barrier (51, S2, S3, and
54). Despite a significant age difference between these two groups, the steel deck group
performs notably worse than the concrete roof deck group. More specifically, a significant
variation is observed in the results of SW insulation on the steel deck structure. For example,
the value on the interior side at 25 years old is higher than in other ages. This phenomenon
is further described in the following paragraph and explored in more detail in Section 3.2.4.
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Short-term water absorption — exterior side (W, )
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Short-term water absorption — interior side (W, ;)
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Figure 7. STWA measured at the exterior (a) and interior side (b). The red line indicates the maximum
value prescribed in the product standard (1.00 kg/m?), and the orange line indicates the maximum
value found in the current ATGs (0.50 kg/ m?).

Short-term water absorption (W) — Age
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5.50
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Figure 8. STWA with the increasing age of SW insulation. The red line indicates the maximum value
prescribed in the product standard (1.00 kg/m?), and the orange line the maximum value found in
the current ATGs (0.50 kg/ m?2). The linear trendline is based on the results obtained from both the
interior and exterior sides.
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To further examine the difference between the interior and exterior side in more detail,
it is relevant to highlight the variation between the results (see Figure 9). This reveals that
the variation in the steel deck group is more pronounced than in the concrete roof deck
group. Specifically, there is more variation in the results of the interior side. Therefore, the
next section will explore potential causes for this variation (see Section 3.2.4).

Variation in short-term water absorption (W)
7.00

6.00
5.00
T 400 x || %
&
=3
= 3.00
= X
2.00 - 2
N
100 ~=--fpgrd- oo E ----------------- Y e T T SR
m L <1.00
s mvam| ==
0.00
Cla Clb C SI S22 S3 S4 Cla Clb C S S22 S3 S4
EXTERIOR SIDE INTERIOR SIDE

Figure 9. Variation in the STWA on the exterior and interior side. The three horizontal lines indicate
the results of the STWA tests, and the cross in the center of each bar represents the mean value. The
red line indicates the maximum value prescribed in the product standard (1.00 kg/m?), and the
orange line indicates the maximum value found in the current ATGs (0.50 kg/m?).

3.2.4. Water Absorption Patterns with SW on a Steel Deck Flat Roof Structure

After conducting the STWA test, the test samples were left to dry, and a visual in-
spection was conducted. In all SW insulation boards originating from roofs with a steel
deck structure, a distinct pattern was noticeable after moistening the interior side (see
Figure 10a—d). These patterns could potentially be attributed to the profiling of the steel
deck on the interior side of the insulation. This might also be the cause of the significant
variation in water absorption on the interior side of the SW insulation fixed to a steel
deck structure without a vapor barrier. To confirm this hypothesis, additional tests were
conducted (see Figure 10d,e).

Firstly, two adjacent strips of at least 10 cm were cut from an SW insulation board. By
immersing the interior side of one of these two strips in water for a few minutes, the pattern
of the steel deck profiling became visible (see Figure 10a—d). Since the visible patterns
were not wider than 200 mm, four test samples of 100 mm by 100 mm were cut per strip
(see Figure 10d). Two of these came into contact with the steel deck, and the other two
came into contact with the air between the steel deck profiling. Subsequently, STWA tests
were conducted (see Figure 10e), and the water absorption coefficient was calculated as
described in EN ISO 29767 [52]. The results presented below reveal a significant difference
(see Figure 11). The average result of the test samples in contact with the steel deck
is 1.65 kg/ m?, while that of the test samples in contact with the air is 7.61 kg/ m2—a
remarkable 4.6 times higher, thereby confirming the hypothesis.
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®  © @

Figure 10. Pictures of the water absorption pattern visible at the interior side of case S1 (a), S2 (b),
53 (c), and 5S4 (d) where additional tests specimens were cut out (d) and tested (e).

