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Moss-covered bioreceptive concrete is a novel green vertical structure which can be applied to a wide variety of
structures due to its low structural and maintenance requirements. One of the potential benefits of using moss-
covered concrete is its ability to absorb sound, the extent of which is currently unknown. Therefore, the effec-
tiveness in attenuating (urban) noise of six moss species in different hydration states was assessed and compared
to bare concrete and other vertical green structures. Results show that using moss-covered concrete increases
sound absorption compared to bare concrete in nearly all situations. The best-performing mosses overall were
acrocarp species, particularly P. capillare, which reached a peak sound absorption coefficient of 0.86 and an
average of up to 0.48 (50-6400 Hz). Its results are also relatively constant across hydration states. On the other
hand, G. pulvinata outperformed P. capillare when dry, but not when hydrated or wet. The pleurocarp species
showed the lowest sound absorption. Finally, the thickness of the moss layer has a minor impact on absorption.
The acrocarp moss species compare favourably to (in)direct vertical green structures using climbing plants,
whereas the sound absorption of the pleurocarp species is slightly lower. However, the sound absorption of moss-
covered concrete is significantly lower than that of vertical green structures using a growing substrate (Living
Wall Systems), as the substrate provides the bulk of the absorption in this case. In conclusion, the moss-covered
bioreceptive concrete presents a viable alternative to (in)direct green structures, although benefits are mostly

limited to frequencies above 1000 Hz.

1. Introduction

Environmental noise pollution is a pressing issue in Europe, ranking
second only to air pollution by particulate matter in terms of disease
burden [1]. The World Health Organization (WHO) estimates that
around 1 million healthy life years are lost annually in Europe alone due
to noise pollution, especially road traffic noise, leading to conditions
such as ischaemic heart disease, cognitive impairment in children, sleep
disturbance, tinnitus, and annoyance [2]. The WHO’s guidelines for the
European region recommend limiting average exposure to traffic noise
to 53dB(A), with nightly exposure not exceeding 45dB(A) [3]. However,
a 2020 report revealed that within the European Economic Area, an
estimated 113 million people are exposed to long-term day-evening--
night traffic noise levels exceeding 55dB(A), underscoring the need for
effective noise reduction measures [4].

One possible measure to mitigate noise pollution is to incorporate
more greenery into the urban fabric. As space is at a premium in cities,
this is done increasingly not through ground-level green but in the form

* Corresponding author.
E-mail address: M.1.A.Veeger@tudelft.nl (M. Veeger).

https://doi.org/10.1016/j.buildenv.2025.113194

of green vertical structures, where the plants are attached either directly
or indirectly to urban structures [5]. Noise absorption of urban struc-
tures can be significantly increased by adding plants, and especially a
substrate (which provides the bulk of the sound absorption) to their
surface [6]. There are two ways in which these vertical green structures
can attenuate noise. The first and most important one is that both the
substrate in which the plants grow, as well as the plant itself, act as a
porous absorber [7]. A porous absorber consists of a material that con-
tains air pockets (pores) into which sound waves can enter. A porous
absorber then consumes that incoming sound energy through three
principles [8], collectively called visco-thermal damping: (1) the vi-
bration of air molecules in the pores causes friction with the pore walls,
converting it into heat; (2) the air in the pores is periodically compressed
and released, consuming energy in the transformation process; (3) the
resonance of the pore wall causes a conversion to mechanical and heat
energy. The second way in which plants can attenuate noise is through a
scattering of sound waves by the structure of the plant, which may lead
to destructive interference at higher frequencies [7]. As such, the
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combination of the open porosity, pore size distribution, substrate
thickness, air flow resistivity, tortuosity (pore network complexity), and
moisture content of the substrate, as well as the leaf area density and the
orientation and dimensions of the leaves of the plant together determine
the acoustical performance [7].

However, the adoption of these green building systems is often held
back by issues such as perceived high costs and uncertain benefits [9]. As
such, a new green typology is being developed, which is based around
bioreceptive concrete. Bioreceptive concrete consists of a concrete
mixture that has been adjusted to allow for the growth of biological
material directly on the concrete surface, eliminating the need for the
plants to be soil-bound or require long-term irrigation and a costly
support structure [10] (Fig. 1). Rather than vascular plants, which are
commonly used for other urban green structures, one of the potential
groups of organisms that could grow on this bioreceptive concrete is
moss. Moss could provide several benefits to the urban environment,
including improved rainwater management, heat reduction, air filtra-
tion and noise attenuation [10]. However, while mosses also belong to
the Plant kingdom, they differ from other plants in several ways, which
may affect their sound absorption performance.

First, compared to most vascular plants, mosses have a larger amount
of small, densely packed leaves, which gives them a very high LAI (Leaf
Area Index; the area of leaf per area of substrate occupied by the plant)
[11]. Leaf area density has, in turn, been found to be one of the main
determinants of sound absorption performance by plants [12].
Furthermore, in a bid to protect themselves from desiccation, mosses
have several structural adaptations (porose leaf cells, ridges, folds,
sheathing leaf bases, rhizoids, tomentum) to increase water storage
[13]. All these adaptations are meant to create capillary spaces for water
storage. However, these pores can also be expected to cause the moss to
act as a more efficient porous absorber. Furthermore, some species of
moss clump together to form structures, such as cushions, which further
increase the number of capillary spaces for water storage and, in turn,
may affect the acoustic performance of the species once again. It is,
therefore, likely that mosses do have noise attenuation capabilities.
However, it will differ from most other urban green structures, as it
relies on the plant rather than the substrate, which is often the main
contributor to the acoustic performance of these green structures [14,
15]. Instead, they grow on concrete, a hard material with minimal sound
absorption [16]. Furthermore, the sound absorption of moss will likely
depend on the structure of the moss species and the moss’s hydration
level, as when the capillary spaces are filled, its noise-attenuating
properties are expected to decrease, similar to what is seen in the sub-
strates used for other green typologies such as green roofs and green
facades [7].

So far, research into the acoustic performance of mosses has been
minimal. Reethof, et al. [17] found that forest floors with moss covering
had higher acoustic absorption than those with leaf litter or bare soils,
although no quantitative data are presented. Similarly, Li, et al. [18]
found that the sound absorption of tree bark was higher when moss was
present, although the total sound absorption of both moss and bark
stayed below 0.1 in their tested frequency range (0-2000 Hz). The use of

Indirect green fagade

Similar to a direct green fagade,
except the plants grow on a
support structure placed in front
of the wall, rather than the

wall itself.

