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A B S T R A C T

Construction and demolition waste (CDW) represents one of the most significant waste streams worldwide. Due
to a high brick content, CDW amended soil substrates are expected to improve water retention, benefitting urban
trees.

In this two-year field study evaluating the effects of CDW on the water holding capacities of urban tree
substrates, six substrate mixtures are tested. Three test substrates contained a standard CDW mixture with 30 %
and three 60 % bricks. Soil water contents were monitored and plant available water contents (PAWC) were
analysed. From soil water contents and PAWC, the relative extractable water contents (REW), and subsequently
the number of days with REW < 40 % and water stress intensity (WSI) are calculated.

The substrates with enhanced brick content showed higher PAWC. However, the effect of brick on PAWC was
only significant at a minimum of 30 % bricks in the substrate. Pore size distribution of the brick fraction
confirmed the assumed relationship between addition of brick and increased PAWC. Substrates with an enhanced
brick content showed reduced numbers of days with REW < 40 % and a reduction in WSI.

Our findings demonstrate that CDW has potential to foster water holding capacities of urban tree substrates.

1. Introduction

The increase of urban tree cover is widely suggested as an important
strategy for enhancing the resilience and adaptability of cities to climate
change-related weather phenomena, (Erlwein & Pauleit, 2021; Fer-
nandes et al., 2019; Hansen et al., 2022; Linke et al., 2022). Thanks to
the provision of ecosystem services such as cooling effects and air
cleaning, city trees lessen the adverse effects of climate change and
improve environmental quality in urban areas (Pauleit et al., 2022;
Rötzer et al., 2017;). However, the impacts of climate change in urban
areas namely prolonged dry spells with increased temperatures threaten
the vitality of urban trees (Marchin et al., 2022). Besides choosing
drought-resistant species tree planting (Sjöman & Busse Nielsen, 2010;

Sjöman et al., 2015), efforts must be increased to secure adequate root
zones and increase soil substrates’ ability to store stormwater for periods
of drought (Caplan et al., 2019; Dervishi et al., 2022; Nielsen et al.,
2007; Roloff et al., 2009; Stratópoulos et al., 2019; Zhang et al., 2020;).

Enhancing the pore volume of plant substrates is considered as a
suitable measure to provide trees with sufficient amounts of water when
root space is limited due to competition for space (FLL, 2010; Krieter &
Malkus, 1996; Krieter et al., 1989). This is often achieved through
porous primary or recycled soil additives. Recycled aggregates can help
preserve natural resources, and their reuse is state-of-the-art in land-
scaping. For example, bottom ashes, shortfall batches of expanded clays,
and pure, unblended brick aggregates are widely used in roof and tree
substrates (City of Munich, 2018; FLL, 2018; Molineux et al., 2009,
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2015; Roth-Kleyer, 2018; Schmilewsky, 2018). Recycled bricks enhance
roadside trees and urban green substrates’ vegetational and structural
soil conditions (Bretzel et al., 2020; Willaredt & Nehls, 2021; Yilmaz
et al., 20181;). Pure recycled brick aggregates from primary production
waste are a permitted soil additive following the German fertilizer
ordinance (German Federal Office of Justice, 2012). The possible
application of impure brick material has been discussed in the context of
ecological restoration (Bauer et al., 2022). Bauer et al. (2023) conducted
a lab-scale study investigating the effects of brick substrates on growth
of tree saplings. They suggested further research both for using larger
plant spaces as well as the impact of re-used bricks from construction
and building demolition wastes (CDW), which are mixed with concrete
and mortar. In general, the recycling of bricks and concrete from CDW,
which in many cases would otherwise only be disposed of in landfills,
has a high potential to significantly contribute to reducing CO2 emis-
sions in the European Union (Caro et al., 2024). However, its potential to
increase pore volumes in soils and their water storage capacity in tree
planting sites are not well understood.