Short-term water absorption (W)
20.00 558

18.00
16.00
14.00

12.00

—
=
=]
S
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o]
8
B
R

6.00 5.23 5.15
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2.00 1.19 1.15
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oo TN T .""i'i """""""""""""""""""""""""" <100

S1 52 S3 S4 ‘ S1 S2 S3 S4
CONTACT WITH STEEL DECK CONTACT WITH AIR

Figure 11. Water absorption coefficients of the interior side of the SW insulation attached to a steel
deck structure. A distinction was made between the area that was in contact with the steel deck and
that in contact with the air. The red line indicates the maximum value of 1.00 kg/m? imposed by the
product standard.

3.2.5. Long-Term Water Absorption (LTWA)

The product standard for mineral wool insulation (EN 13162 + A1 [51]) also comprises
a LTWA test. The long-term test is identical to the short-term test, except it spans 28 days
instead of 24 h (EN 12087 [53]). In this research, two test samples were examined for every
case, one on the interior side and one on the exterior side. The results are reported in the
chart below (see Figure 12), where the red line serves as a reference for the maximum value
of 3.00 kg/m? imposed by the product standard (EN 13162 + A1 [51]).
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Long-term water absorption (W)
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Figure 12. LTWA test, both on the exterior and interior side. The red line indicates the maximum
value of 3.00 kg/m?, as prescribed by the product standard.

At first glance, similar findings emerge as with the short-term test, where half of the
test samples do not meet the prescribed standard. This degradation is mainly found in
older SW insulation on the steel deck roof structure. To explore this more precisely, the
LTWA was compared with the average value of STWA (see Figure 13). Here, 43% meets
both criteria (green zone), 21% only meets one of the criteria (yellow zone), and 36% meets
none of the criteria (red zone).

Mean value STWA (W, ....) — LTWA (W)
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Figure 13. Mean value of the three results of the short-term water absorption test related to the result
of the long-term water absorption test per case study. The green zone indicates the area where both
criteria (1.00 and 3.00 kg/m?) are met, the yellow zones indicate where only one of the criteria are
met, and the red zone indicates where none of the criteria are met.

An ascending regression line can be observed in the graph, suggesting a correlation
between both. Furthermore, the slope of the linear regression line is 0.30, which is nearly
equal to the ratio of the two maximum values prescribed in the product standard (NBN EN
13162 + A1 [51]):

1.00 kg/m?

3.2.6. Compressive Stress at 10% Deformation

An essential requirement for a flat roof is its walkability for potential maintenance
or even prolonged loads (e.g., HVAC or solar panels). To meet this requirement, mineral
wool insulation in flat roofs must comply with specific mechanical performance criteria,
including compressive stress at 10% deformation (NBN EN ISO 29469 [54]). The results of
this test are illustrated below (see Figure 14), indicating two threshold values. Currently,
the Belgian Union for Technical Approval in Construction (UBAtc) imposes a minimum
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value of 40 kPa for mineral wool insulation in flat roofs accessible only for pedestrians for
roof maintenance (P2) [58]. On the other hand, in older ATGs, a minimum value of 50 kPa
had been stipulated at the time of production [46-50].

Compressive stress at 10% deformation — exterior side (0‘10’8)
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Figure 14. Compressive stress at 10% deformation tested on the exterior (a) and interior side (b). The
red line indicates the minimum value prescribed in the UBAtc classification (40 kPa), and the orange
line indicates the minimum value found in old ATGs (50 kPa).

Of all the test results, 57% meet the current minimum standard of 40 kPa, and 45%
meet the minimum of 50 kPa. Furthermore, there is again a significant difference between
the two groups related to different roof structures. Of all the test samples fixed to a concrete
structure, 100% meet the minimum of 40 kPa, and 89% meet the minimum of 50 kPa,
whereas for the test samples from a steel deck roof structure, these percentages are 25% and
13%, respectively.