Direct green facade

Uses vascular plants (usually
climbers) which grow in soil
or other growing substrate
at the base of the wall and
the plants attach themselves
directly to the wall.

added to the wall, usually in the
form of some type of planter box
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moss in artificial noise absorbers has also seen some limited testing, with
Kim, et al. [19] finding noise reduction coefficients of up to 0.189 in the
250-2000 Hz frequency range when using a mixture of moss and either
beer or buttermilk and Sleinus, et al. [20] achieving a sound absorption
coefficient of 0.1 at 250 Hz and up to 0.95 at 4000 Hz when mixing
Sphagnum moss with flax and organic lake sediment.

This then reinforces the hypothesis that moss does indeed have noise-
absorbing capabilities. However, no literature was found where quan-
titative data are available on the acoustic properties of living moss
(either on bioreceptive concrete or other substrates). It will, therefore,
be of great interest to investigate whether bioreceptive concrete per-
forms less, equally, or even better than more common green typologies,
such as green facades and green roofs, as a mitigation measure or
alternative.

Therefore, this paper aims to determine the effectiveness of moss
growing on concrete in attenuating urban noise pollution and compare
these results to those found for other contemporary vertical green
structures to assess whether moss-covered bioreceptive concrete is a
viable alternative. As moss exhibits different structural properties
depending on its hydration level and species, which is expected to affect
its sound absorption potential, the experiments described in this paper
were conducted on several moss species across varying hydration levels.

2. Methodology
2.1. Test set-up

The acoustical measurements were performed with a Bruel & Kjaer
4206 impedance tube kit, as this allows for reliable testing on small test
samples. This kit consists of one larger tube (100 mm diameter), which
measures direct incidence sound absorption coefficient (o; i.e. the
fraction of sound energy absorbed when the sound waves are perpen-
dicular to the absorption plane) in the 50-1600 Hz range, and one
smaller tube (29 mm diameter), which measures direct incidence
acoustic absorption in the 500-6400 Hz range, both according to ISO
10,534-2 and ASTM E1050-12 (Fig. 2).

2.2. Sample preparation

To accommodate the two impedance tubes, a total of 56 concrete
samples were produced, comprising 21 samples with a 100 mm diameter
for use in the larger tube (three per tested moss species) and 35 samples
with a 29 mm diameter for use in the smaller tube (five per tested moss
species). First, a plastic mould was 3D-printed in FormFutura ePLA with
an outer diameter of either 100 mm or 29 mm and a wall thickness of 0.5
mm using vase-mode FDM printing. This was done to ensure a tight fit
inside the impedance tubes used for the acoustic measurements. These
moulds were then filled with a previously developed bioreceptive con-
crete mixture consisting of CEMIII/B, 0-4 mm recycled concrete
aggregate and bone ash. The concrete was then cured for 28 days, after
which the samples were ready for the application of the moss layer.

Living Wall System (LWS)
In an LWS growing substrate is

Bioreceptive concrete

Uses moss or other
photosynthetic organisms such
as algae, which grow directly on
the surface of the wall, without
the need for an organic
substrate.

with irrigation. The (vascular)
plants than grow in this
substrate.

Fig. 1. Overview of bioreceptive concrete as compared to other vertical green structures. The classification of green vertical structures is based on [5].
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Fig. 2. Working principle of an impedance tube, as specified in ISO 10,534-2.

2.3. Moss application

For this research, six moss species were tested (Table 1). These six
species were selected as they have previously been found to be common
pioneers of urban concrete surfaces [21], indicating that they would be
well suited for the colonisation of bioreceptive concrete structures.
Colonies of these mosses were first harvested from existing concrete
structures. These colonies were then applied to the surfaces of the
concrete samples using methylcellulose glue (Fig. 3). This glue is
non-toxic to the moss, and preliminary testing showed it to have no
significant effect on the acoustical measurements. Three large (100 mm)
and five small (29 mm) samples were prepared for each species
(Table 1). Additionally, in the case of G. pulvinata, two sets of samples
were prepared: one with a smaller (less than 10 mm) thickness of the
moss layer and one with a higher (more than 15 mm) layer thickness.
After moss application, the mosses were kept in a growth chamber
where they received daily water and were kept underneath a Vipar-
Spectra XS1000 grow light set at 130 ymol m2 s™! PAR for three weeks
until the start of the acoustical measurements.

2.4. Acoustical measurements

The concrete samples were placed inside the impedance tube so that
the top of the samples was level with the lip of the impedance tube. The
borders of the samples were covered with Vaseline to ensure an airtight
fit. First, a measurement was done on all samples before applying the
moss to determine the baseline absorption of the bare concrete. Then, as
the hydration level of the moss affects its structure and porosity, which
was expected to affect its noise absorption, this was followed by three
sets of measurements on the concrete samples covered with increasingly
drier moss. The first of these measurements was performed after the
moss was applied, directly following a watering event where water was

Table 1
Overview of test samples produced and moss species used for the acoustical
experiment.

Species Growth form No. of samples
100 mm 29 mm
diameter diameter

Brachythecium rutabulum Pleurocarp (mat) 3 5

(Hedw.) Schimp
Grimmia pulvinata (Hedw.) Acrocarp (large
Sm. cushion)
Layer thickness <10mm 3 5
Layer thickness >15mm 3 5
Orthotrichum diaphanum Acroarp (small 3 5
Schrad. Ex Brid. cushion)

Ptychostomum capillare Acrocarp (large 3 5
(Hedw.) cushion)

Rhynchosteium confertum Pleurocarp (mat) 3 5
(Dicks.) Schimp.