In this pilot scale study, we investigated the influence of CDW in
different mixtures on plant-available water contents of urban tree sub-
strates. Laboratory tests supplemented the field experiment. This study
contributes to the recycling of CDW during the redevelopment of the
‘Bayernkaserne’ area in Munich, Germany, a former military compound
into a new neighbourhood on an area of 48 ha. Demolition of existing
buildings resulted in substantial amounts of CDW including not only
building brick rubble but other components of construction, namely
plaster, mortar, and concrete. This study aims to test urban tree sub-
strates produced from CDW and residues and is focused on the following
hypotheses:

1. Addition of CDW enhances the plant-available water of urban tree
substrates, depending on brick ratios.

2. Higher brick ratios within CDWwill allow a reduction in the number
of days trees experience edaphic drought.

The study is paralleled by research on growth response and
ecosystem services of the lime trees Tilia cordata planted, the results of
which will be presented in a separate publication.

2. Material and methods

2.1. Study design

The processed CDWmixtures we used in this study originate from the
demolition of old building stock at the ‘Bayernkaserne’ (Bayern bar-
racks) in Munich, Germany (48◦ 11′ 58.0″ N; 11◦ 35′ 34.8″ E). After the
buildings were cored, the building fabric was demolished: mostly brick
structures with concrete elements, mortar joints and external plaster,
but no wood or plastic. The demolition material was then crushed using
a jaw crusher (e. g. Rubblemaster RM90), and steel reinforcements were
removed using a magnetic separator. This processing of building debris
resulted in two CDW recycling mixtures RCM relevant to this study:
RCM1 and RCM2, both coming in fractions of 0–16 mm. Both RCM
contain masonry bricks, mortar, concrete, and exterior plaster. Neither
RCM1 nor RCM2 include any brick shingles.

RCM1 contains approx. 60 % bricks and 40 % con-
crete+mortar+plaster. This ratio is due to the proportion of masonry
bricks, mortar in masonry joints, concrete elements and exterior plaster
and results from manual re-sorting after the building demolition to in-
crease the brick content and is the highest possible ratio of bricks in this
study. RCM2 is designed to provide standard mixed recycled aggregates
used in earthworks and road construction (FGSV, 2017, 2019, 2020).
RCM2 contains approx. 30 % bricks and 70% concrete+mortar+plaster.

The production of building bricks typically employs clays containing
sand and lime (Benedix, 2020). Therefore, the mineralogical composi-
tion of brick fraction in CDW varies depending on parent material but

usually is composed of quartz, clay minerals, feldspar, carbonates and
iron-containing minerals, e. g. haematite, goethite, siderite, pyrite
(Dunham, 1992, 2001). In the study area, concrete from CDW consists
largely of calcite and dolomite (approx. 80 %) and quartz (Huber, 2021).
The most critical components of the analysed CDW are likely to come
from the mortar and plaster components that carry Portland cement.
Portland cement consists largely of alite, belite, aluminate, and alumi-
nate ferrite (Benedix, 2020). Therefore, the formation of new fracture
surfaces during the crushing of the CDW can result in the formation of
non-hydrated cement clinker phases, which can subsequently lead to
secondary hydration processes and thus to the cementing of individual
grains if there is sufficient contact with water (Dettenborn et al., 2014;
Jitsangiam et al., 2014). Consequently, and in consideration potential
increase in soil pH, EC and carbonate content, it can be argued that these
CDW components in soil behave non-inert (Greinert & Kostecki, 2019,
2022).

Seven substrates were produced at the Bayernkaserne site (see
Fig. 1).

In Germany, the guidelines of the German Landscape Development
and Landscaping Research Society (Forschungsgesellschaft Land-
schaftsentwicklung Landschaftsbau e. V., FLL) are state of the art for tree
planting in roadside greenery and are considered binding for public
procurements (FLL, 2010). In Munich, the city’s own regulations apply
to public contracts (City of Munich, 2018). Both regulations define the
vegetation properties of tree substrates. To ensure compliance with both
regulations and to rule out overlapping effects on soil water content
behaviour deriving from soil texture, structure, or soil organic matter
content, soil physical properties were regulated accordingly and
balanced by adding excavated and on-site processed topsoil (TS), subsoil
(SS) as well as green waste compost (GWC). Mixing was carried out
using a drum screen (Doppstadt SM518, mesh size= 32 mm) and, due to
the coarse nature of Munich topsoil, all mixed substrates should have a
grain size of 0–32 mm.