To assess the possible degradation of this mechanical performance, compressibility
was plotted as a function of the age of the SW insulation (see Figure 15). Some degradation
can be observed as the SW insulation ages. The main reason for this degradation lies in the
prolonged loads in the original flat roof application. For example, in case studies S2, S3,
and 54, solar panels were installed on these flat roofs. Not only their weight but also the
wind loads that these solar panels absorbed could have caused continuous compressive or
tensile stress on the existing SW insulation. Moreover, degradation can also be attributed
to the age of the insulation. This is not only due to material relaxation but also due to the
older production technology of these aged SW insulation boards.
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Figure 15. Compressive stress at 10% deformation with the increasing age of SW insulation. The red
line indicates the minimum value prescribed in the UBAtc classification (40 kPa), and the orange line
indicates the minimum value found in old ATGs (50 kPa).

To assess the disparity in compressibility between the exterior and interior sides, their
correlation is illustrated in the scatter plot (see Figure 16a). The bisector (y = x) was included
to examine whether the values from this test exhibited any discernible relationship. With
the exception of a few outliers, it is evident that the data points in this scatter plot cluster
around this linear trend. This suggests that the compressive stress at 10% deformation, as
tested on the exterior side, is directly proportional to that on the interior side, indicating
consistent mechanical performance on both sides.

Compressive stress at 10% deformation
Exterior (0,,,) — Interior (0,9, Compressive stress at 10% deformation (g,;) — Density (p)
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Figure 16. Compressive stress at 10% deformation on both sides (a). Here, the green zone indicates
the area where the minimum criteria of UBAtc (40 kPa) is met on both sides, the yellow zones indicate
the area where it is met only on one side, and the red zone indicates where it is met on neither side.
Compressive stress at 10% deformation in function of the density (b). Here, the red line indicates
the minimum value prescribed in the UBAtc classification (40 kPa), and the orange line indicates the
minimum value found in old ATGs (50 kPa).

Finally, each outcome of the compression test was plotted against the corresponding
density of the respective test sample (see Figure 16b). A linear trendline was applied based
on the three results per tested side of each case to discern a correlation between these



Sustainability 2024, 16, 1657

15 of 22

Fs; [N]

Fs. [N]

1300
1200
1100
1000

0

1300
1200
1100
1000

1213

Cla

Cla

two properties. It can be inferred that these three points consistently align closely with
the trendline, indicating a direct proportional relationship. The higher the density of SW
insulation, the greater the compressive stress at 10% deformation.

3.2.7. Point Load at 5 mm Deformation

Another crucial mechanical performance specified in the product standard and vital for
insulation in flat roofs is the point load at 5 mm deformation, commonly known as puncture
resistance. To assess this, pressure tests were conducted following the corresponding
standard (NBN EN 12430 [55]), and the outcomes are depicted in the bar charts below (see
Figure 17). Here, the UBAtc imposes a minimum requirement of 400 N [58]. However,
the minimum values from old ATGs vary significantly based on the type of SW insulation
board. For ‘Triple density’, it is 1000 N [48]; for ‘Dual density’, it is 600 N [46,47]; and for
‘Mono density’, it is 500 N [50]. Only for the oldest insulation boards (S1) was no exact
reference value found in the corresponding ATG; therefore, comparisons were made with
the minimum of 400 N.

Point load at 5mm deformation — exterior side (F;,)
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Figure 17. Point load at 5 mm deformation tested on the exterior (a) and interior side (b). The red
line indicates the minimum value prescribed in the UBAtc classification (400 N), and the orange lines
indicate the minimum value found in old ATGs (500, 600, and 1000 N). The number of density layers
(Mono, Dual, or Triple Density) is distinguished by three different colors.

Among all test results, 67% meet the current minimum standard of 400 N, and merely
24% meet the respective minimum prescribed in the old ATGs. Interestingly, none of the
tests on the interior side meet the minimum value set in the old ATGs. The minimum limit
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established in the old ATGs was based on tests conducted on the exterior side of these
insulation products, evidently resulting in a lower puncture resistance when tested on the
interior side. This trend will be consistently observed in all subsequent graphs.