Tortula muralis Hedw. Acrocarp (small 3 5

cushion)

placed on top of the moss until it was no longer absorbed into the moss
colony (hereafter called ‘saturated’). When water is applied to moss, the
voids between the moss leaves are (partially) filled with water to act as
storage, which causes the overall porosity of the moss structure to
decrease. The mosses were then air-dried at room temperature until they
were towel-dry (when a paper towel is laid on top of the moss, no water
is absorbed into the towel). After this first drying period, the samples
were tested a second time to determine the acoustic performance when
the moss was turgid, but the voids between the leaves were empty,
which increases the porosity of the moss colony (hereafter called ‘hy-
drated’). The third and final test was done when the mosses were
entirely desiccated. To achieve this, they were air-dried until fully
desiccated (hereafter called ‘dry’). As moss dries, the structure of the
moss plant changes to avoid damage during desiccation, which leads to
an altered colony structure. Furthermore, moss loses its Photosystem II
function and thus loses its light-induced fluorescence [22]. As such, a
Walz MINI-PAMII was used to measure the maximum potential quantum
efficiency of Photosystem II (Fv/Fm) after 20 min of dark adaptation
during the drying process. Once this value had fallen below 0.1, indi-
cating severe (water) stress, the moss was considered sufficiently
desiccated, and the fourth acoustical test was performed.

2.5. Data analysis

Raw absorption data from the impedance tubes was combined for
each moss species’ hydration state using a 1200-1600 Hz crossover and
a 2 Hz resolution calculated using the PULSE software by Bruel & Kjaer.
The absorption per 1/1 octave band was extracted from this data using
the centre extraction method in the same software package. Average
sound absorption (a,yg) was calculated by taking the arithmetic mean of
the sound absorption values across the entire tested frequency spectrum
(50-6400 Hz).

Kruskal-Wallis analyses with a post-hoc Conover-Iman tests and a
Benjamini-Hochberg correction were performed to determine the dif-
ferences in acoustic absorption per octave band between individual
moss species and between the species and bare concrete for their three
different hydration states (dry, hydrated and saturated). This was done
in R version 4.4.3 [23] using the PMCMRplus package [24].

3. Results
3.1. Sound absorption curves per moss species

B. rutabulum

In both its dry and hydrated states, sound absorption increases
roughly linearly with frequency (Fig. 4), reaching average values across
the entire frequency spectrum of aayg = 0.17 (dry) and oayg = 0.21
(hydrated) while peaking at the end of the tested spectrum (6400 Hz)
with a = 0.28 (dry) and a = 0.41 (hydrated). When this moss was
saturated, average sound absorption was higher than the other states,
with an average oayvg = 0.22, but this was primarily due to a pronounced
peak in sound absorption at 5940 Hz (« = 0.72), with absorption values
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Fig. 3. Test samples (100 mm) after application of moss layer. Species from left to right: G. pulvinata (layer thickness < 10 mm), G. pulvinata (layer thickness > 15
mm), O. diaphanum, B. rutabulum, R. confertum, P. capillare, and T. muralis.

Brachytecium rutabulum

Bare concrete ~ ==———Dry moss ====Hydrated moss = = -Saturated moss

Absorption coéfficient (-)
o
19,
o

1 L 1 1 1 1 L 1 1 L 1 1 L L 1 1 L L L 1 Il

100 400 700 1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000 4300 4600 4900 5200 5500 5800 6100 6400
Frequency (Hz)

Fig. 4. Sound absorption results for B. rutabulum.

for the lower frequencies below those found for the other states. and hydrated (« = 0.732) state and average absorption values of a,yg =
G. pulvinata 0.55 (dry) and aayg = 0.41 (hydrated). The initial slope of their ab-
When using a thicker moss layer (>15 mm), G. pulvinata shows an sorption graphs is similar, although the graph for the hydrated state
increase in sound absorption with increasing frequency (Fig. 5), with a tapers off in the higher frequencies, leading to lower overall sound ab-

peak at the end of the test spectrum (6400 Hz) for both its dry (o« = 0.88) sorption. For thinner layers (<10 mm), the moss again showed similar

Grimmia pulvinata (thickness >15mm)

Bare concrete ~ =———Dry moss ====Hydrated moss = = -Saturated moss

1.00

0.90

Absorption coéfficient (-)

0.00 1 L L L L L L L L L L L L L L L L 1 L L ;

100 400 700 1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000 4300 4600 4900 5200 5500 5800 6100 6400
Frequency (Hz)

Fig. 5. Sound absorption results for G. pulvinata with a layer thickness of more than 15 mm.
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sound absorption in its dry and hydrated state (Fig. 6), although in this
case, the hydrated state had slightly higher overall sound absorption at
an average of ozvg = 0.36 and an absorption peak at 6080 Hz (a = 0.73)
as compared to its dry state, where the average absorption was 0ayg =
0.33, with a peak at 6400 Hz of a = 0.67. For both layer thicknesses,
G. pulvinata showed significantly lower absorption in its saturated state
than in its other states. The higher layer thickness resulted in an average
absorption of only avg = 0.19, with a primary absorption peak at 5364
Hz (o« = 0.34) and a smaller secondary peak at 1900 Hz (a = 0.23). The
average for the smaller layer thickness was aayg = 0.18, with a primary
peak at 5176 Hz (o« = 0.39) and a smaller secondary peak at 1588 Hz (a
= 0.26).

O. diaphanum

O. diaphanum showed the lowest overall sound absorption in its dry
state (Fig. 7), with an average absorption of oy = 0.17 and its peak at
6400 Hz (o = 0.31). Sound absorption increased in its hydrated state,
with an average of aayg = 0.230 and peak absorption at 6400 Hz (a =
0.47). O. diaphanum showed the highest peak absorption (o = 0.76 at
6352 Hz) in its saturated state but had the lowest sound absorption of all
its states up until 2500 Hz, after which absorption increased relatively
strongly with frequency, thus still resulting in the highest average sound
absorption overall (aayg = 0.29).

P. capillare

In both its dry and hydrated state, P. capillare shows a strong, roughly
linear increase in sound absorption with frequency (Fig. 8), resulting in
average absorption values of o,y = 0.36 (dry) and aayg = 0.48 (hy-
drated). In both states, sound absorption peaked at the end of the tested
spectrum (6400 Hz), with the dry moss showing a slightly lower peak
absorption (o« = 0.703) than the hydrated moss («x = 0.86). The perfor-
mance of the moss in its saturated state is roughly identical to its hy-
drated state with an average absorption of oayg = 0.47, although this
time, sound absorption peaks at 5890 Hz (o = 0.85).

R. confertum

In its dry and hydrated states, R. confertum showed similar sound
absorption, with both the dry (« = 0.26) and hydrated (a = 0.31) moss
showing peak absorption at 6400 Hz (Fig. 9) and average absorption
values of aayg = 0.16 (dry) and oy = 0.16 (hydrated). The saturated
moss showed no increase in sound absorption compared to the bare
concrete up to around 5200 Hz, after which sound absorption rose
sharply, peaking at 6400 Hz (« = 0.40), resulting in an average sound
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absorption of just aayg = 0.10.