For this study, we designed and tested seven substrates:

1. group ‘a’ contains RCM1 in quantities of 75, 50 and 25 % CDW in the
substrate (substrates a1, a2, a3),

2. group ‘b’ contains RCM2 in quantities of 75, 50 and 25 % CDW in the
substrate (substrates b1, b2, b3),

3. one control substrate without any CDW, which is in accordance with
the FLL guidelines for tree planting and the tree planting regulations
of the City of Munich (substrate fll) (City of Munich, 2018; FLL,
2010).

Seven trial plots were constructed following the City of Munich’s
road construction and street tree planting guidelines (City of Munich,
2015, 2018). Each plot was appr. 4.0 m broad and appr. 30 m long. All
substrates were backfilled and not compacted. After the material had
settled, substrate layer depth in all plots was approx. 1.2 m. The plot’s
foundations were built from local unconsolidated bedrock. Low silt and
clay contents characterize these quaternary gravels and have thus high
permeability and negligible capillarity (Becher, 1970; Schick, 2002).
Since the highest groundwater levels are expected to be at approx. 495
MASL (Dohr, 2022), and the bottom edges of the substrate layers are at
ca. 498 MASL; we preclude both ground- and backwater influences on
substrate water contents. Per row, we originally planted eight
small-leaved lime trees Tilia cordata ‘Greenspire’ with trunk circumfer-
ences of 16 to 18 cm. The remaining surfaces had been evenly covered
with turf (Fig. 2).

Irrigation was only carried out in the planting year 2020, after which
precipitation and evapotranspiration regulated soil water contents
exclusively.

2.2. Laboratory methods

Substrate and aggregate samples were tested in the laboratory of
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Bodeninstitut Prügl for physical properties. The substrate’s pF values
were acquired at the Chair of Soil Science, Technical University of
Munich. The Scanning Electron Microsocpe SEM images of the brick
fraction and the associated sample preparation were carried out at the
scientific laboratory of the Bavarian State Office for the Preservation of
Monuments and Sites.

2.2.1. Aggregate and substrate characteristics
Before installing the plots, CDW and substrates were sampled for a

first assessment. To assess the percentages of raw brick material in the
brick waste, single brick grains (grain diameters 4–16 mm) were sepa-
rated manually from other mineral components (con-
crete+mortar+plaster) and quantified gravimetrically for fractions 4 to
8 mm and 8 to 16 mm after drying at 105 ◦C. Water absorptions of brick
grains and concrete+mortar+plaster were measured according to the
German Industry Norm DIN EN 1097-6:2022-05 (DIN, 2022). Grain size
distributions of substrates were conducted according to DIN EN ISO 17,
892-4:2017-4 (DIN, 2009). Texture of the fine earth fraction was clas-
sified according to FAO guidelines for soil description (Jahn et al., 2006)
and the German manual of soil mapping (Federal Institute for

Geosciences & Natural Resources, 2005). Loss on ignition (LOI) of sub-
strates were determined according to DIN EN 15,169:2007 (DIN, 2007).
Infiltration rates were determined according to DIN 19,682-7 (DIN,
2015).

2.2.2. SEM image analysis of brick fraction
For SEM analysis, crushed brick samples were embedded in blue light

hardening resin (Technovit 2000 LC, Kulzer GmbH) under vacuum, with
the addition of an additive for polymerization inside the porosity
(Technovit 2000 Inside Cure, Kulzer GmbH). The samples were manu-
ally ground, polished to a smooth surface, and sputter-coated with a
gold-palladium alloy for conductivity. SEM images were produced with
a Zeiss EVO 15 SEM (Carl Zeiss AG) at an acceleration voltage of 20 kV
and an approximate working distance of 10 mm using a backscattered
electron detector (BSE). Based on four SEM images with a magnification
of 1,000x and a resolution of 278.64 × 208.98 µm and four SEM images
with a magnification of 5,000x and a resolution of 56.26× 42.2 µm pore
size distributions were estimated by histogram-based thresholding fol-
lowed by segmentation methods according to Buchner et al. (2021)
using ImageJ software (Schneider et al., 2012). Mean total porosity and

Fig. 1. Schematic illustration of the field experiment setup.