To assess the influence of aging on puncture resistance, the results are plotted as a
function of the age of the SW insulation (see Figure 18). Given the differing minimum
limits imposed in the old ATGs, it is logical that a declining trendline can be observed.
Nevertheless, it can be inferred that puncture resistance somewhat degrades over time.
This is primarily attributed to the aged and damaged top layer, reducing resistance to
local indentation. Additionally, exposure to local loads from, e.g., maintenance, technical
installations, and solar panels may also play a significant role. Moreover, these loads will
have a less pronounced effect on SW insulation attached to a concrete roof deck than on a
steel deck roof deck since the load distribution on the insulation is less favorable in a steel
deck profile due to partial cantilevering.

00 Point load at 5mm deformation (F;) — Age
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800
Z 70
= 600 & < °
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300 2 ® o

200
100

0
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Age [years]

® Exterior side Interior side

Figure 18. Point load at 5 mm deformation with the increasing age of SW insulation. The red line
indicates the minimum value prescribed in the UBAtc classification (400 N), and the orange lines
indicate the minimum value found in old ATGs (500, 600, and 1000 N).

To illustrate the difference in puncture resistance tested on both sides of the insulation
boards, both values are presented in relation to each other (see Figure 19a). Once again,
a bisector (y = x) was drawn to assess whether puncture resistance on both sides was
directly proportional. In the results of case studies with a steel roof deck (S1-4), the points
lie approximately on this line, explained by the fact that these insulation boards consist
of one, or at most two, density layers without an additional hardened top layer. For the
test samples installed to a concrete roof deck (Cla, C1b and C2), however, there was a
significant difference between the exterior and interior sides, as these SW boards had a
hard top layer that was hardly damaged in the dismantling process.

Finally, the correlation with density was analyzed (see Figure 19b). Again, it can
be deduced that there was a significant difference in puncture resistance tested on the
exterior side of the SW boards attached to a concrete roof deck compared to the rest of the
results. Subsequently, an increasing trend is observed in this graph based on the regression
line. Higher density entails a higher puncture resistance, but this strongly depends on the
number of density layers present in the SW insulation boards.
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Figure 19. Point load at 5 mm deformation on both sides (a). Here, the green zone indicates the area
where the minimum criteria of UBAtc (400 N) is met on both sides, the yellow zones indicate the area
where it is met only on one side, and the red zone indicates where it is met on neither side. Point load
at 5 mm deformation in function of the density (b). Here, the red line indicates the minimum value
prescribed in the UBAtc classification (400 N).

3.2.8. Thermal Conductivity

Mineral wool is known for its excellent thermal stability, and to assess the reusability
of collected SW insulation, tests on its thermal performance are indispensable. Thermal
conductivity measurements, conducted using the heat flow meter method, are outlined
in the standard NBN EN 12667. The results are presented in the table below (see Table 4),
including all measured values, both exclusive and inclusive of the maximum measured
error prescribed in the heat flow meter test setup used (+2%). These values were then
compared with the declared lambda value for SW insulation in flat roofs, set at 0.040
W/mK, as found in all old ATGs [46-50]. The SW boards from case Cla were excluded
from measurement, as they involved inclined SW insulation.

Table 4. Overview of the thermal conductivity for every case: declared lambda value (l4), measured
lambda value (I), measured lambda value including the maximum measured error (ly12%,), and
percentage of the lambda value difference (Al = (Im — 13) * 100/14). If the measured value is lower
than the declared value, then the lambda value difference will be negative and indicated in green.