T. muralis

In both its dry and hydrated states, T. muralis exhibited similar
sound absorption up until approximately 2500 Hz, after which the sound
absorption in its hydrated state showed a more substantial increase in
relation to frequency than its dry state (Fig. 10). In its dry state, the
average sound absorption was o,y = 0.24, with a peak absorption at
6400 Hz (o = 0.49). In its hydrated state, average absorption was higher
at oayg = 0.32 and a peak at 6384 Hz (a = 0.80). Absorption in its
saturated state was mostly lower than in its hydrated state, averaging at
Qayg = 0.219, with two absorption peaks, similar to the results observed
for G. pulvinata. The largest was at 4968 Hz (o = 0.48) and a smaller one
at 3176 Hz (a = 0.27).

3.2. Sound absorption per octave band

All species showed increasing sound absorption in each subsequent
octave band, with most of the sound absorption occurring in the 2000 Hz
and 4000 Hz octave bands for all species (Fig. 11). Furthermore, in most
cases, the spread of sound absorption values found was relatively large
within samples from the same species. Differences between species and
bare concrete were statistically significant for all octave bands and all
moss species hydration states (see Fig. 12, Fig. 13 and Fig. 14). In almost
all cases, the sound absorption of moss-covered concrete was signifi-
cantly higher than that of bare concrete. With the dry and hydrated moss
especially, there were only very few exceptions to this, limited to a few
instances at the lower octave bands (Fig. 12 and Fig. 13). When satu-
rated moss was used, the mosses performed worse overall (Fig. 14), with
no significant differences between bare concrete and moss-covered
concrete for B. rutabulum, G. pulvinata (<10 mm and >15 mm),
O. diaphanum, and R. confertum at 125 Hz, G. pulvinata (<10 mm) at 500
Hz, G. pulvinata (<10 mm and >15 mm) and T. muralis at 500 Hz, all
species at 1000 Hz, B. rutabulum, G. pulvinata (<10 mm and >15 mm),
O. diaphanum, R. confertum (which performed significantly worse that
concrete at this octave band) and T. muralis at 2000 Hz and finally
G. pulvinata (>15 mm) and R. confertum at 4000 Hz.

When looking at the differences between species, in their dry and
hydrated state (Fig. 12 and Fig. 13), the larger acrocarp species of
P. capillare and G. pulvinata (both at <10 mm and >15 mm layer
thickness) perform best, especially at the higher frequencies, with no

Grimmia pulvinata (thickness <10mm)

Bare concrete

——Dry moss

1.00

0.90

e @9
N @
o O

o
o)
o

Absorption coéfficient (-)
o o
N n
o o

o
w
o

====Hydrated moss

- = -Saturated moss

100 400 700

1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000 4300 4600 4900 5200 5500 5800 6100 6400

Frequency (Hz)

Fig. 6. Sound absorption results for G. pulvinata with a layer thickness of less than 10 mm.
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Orthotrichum diaphanum

Bare concrete ~ =———Dry moss

Absorption coéfficient (-)

- = -Saturated moss

====Hydrated moss

100

400 700

1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000 4300 4600 4900 5200 5500 5800 6100 6400

Frequency (Hz)

Fig. 7. Sound absorption results for O. diaphanum.

Ptychostomum capillare

Bare concrete ~ =———Dry moss

Absorption coéfficient (-)

0.00 1 L L L L L L L L

====Hydrated moss

- = -Saturated moss

700

1000 1300 1600 1900 2200 2500 2800 3100 3400 3700 4000 4300 4600 4900 5200 5500 5800 6100 6400

Frequency (Hz)

Fig. 8. Sound absorption results for P. capillare.

statistically significant differences between them, except for G. pulvinata
(>15 mm) and P. capillare at 4000 Hz when dry, where the former
outperformed the latter. This is followed by the smaller acrocarp species
of O. diaphanum and T. muralis, which perform similarly, except in their
dry state at 2000 Hz. The worst performers in these states are the
pleurocarp species B. rutabulum and R. confertum, although the differ-
ences with the previous group are not always statistically significant.
When the mosses are saturated (Fig. 14), the rankings change
somewhat. P. capillare is not strongly affected by being saturated with
water and mostly even performs better than when dry. The sound ab-
sorption of G. pulvinata (<10 mm and >15 mm) is drastically reduced,
mostly equalising the performance between it and the other acrocarp
mosses, plus B. rutabulum. The other mosses are also affected, although
not as strongly as G. pulvinata. Interestingly, O. diaphanum is strongly

negatively affected in the lower frequencies but positively affected in the
higher frequencies. Overall, P. capillare is the best-performing moss
species across the board, R. confertum is the worst, and the other moss
species have roughly the same sound absorption.

4. Discussion
4.1. Moss as a sound absorber

The obtained results suggest that mosses indeed act as sound ab-
sorbers, although the bulk of their absorption occurs at higher fre-
quencies. The sound absorption graphs further suggest that moss does,
indeed, function as a porous absorber. As such, the fact that the bulk of
the sound absorption takes place at the higher frequencies is not
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Rhynchostegium confertum
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Fig. 9. Sound absorption results for R. confertum.

Tortula muralis
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Fig. 10. Sound absorption results for T. muralis.

unexpected, as the sound absorption below frequencies of 2000 Hz is
strongly related to the material thickness [25], something which is
minimal in most moss species. Mosses being porous absorbers also ex-
plains why performance is best in most species when the moss is hy-
drated, but not fully saturated (Table 2). When the moss is saturated, the
pores created by the leaves of the moss are at least partially blocked,
reducing the effective porosity of the moss colony, which in turn reduces
the acoustic performance [26]. This effect is less pronounced or absent
in B. rutabulum, P. capillare and O. diaphanum, likely because they have
looser growth forms, creating larger pore spaces between leaves, in
which water is not retained as well compared to the other species. When
drying, most mosses change their leaf structures, contorting them or
curling them inwards [13]. This also changes the leaf surface area and
porosity of the moss colony, in most cases leading to a slightly reduced
sound absorption when the moss is dry as compared to when it is hy-
drated. This reduction in sound absorption when dry is particularly

pronounced in P. capillare and O. diaphanum, the two species which also
have the strongest structural response to desiccation (Fig. 15). The sole
exception to this is G. pulvinata (>15 mm), which performs better in its
dry form than when hydrated (Table 2). However, as this effect is not
seen in the thinner layer of G. pulvinata, this may be due to some of the
deeper voids in G. pulvinata (>15 mm) still being filled in their hydrated
state, reducing their sound absorption.