Fig. 2. Left: trial plots group a under construction, right: trial plots in summer 2023.
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mean pore area fractions were estimated by relating all pore areas of a
specific pore range to the entire image area (supplementary information
S1).

2.2.3. Soil water retention curves
For analyses of soil water retention curves (SWRCs), three undis-

turbed soil core samples per substrate were taken at a depth of 30 cm in
Winter 2022/2023. SWRCs were determined using a suction plate (pore
size 0.45 µm, EcoTech Umwelt-Messsysteme, Bonn, Germany) for
pressures − 10 hPa, − 60 hPa and − 300 hPa (corresponding to pF values
of 1.0, 1.8 and 2.5 respectively) and using a pressure plate extractor (15
Bar Ceramic, Soilmoisture Equipment, Santa Barbara, California, USA) –
for 2000 hPa and 15,000 hPa (pF 3.3 and 4.2 respectively). Plant
available water contents (PAWC) [%] were calculated as the field ca-
pacity and wilting point differences. SWRCs were fitted according to Eq.
(1):

θ(h) = θr + (θs − θr)Se (1)

where θ(h) is the volumetric water content at any given suction /
pressure head, θr and θs are the residual and saturated water contents. θr
= 0 is a common assumption in bimodal models (Seki et al., 2022).
Effective saturation Se was calculated on basis of the multimodal
dual-KO model (Seki et al., 2022; Seki et al., 2023) as Eq. (2):

Se = w1Q

[
ln
(
hh− 1

m1
)

σ1

]

+ (1 − w1)Q

[
ln
(
hh− 1

m2
)

σ2

]

(2)

Where Q (Eq. (3)):

Q(x) =
erfc

(
x̅ ̅
2

√

)

2
(3)

and the values for w1, σ, and hm derived from the SWRC fit library (Seki,
2007). Standard errors of mean SE were calculated for every SWRC.

For the interpretation of SWRCs and SEM analyses, pore ranges were
classified according to the German manual of soil mapping (Federal
Institute for Geosciences & Natural Resources, 2005).

2.3. Field methods

2.3.1. Climate
Local meteorological data on precipitation (type 15,189, LAM-

BRECHT meteo GmbH, Göttingen, Germany), air temperature, and hu-
midity (type c 2.3 KPC1/x, Galltec+mela, Bondorf, Germany) were
collected on-site at intervals of 5 min. Because of a data gap from March
to June 2022, the data for air temperature and humidity of Deutscher
Wetterdienst (DWD) station 487, which was 5.5 km away, was used. For
comparison, average air temperature and precipitation were calculated
from 1991 to 2020 from HYRAS raster data sets. (DWD, 2022, 2023).
Mean diurnal vapour pressure deficit VPD was calculated according to
Zotarelli et al. (2010).

2.3.2. Soil volumetric water contents and relative extractable water
Soil volumetric water contents θ were measured in situ in depths of

25 cm, 50 cm, and 100 cm below ground in intervals of 10 min., using
soil moisture sensors (type SMT 100, Truebner GmbH, Neustadt, Ger-
many) connected to a data logger (UGT Umwelt-Geraete-Technik
GmbH, Muencheberg, Germany). Each plot was equipped with three
sensors per depth level. The capacitive sensor SMT 100 is based on the
time domain transmission principle and measures soil apparent dielec-
tric permittivity εa, which is correlated to soil moisture (Huebner, 2016;
Truebner, 2022). According to the factory setting, εa would be converted
to θ based on the widely used Topp equation (Topp et al., 1980).
However, soil-specific calibration of the sensors is essential to prevent
false interpretations due to the influence of texture, bulk density,

salinity, and organic matter (Adla et al., 2020; Morgan et al., 1999; Starr
& Paltineanu, 2002). We calibrated the sensor data using soil cylinders
(d = 150 mm, V = 3000 cm3), which were completely saturated with
water and then successively dried while stepwise determination of εa
and gravimetric water contents. The process was repeated three times.
Calibration curves were developed for each substrate (supplementary
information S2).