Case lg WmK) 1y (WmK) Al (%) (é\‘;‘/r*nﬁ/z) Al (%)
Cla 0.040 - - - -
Clb 0.040 0.0372 -7.1 0.0379 —52
2 0.040 0.0388 -3.0 0.0396 ~1.1
s1 0.040 0.0357 -10.7 0.0364 —89
s2 0.040 0.0390 —25 0.0398 —05
S3 0.040 0.0381 —48 0.0389 -28
S4 0.040 0.0378 -55 0.0386 -36

It can be observed that none of the measured lambda values exceed the declared value
of 0.040 W/m.K, even when the maximum measured error is included. This indicates
no noticeable degradation in thermal performances for SW insulation up to 28 years old.
Furthermore, the thermal conductivity of old SW insulation is significantly lower than the
value of 0.050 W/m K stipulated by Flemish EPBD regulations in the absence of specific
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values [59]. Therefore, thermal conductivity tests on old insulation products prevent
unnecessarily oversized reused insulation in the thermal envelope.

4. Discussion

From the case studies, it can be confirmed that damage to dismantled SW insulation
boards from flat roofs is inevitable, especially at the top layer of the insulation. When
removing the roofing, the bituminous connection with the underlying insulation was
torn, consistently either partially or entirely removing the top layer of the insulation.
Additionally, other damage phenomena were observed after dismantling the insulation,
such as perforations through the boards caused by mechanical fasteners and residual
adhesives on the upper and lateral sides of the insulation boards. Nevertheless, these
boards can still be dismantled as intact rigid panels, allowing for their reuse. Therefore, the
overarching objective should be, in a circular future, to design insulation materials in flat
roof constructions that allow for easy dismantling. Simultaneously, efforts should be made
to explore methods for the careful dismantling of existing insulation materials in pursuit of
a more sustainable approach.

During the performance assessment, the first notable finding was the minimal shift in
the thickness and density of aged SW insulation. The notably high values in these density
measurements are primarily attributed to the number of density layers in the specific type
of stone wool insulation (Triple Density) and potential deviations during production or
built-in effects, as also hypothesized in other research [45]. Despite a reduction in panel
thickness by 1 to 6 mm during dismantling, mainly due to top layer removal, the density
remained nearly constant. This stability can have positive implications for both mechanical
and thermal performances, given their dependency on density. Additionally, density will
play a crucial role in potential reuse applications, as SW boards for flat roofs, along with
those for floating screeds in floors, have the highest densities compared to SW for other
applications such as pitched roofs, walls, intermediate floors, etc.

The investigation into short- and long-term water absorption reveals diverse outcomes
linked to various factors, with aging playing a pivotal role. Older SW insulation exhibits
decreased water repellency over time, possibly due to prolonged exposure to moisture
during its lifespan in roof structures. Moreover, significant differences were found between
water absorption on the interior and exterior sides. The presence of a vapor barrier and
the specific structure to which the SW insulation is attached are determining factors. This
research demonstrates that SW insulation attached to a steel deck substrate displays a
remarkable degradation pattern in water absorption. Areas where the insulation was
exposed to air between the steel deck profiling had an absorption 4,6 times higher than the
zones directly on the steel deck profiling. The absence of a vapor barrier or the corrosion-
resistant treatment of the steel deck could, hypothetically, be potential causes. The exact
reason as to why the hydrophobic behavior of SW insulation decreases as it ages can be
linked to existing research [39-45]. During the production process of SW insulation, a
specific mineral oil or resin is added to the SW fibers to create a water-repellent layer. If
SW boards are left uncovered without foil and exposed to the outdoor environment for
an extended period of time, the oil may be washed out through prolonged exposure to
moisture. This decline in water repellency in aged SW insulation significantly influences
its reuse, necessitating careful consideration of potential increased moisture uptake in
new applications. Furthermore, the degradation phenomena observed in long-term water
absorption align with those in short-term water absorption, implying the short-term test
accurately assesses water repellency. Consequently, potentially reusable SW insulation may
only need a short-term test, enhancing efficiency in practical implementation.