Overall, the best-performing moss species are acrocarpous species,
especially those that form large dense colonies (Fig. 16a), such as the
acrocarpous species G. pulvinata and P. capillare, especially when they
form thicker layers, as can be observed from the larger average sound
absorption values found for the thicker layer of G. pulvinata (Table 2), as
compared to the thinner layer (although, notably, the differences per
octave band were not statistically significant between the two). These
dense colonies form a more extensive and complex pore network, which,
in turn, enhances acoustic absorption [7]. Other acrocarpous species,
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such as T. muralis and O. diaphanum, form smaller colonies (Fig. 16b)
and perform somewhat worse. Overall, the pleurocarpous species
exhibit the lowest overall sound absorption. This last can likely be
attributed to their different growth form. Rather than the acrocarpous
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[PC] Ptychostomum capillare

[RC] Rhynchostegium confertum

Fig. 11. Sound absorption results per octave band for all moss species and hydration states.

species, which grow perpendicular to the substrate they inhabit and
often form dense cushions to trap water, pleurocarpous species grow
primarily parallel to the substrate instead, forming relatively loose mats
(Fig. 16c). As such, the pore network formed by their leaves is much less
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Absorption data per Octave band (Dry state)

125Hz Ocave band
Kruskal-Wallis: x3(7) = 27.603, p < 0.001

250Hz Ocave band
Kruskal-Wallis: x*(7) = 31.114, p < 0.001

Homogeneous Homogeneous
Species  Median Q1 Q3 1QR Species  Median Q1 Q3 1QR
subset subset
Bare 0.00 0.00 0.00 0.00 a b Bare 0.02 0.02 0.02 0.00 a
BR 0.00 0.00 0.01 0.01 a b BR 0.03 0.03 0.04 0.01 b
GPL 0.01 0.00 0.01 0.00 b ¢ GPL 0.04 0.04 0.04 0.01 b
GPS 0.00 0.00 0.00 0.00 b ¢ GPS 0.04 0.03 0.04 0.00 b
oD 0.01 0.00 0.02 0.01 b ¢ oD 0.04 0.03 0.04 0.01 b
PC 0.01 0.01 0.01 0.01 b ¢ PC 0.04 0.04 0.04 0.01 b
RC 0.00 0.00 0.01 0.01 b ¢ RC 0.03 0.03 0.04 0.01 b
™ 0.03 0.02 0.03 0.02 c ™ 0.05 0.04 0.05 0.01 b
500Hz Ocave band 1000Hz Ocave band
Kruskal-Wallis: x3(7) = 23.693, p = 0.001 Kruskal-Wallis: x*(7) = 33.512, p < 0.001
Homogeneous Homogeneous
Species Median Q1 Q3 IQR Species Median Q1 Q3 IQR
subset subset
Bare 0.04 0.04 0.05 0.01 a Bare 0.07 0.05 0.08 0.03 a
BR 0.05 0.05 0.08 0.03 a b BR 0.14 0.12 0.16 0.04 b ¢
GPL 0.07 0.07 0.08 0.01 b GPL 0.23 0.23 0.24 0.01 c
GPS 0.06 0.06 0.07 0.01 b GPS 0.18 0.14 0.20 0.06 b ¢
oD 0.06 0.06 0.06 0.01 b oD 0.11 0.10 0.13 0.02 b
PC 0.06 0.06 0.07 0.01 b PC 0.18 0.17 0.18 0.01 b ¢
RC 0.05 0.05 0.06 0.01 a b RC 0.12 0.10 0.13 0.03 b
™ 0.06 0.06 0.07 0.01 b ™ 0.12 0.11 0.16 0.05 b ¢
2000Hz Ocave band 4000Hz Ocave band
Kruskal-Wallis: x*(7) = 59.241, p < 0.001 Kruskal-Wallis: x*(7) = 59.237, p < 0.001
Species  Median Q1 Q3 1QR Homogeneous Species  Median Ql Q3 IQR Homogeneous
subset subset
Bare 0.08 0.08 0.09 0.01 a Bare 0.09 0.08 0.10 0.01 a
BR 0.12 0.12 0.14 0.02 b BR 0.18 0.18 0.19 0.02 b ¢
GPL 0.43 0.28 0.47 0.19 e GPL 0.84 0.56 0.84 0.28 e
GPS 0.18 0.18 0.20 0.02 d e GPS 0.33 0.31 0.40 0.09 d e
oD 0.14 0.14 0.14 0.00 b ¢ oD 0.19 0.18 0.19 0.01 b ¢
PC 0.21 0.20 0.23 0.03 d e PC 0.38 0.34 0.52 0.18 c d
RC 0.13 0.13 0.15 0.02 b RC 0.18 0.16 0.18 0.02 b
™ 0.17 0.17 0.18 0.02 c d ™ 0.26 0.25 0.30 0.06 c d
Legend
Bare Bare concrete oD Orthotrichum diaphanum
BR Brachythecium rutabulum PC Ptychostomum capillare
GPL Grimmia pulvinata (>15mm) RC Rhynchostegium confertum
GPS Grimmia pulvinata (<10mm) ™ Tortula muralis

Fig. 12. Medians, 1st (Q1) and 3rd (Q3) quartiles, as well as the inter-quartile range (IQR) of the noise absorption results per octave band of bare concrete and the
moss species in their dry state. Also included are the Kruskal-Wallis test results and the homogeneous subsets created using the post-hoc Conover-Iman test with an
alpha level of 0.05.
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Absorption data per Octave band (Hydrated state)

125Hz Ocave band
Kruskal-Wallis: x3(7) = 23.229, p = 0.002

250Hz Ocave band
Kruskal-Wallis: x?(7) = 32.515, p < 0.001

Homogeneous Homogeneous
Species Median Q1 Q3 IQR Species Median Q1 Q3 IQR
subset subset
Bare 0.00 0.00 0.00 0.00 a Bare 0.02 0.02 0.02 0.00 a
BR 0.03 0.02 0.07 0.05 b BR 0.14 0.09 0.17 0.08 b
GPL 0.02 0.01 0.02 0.01 b GPL 0.05 0.05 0.06 0.01 b
GPS 0.00 0.00 0.01 0.01 a b GPS 0.05 0.04 0.08 0.04 b
oD 0.00 0.00 0.01 0.01 a b oD 0.03 0.03 0.04 0.01 b
PC 0.02 0.01 0.02 0.01 b PC 0.22 0.12 0.22 0.10 b
RC 0.02 0.01 0.02 0.01 b RC 0.05 0.04 0.09 0.06 b
™ 0.00 0.00 0.00 0.00 a b ™ 0.04 0.03 0.04 0.01 b
500Hz Ocave band 1000Hz Ocave band
Kruskal-Wallis: x*(7) = 31.97, p < 0.001 Kruskal-Wallis: x*(7) = 27.366, p < 0.001
Species Median Q1 Q3 IQR Homogeneous Species Median Q1 Q3 IQR Homogeneous
subset subset
Bare 0.04 0.04 0.05 0.01 a Bare 0.07 0.05 0.08 0.03 a
BR 0.09 0.08 0.10 0.02 b ¢ BR 0.09 0.08 0.12 0.03 b
GPL 0.08 0.08 0.11 0.03 c GPL 0.21 0.16 0.22 0.06 b
GPS 0.12 0.10 0.13 0.04 c GPS 0.09 0.09 0.09 0.00 b
oD 0.06 0.06 0.06 0.00 b oD 0.11 0.10 0.12 0.02 b
PC 0.13 0.10 0.13 0.04 c PC 0.14 0.13 0.14 0.01 b
RC 0.07 0.07 0.07 0.01 b ¢ RC 0.10 0.08 0.12 0.04 b
™ 0.07 0.07 0.08 0.01 b ¢ ™ 0.11 0.09 0.12 0.02 b
2000Hz Ocave band 4000Hz Ocave band
Kruskal-Wallis: x3(7) = 57.962, p < 0.001 Kruskal-Wallis: x*(7) = 57.622, p < 0.001
Species Median Q1 Q3 IQR Homogeneous Species Median Q1 Q3 IQR Homogeneous
subset subset
Bare 0.08 0.08 0.09 0.01 a Bare 0.09 0.08 0.10 0.01 a
BR 0.15 0.13 0.15 0.02 b ¢ BR 0.25 0.22 0.28 0.06 b ¢
GPL 0.29 0.25 0.36 0.11 GPL 0.42 0.29 0.76 0.47 d e
GPS 0.19 0.17 0.22 0.05 c GPS 0.52 0.40 0.52 0.13 c d e
oD 0.16 0.15 0.16 0.01 b ¢ oD 0.26 0.26 0.28 0.02 b ¢
PC 0.30 0.23 0.32 0.09 d PC 0.65 0.44 0.76 0.31 e
RC 0.12 0.12 0.14 0.03 b RC 0.18 0.18 0.20 0.02 b
™ 0.15 0.15 0.16 0.00 b ¢ ™ 0.35 0.28 0.37 0.09 c d e
Legend
Bare Bare concrete oD Orthotrichum diaphanum
BR Brachythecium rutabulum PC Ptychostomum capillare
GPL Grimmia pulvinata (>15mm) RC Rhynchostegium confertum
GPS Grimmia pulvinata (<10mm) ™ Tortula muralis

Fig. 13. Medians, 1st (Q1) and 3rd (Q3) quartiles, as well as the inter-quartile range (IQR) of the noise absorption results per octave band of bare concrete and the
moss species in their hydrated state. Also included are the Kruskal-Wallis test results and the homogeneous subsets created using the post-hoc Conover-Iman test with
an alpha level of 0.05.
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Absorption data per Octave band (Saturated state)

125Hz Ocave band 250Hz Ocave band
Kruskal-Wallis: x3(7) = 21.341, p = 0.003 Kruskal-Wallis: x*(7) = 30.454, p < 0.001
Species Median Ql Q3 IQR Homogeneous Species Median Ql Q3 IQR Homogeneous
subset subset
Bare 0.00 0.00 0.00 0.00 a Bare 0.02 0.02 0.02 0.00 a
BR 0.00 0.00 0.00 0.00 a b BR 0.05 0.04 0.05 0.01 b ¢
GPL 0.00 0.00 0.00 0.00 a b GPL 0.03 0.03 0.04 0.00 b ¢
GPS 0.00 0.00 0.00 0.00 a b GPS 0.02 0.02 0.03 0.00 a b
oD 0.00 0.00 0.00 0.00 a b oD 0.03 0.03 0.04 0.01 b ¢
PC 0.00 0.00 0.02 0.02 c PC 0.05 0.04 0.07 0.02 c
RC 0.00 0.00 0.00 0.00 a b RC 0.03 0.03 0.03 0.01 b ¢
™ 0.00 0.00 0.00 0.00 b ¢ ™ 0.03 0.03 0.07 0.04 b ¢
500Hz Ocave band 1000Hz Ocave band
Kruskal-Wallis: x%(7) = 22.838, p = 0.002 Kruskal-Wallis: x%(7) = 17.897, p = 0.012
Species Median Q1 Q3 IQR Homogeneous Species Median Q1 Q3 IQR Homogeneous
subset subset
Bare 0.04 0.04 0.05 0.01 a Bare 0.07 0.05 0.08 0.03 a b
BR 0.07 0.06 0.08 0.02 b BR 0.06 0.05 0.08 0.03 a b
GPL 0.07 0.05 0.07 0.02 a b GPL 0.14 0.10 0.15 0.04 b
GPS 0.06 0.05 0.06 0.01 a b GPS 0.07 0.06 0.08 0.02 a b
oD 0.07 0.06 0.07 0.02 b oD 0.04 0.04 0.04 0.01 a
PC 0.09 0.07 0.10 0.03 b PC 0.09 0.09 0.13 0.04 b
RC 0.07 0.06 0.07 0.01 b RC 0.04 0.04 0.07 0.03 a b
™ 0.05 0.05 0.06 0.01 a b ™ 0.04 0.03 0.04 0.01 a
2000Hz Ocave band 4000Hz Ocave band
Kruskal-Wallis: x*(7) = 22.621, p = 0.002 Kruskal-Wallis: x*(7) = 37.084, p < 0.001
Homogeneous Homogeneous
Species Median Q1 Q3 IQR Species Median Q1 Q3 IQR
subset subset
Bare 0.08 0.08 0.09 0.01 b Bare 0.09 0.08 0.10 0.01 a
BR 0.08 0.07 0.10 0.03 a b BR 0.19 0.17 0.21 0.04 c d e
GPL 0.06 0.05 0.47 0.42 b GPL 0.15 0.07 0.23 0.15 a b c
GPS 0.17 0.05 0.25 0.20 b ¢ GPS 0.15 0.11 0.18 0.07 b ¢
oD 0.11 0.08 0.12 0.03 b ¢ oD 0.33 0.29 0.35 0.06 d e
PC 0.24 0.17 0.40 0.23 c PC 0.50 0.45 0.80 0.35 e
RC 0.04 0.04 0.05 0.02 a RC 0.08 0.07 0.12 0.05 a b
™ 0.12 0.05 0.14 0.10 b ¢ ™ 0.17 0.15 0.45 0.30 c d e
Legend
Bare Bare concrete oD Orthotrichum diaphanum
BR Brachythecium rutabulum PC Ptychostomum capillare
GPL Grimmia pulvinata (>15mm) RC Rhynchostegium confertum
GPS Grimmia pulvinata (<10mm) ™ Tortula muralis