The mechanical performance of aged SW insulation from flat roofs is contingent on
various factors. Compressibility degradation is primarily attributed to the age of the
insulation, and the loads it bears over its lifespan have a significant impact in particular. A
lower resin content in old SW insulation due to older production technologies and material
relaxation can lead to a loss of mechanical performance [45]. Additionally, the type of roof
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structure is relevant, especially for SW insulation boards fixed to a steel deck structure,
as these are partially in a cantilever formation due to the profiling. Density is another
crucial factor, with an increasing compressive stress at 10% deformation as insulation
density rises. Furthermore, this study demonstrates that compressibility remains consistent
when tested on both sides of the insulation board. This implies that, when considering
the reusability of old SW insulation from flat roofs, placing the insulation board upside
down in a new construction project may be feasible without any loss of compressibility.
Puncture resistance, on the other hand, is primarily dependent on the type of SW insulation
board, specifically the presence of different density layers and, more importantly, the
additional hard top layer that may or may not be damaged. Additionally, there is some
degradation observable, possibly caused by exposure to local loads throughout the first life
cycle. If puncture resistance is a crucial aspect in the new application for these insulation
boards, consideration must be given to the type of SW insulation, the degradation along
the exterior side, and the lower puncture resistance along the interior side. Therefore,
considering additional tests for mechanical performances will always be crucial for potential
reuse applications.

In terms of thermal performance, it is encouraging to observe that the thermal conduc-
tivity of old SW insulation does not degrade after a maximum of 28 years, as confirmed
in existing research [39-44]. This not only underscores the durability and potential reuse
value of aged SW insulation in flat roofs but also emphasizes the importance of thermal
performance assessments. It provides assurance regarding the thermal performance of
recovered insulation in new projects, and it minimizes the oversizing of reused insulation
in the thermal envelope, contributing to more efficient material usage.

5. Conclusions

To promote a more sustainable construction sector, it is imperative to ensure that
building materials, such as SW insulation, do not end up in landfills or incinerators after
a single life cycle. Therefore, this research focuses on the most ambitious option to avoid
such disposal—the potential reuse of SW insulation from flat roofs. Since old SW insulation
remains mainly intact as a panel after dismantling, reusing it is a viable option. Performance
assessments reveal that after 28 years, old SW insulation from flat roofs maintains its density
and its thermal conductivity. Consequently, if old SW insulation from flat roofs stays dry
after dismantling, it still exhibits the same thermal performance as new SW insulation.
However, these SW insulation panels can absorb more water as they age, with 48% of
all samples tested in the short term failing to meet today’s standards. This degradation
may be caused by the hydrophobic substance applied to SW fibers during production
breaking down over time. Additionally, mechanical performance depends on various
factors (age, density, type, loads during the lifespan, and post-dismantling damage), with
43% and 33%, respectively, of all compression and puncture resistance tests not meeting
current minimum standards. Therefore, to repurpose old SW insulation, creative thinking is
required to explore new reuse applications where this degradation has minimal to no impact
on its functionality.

It is crucial to acknowledge certain limitations in this study, as certain pivotal perfor-
mance aspects, such as reaction to fire and the presence of hazardous substances, remained
beyond the scope of this investigation. Additionally, this research only concentrated on a
limited number of case studies, specifically addressing SW insulation in flat roofs. To com-
prehensively assess the durability of insulation materials on a larger scale, future studies
should generate more test results of other relevant properties and for various insulation
materials (PUR, PIR, XPS, EPS, glass wool, etc.) in different applications (walls, floors,
pitched roofs, etc.). This approach can unveil new degradation phenomena, not only shed-
ding light on reusability but also contributing to the sustainability of existing production
processes. Several steps must be explored to effectively deploy reused insulation materials
in practice. This includes the development of more efficient dismantling tools and stream-
lined accessible testing methods to facilitate the practical performance measurement of
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reused insulation. Once these performances are known, the exploration of all possible reuse
applications can ensue, providing a sustainable second life for old insulation materials in
buildings. However, this also implies the need to explore alternatives when insulation
materials are no longer reusable as whole panels. Developing new recycling processes is,
therefore, equally crucial, as this can exclude raw materials from the production process to
lower its environmental impact.
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