Fig. 14. Medians, 1st (Q1) and 3rd (Q3) quartiles, as well as the inter-quartile range (IQR) of the noise absorption results per octave band of bare concrete and the
moss species in their saturated state. Also included are the Kruskal-Wallis test results and the homogeneous subsets created using the post-hoc Conover-Iman test with
an alpha level of 0.05.
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Table 2

Building and Environment 281 (2025) 113194

Average and peak sound absorption coefficients across the entire tested frequency spectrum (50-6400 Hz) for all species in all their hydration states.

Average sound absorption coefficient

Peak sound absorption coefficient

Species Dry Hydrated Saturated Dry Hydrated Saturated

B. rutabulum 0.17 0.21 0.22 0.28 @ 6400Hz 0.41 @ 6400Hz 0.72 @ 5940Hz
G. pulvinata (>15 mm) 0.55 0.41 0.19 0.88 @ 6400Hz 0.73 @ 6400Hz 0.34 @ 5364Hz
G. pulvinata (<10 mm) 0.33 0.36 0.18 0.67 @ 6400Hz 0.73 @ 6080Hz 0.39 @ 5176Hz
O. diaphanum 0.17 0.23 0.29 0.31 @ 6400Hz 0.47 @ 6400Hz 0.76 @ 6352Hz
P. capillare 0.36 0.48 0.47 0.70 @ 6400Hz 0.86 @ 6400Hz 0.85 @ 5890Hz
R. confertum 0.16 0.16 0.10 0.26 @ 6400Hz 0.31 @ 6400Hz 0.40 @ 6400Hz
T. muralis 0.24 0.32 0.22 0.49 @ 6400Hz 0.80 @ 6384Hz 0.48 @ 4968Hz

Fig. 15. When P. capillare is desiccated (left), the leaves curl up around the stem, thereby reducing leaf surface area and opening up the pores between the individual
plants in the colony. When P. capillare is hydrated (right), the leaves uncurl again, increasing leaf surface area and creating porous structures between the individual

plants in the colony.

Fig. 16. (a) Larger acrocarp species, such as G. pulvinata (depicted) and P. capillare, form large cushions, growing perpendicular to the substrate. (b) Smaller acrocarp
species, such as O. diaphanum (depicted) and T. muralis, form smaller cushions while still growing perpendicular to the substrate. (c) Pleurocarp species, such as
B. rutabulum (depicted) and R. confertum, form large mats growing parallel to the substrate.

extensive and complex. Another potentially contributing factor is the
angle of their leaves as compared to the incoming sound. The angle
between incoming sound and the leaves of pleurocarpous moss species is
much smaller than that of acrocarpous moss species, which, in turn,
negatively affects their ability to absorb acoustic energy [12].

In practice, this means that larger acrocarp species are most suitable
for noise-mitigating structures, with species selection dependent on the
location where the structure is to be placed. In locations with a moister
(micro)climate, where the moss can be expected to be wet or hydrated
for most of the time, P. capillare is the most suitable species, as it will
perform best under these conditions. It can also be expected to yield the
best results when the conditions are highly variable, as it had the most
consistent results. On the other hand, if the moss is expected to be dry for
the majority of the time, the use of G. pulvinata will likely yield better
results.

The primary limitation of using moss as an acoustic absorber in an
urban environment is its absorption spectrum. The frequency spectrum
of traffic and railway noise, two of the major components of urban noise
pollution, have broad emission spectrums with a peak at around 1000
Hz [27]. Conversely, mosses have the bulk of their sound absorption in
the 2000 Hz and 4000 Hz octave bands, with a smaller effect in the 1000
Hz octave band. Noise pollution in these higher (1000 Hz, 2000 Hz, and
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4000 Hz) octave bands, in turn, has been linked to adverse health effects,
such as sleep disturbance [28], depression [29], metabolic syndrome
[30], and hypertension [31,32]. As such, moss can help mitigate these
issues. However, noise pollution in the lower octave bands is also not
without its deleterious effects, such as annoyance, sleep disturbance,
mental fatigue and headaches [33,34]. And, while in most cases the
addition of moss also resulted in a statistically significant increase in
sound absorption compared to bare concrete in the lower frequency
spectrum, the positive effect of the addition of moss on these lower
octave bands was comparatively small. Furthermore, it should be noted
that these results were obtained in an impedance tube, which measured
normal incidence sound absorption only. Whereas in practice, random
incidence of sound can be expected. Although results from impedance
tube measurements and reverberation room measurements (which
measure under random incidence) correlate relatively well with one
another, both under- and overestimations can occur with impedance
tube testing [35,36]. In turn, noise absorption results under field con-
ditions may differ from these values, warranting further investigation.
The final limitation lies in the biological nature of the moss. Even
with samples from the same species, a large spread in sound absorption
values was observed, especially for the best-performing species.
Furthermore, differences in moisture content can also affect the sound
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absorption of moss, as shown in this research. Finally, over time, some
moss may detach from a bioreceptive structure, either due to plant
senescence or mechanical stressors. As reduced plant coverage has
previously been demonstrated to lead to a reduction in sound absorption
[37], a similar effect can be expected for a reduction in moss coverage. It
is therefore likely that there will be not only a spatial, but also a tem-
poral variation in the sound absorption by moss-covered bioreceptive
concrete, a phenomenon which is also present in other green structures
[38].

4.2. Moss-covered bioreceptive concrete compared to other vertical green
structures

The green vertical structure that is most similar to bioreceptive
concrete in terms of monetary, structural, and maintenance re-
quirements is the (in)direct green vertical structure. In a direct green
vertical structure system, the plants—usually climbing plants—grow
directly on the vertical structure, whereas in an indirect green vertical
structure, an additional support structure for the plants, such as a mesh,
is added [5]. Because of this, the sound absorption provided by the green
structure is solely related to the plants used. Some limited research on
the acoustic performance of climbing plants (without a substrate) is
available. Research by Horoshenkov, et al. [12], who used an impedance
tube to measure the acoustic performance of plants without their sub-
strate, shows that the H. helix (Common Ivy), a commonly used climbing
plant in direct green facades, has a sound absorption profile below 0.2
throughout the tested frequency spectrum (50-1600 Hz), which is
slightly lower than what was found by our testing for the largest acro-
carp species (G. pulvinata and P. capillare), similar to the smaller acro-
carp species (O. diaphanum and T. muralis), and slightly higher than the
pleurocarp species (B. rutabulum and R. confertum). Testing done by
Yang, et al. [39] in a reverberation chamber and on a broader frequency
spectrum (100-5000 Hz) found that, similar to the moss-covered con-
crete, the sound absorption of their tested plant species increased with
increasing sound frequencies. In their testing, the H. helix reached a
maximum of 0.49 at 5000 Hz when using a 200 mm layer thickness and
0.39 at 4000 Hz with a 50 mm layer thickness, the latter of which is more
similar to what can be found in practice. Again, this is (in some cases
substantially) lower than the results for the larger pleurocarp species
and similar to the results for the smaller acrocarp species. This means
that H. Helix leaves have significantly larger size and mass than moss,
two properties which both contribute to higher sound absorption [40];
overall sound absorption is either lower than or similar to the acro-
carpous moss species. This likely has to do with the higher leaf area
index (LAI the ratio between one-sided leaf surface to covered substrate
surface area) of moss, which is at the extreme higher end of plants [41],
as this has been found to be another predictor of sound absorption by
plants [12,42].

Whilst the sound absorption of moss-covered bioreceptive concrete
compares favourably to that of plants used on (in)direct green vertical
structures, the comparison changes when a growing substrate is added,
as is the case for living wall systems (LWS) or green vertical structures
using planter boxes [5]. In these plant-soil systems, the bulk of the sound
absorption is provided not by the plants but by the substrate [43]. This is
visible in the aforementioned research by Horoshenkov, et al. [12],
where, when added to a lightweight substrate, H. helix had a sound
absorption of between 0.7 and 0.9 for most of the 50-1600 Hz frequency
spectrum, up from the lower than 0.2 sound absorption value of the
plant alone. At some frequencies, the addition of the plants even reduced
the sound absorption as compared to the substrate alone, an effect that
has been found to happen under certain circumstances by other re-
searchers as well [44]. As such, sound absorption for these green
structures is mostly dependent on the characteristics of the substrate,
such as open porosity, pore size distribution, thickness, air flow re-
sistivity, tortuosity and moisture content [7]. This means that (very)
high sound absorption values are possible, with D’ Alessandro, et al. [14]
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finding sound absorption values of above 0.9 at 1200 Hz, after an initial
peak of around 0.75 at 400 Hz when combining N. Exaltata (Boston fern)
with a 10 cm thick layer of perlite and coconut fibre, Thomazelli, et al.
[37] finding a sound absorption of 1 above 1000 Hz when using the
same type of substrate and combining it with C. repens (Turtle vine), and
Davis, et al. [45] finding sound absorption values of 1 above 250 Hz,
using N. Exaltata (Boston fern) on a substrate consisting of potting soil,
coco chips and Sphagnum moss. All in all, these values are far beyond
what moss is capable of. However, the need for a growing substrate does
dramatically increase the costs and carbon footprint as compared to an
(in)direct green vertical structure (and in extension bioreceptive green
structures, which have similar requirements) [46,47]. As such,
moss-covered bioreceptive structures are still a viable alternative to an
LWS for sound absorption when cost and carbon footprint are a concern.

5. Conclusion

This research set out to determine whether moss growing on concrete
effectively mitigates urban noise pollution and whether it can be
considered a viable alternative to other contemporary vertical green
structures. Based on the results, the following conclusions can be drawn:

e Larger acrocarp moss species exhibit the largest sound absorption
capacity, followed by smaller acrocarp species, with pleurocarp
species showing the lowest sound absorption capacity of all moss
species tested;

e Considering all hydration states (dry, hydrated, and saturated),
P. capillare exhibits the highest overall sound absorption efficiency
and is recommended to be used in under moist or variable condi-
tions, whereas G. pulvinata is recommended for use under dry
conditions;

e Although sound absorption values as high as 0.88 were recorded, and
statistically significant differences were found between bare and
moss-covered samples in most conditions, the greatest sound ab-
sorption potential of moss is observed in the higher frequency range
(1000 Hz octave band and above), while its impact on lower fre-
quencies remains minimal;

e Moss-covered concrete compares favourably to other (in)direct ver-

tical green structures without substrates when one of the (larger)

acrocarp species is used, as these acrocarp species exhibit higher
sound absorption values than those of the vascular climbing plants
often used in vertical green structures without substrates;

However, moss-covered bioreceptive concrete cannot match the

sound absorption of other vertical green structures with substrates,

such as living wall systems, as moss-covered bioreceptive concrete
lacks the substrate that primarily contributes to their acoustic
performance.

However, it should be noted that the presented results in this study
were obtained from tests performed under normal incidence, whereas in
practice, most urban noise will hit a structure under random incidence,
which may change these results. Furthermore, concrete samples were
always fully covered with moss in these tests. In practice, especially for
acrocarp species, coverage will change over time due to moss detaching
from the bioreceptive surface, which is expected to reduce its overall
sound absorption. Therefore, while these results are promising, future
research should focus on in-situ testing of natural moss growth.
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