To identify drought stress, θ was converted to the relative extractable
soil water content REW [%] according to Eq. (4):

REW [%] = 100 ∗

(
θ − θWP

PAWC

)

(4)

where θ is the actual θ at any given time, θWP is the substrate specific θ at
wilting point and PAWC is the difference of field capacity θFC and wilting
point θWP (Granier et al., 2007). Using the calculated diurnal REW,
duration and intensity of periods of water scarcity were compared. The
number of days on which the REW value dropped below a certain critical
limit CLREW were calculated for the 0–25 cm soil compartment and
depth-weighted for the 0–100 cm soil compartment according to Eq. (5)
(Puhlmann et al., 2019).

DaysREW<CL [d] =
∑end veg.period

i=begin veg.period

{
REWi < CLREW : 1
REWi ≥ CLREW : 0 (5)

The relative shortage of water volume when REW fell below a certain
CLREW, and thus the intensity of the water shortage, were calculated for
the 0–25 cm soil compartment and depth-weighted for the 0–100 cm soil
compartment from the value WaterstressREW<40 according to Eq. (6)
(Puhlmann et al., 2019).

WaterstressREW<CL[%] =
∑end veg.period

i=begin veg.period

⎧
⎪⎨

⎪⎩

REWi < CLREW : 1 −
REWi

CLREW
REWi ≥ CLREW : 0

(6)

For this study, CLREW = 40 % is defined as the physiological
threshold below which soil water becomes critical for plant transpira-
tion due to stomatal closure (Granier et al., 1999).

2.4. Statistical methods

To find significant differences between the test substrates and the
FLL control substrate for diurnal WaterstressREW<40 in growing seasons
2022 and 2023, Kruskal-Wallis and Mann-Whitney U tests were con-
ducted. Statistical analyses were conducted using Python packages
NumPy (Harris et al., 2020), pandas (McKinney, 2010) statsmodels
(Seabold& Perktold, 2010) and SciPy (Virtanen et al., 2020). Charts and
diagrams were created using Python packages Matplotlib (Hunter,
2007) and seaborn (Waskom, 2021).

3. Results and discussion

3.1. Aggregate and substrate characteristics

RCM1 contains 60.7 % bricks and 39.3 % concrete+mortar+plaster
in the fraction 4–16 mm. RCM2 contains 28.9 % bricks and 71.1 %
concrete+mortar+plaster in fraction 4–16 mm. Brick ratios in the test
substrate mixtures were in a1, a2, a3 from 14 to 41 % and in b1, b2, and
b3 range from 20 to 41 %, respectively. Ratios of con-
crete+mortar+plaster range from 9 to 27 % for a1, a2, a3, and 16 to 48
% for b1, b2, and b3 (cf. Table 1).

Water absorption of bricks in the fraction 4–16 mm was 14.9 ± 0.23
wt%, whereas water absorption of concrete+mortar+plaster in the
fraction 4–16 mm was 2.04 ± 0.45 wt%.

Grain size distributions of the test and control substrates were similar
(see supplementary information S3). Particle sizes < 0.063 mm ranged
from 14.2 % (b1) to 16.1 % (a1). Sand contents (0.063–2 mm) range
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from 27.1 % (b2) to 30.6 % (a3). Gravel contents > 2 mm ranged from
54.6 % (a2) to 58.5 % (b2). Texture of the fine earth fraction of all
substrates can be classified either as sandy loam (FAO) or very loamy
sand (German manual for soil mapping), respectively. Loss on ignition
LOI showed negligible differences and ranged from 2.08 ± 0.03 to 2.95
± 0.47 %. Hydraulic conductivity was highest in group a and lowest in
group b (see Table 1).

3.2. SEM image analysis of brick fraction

According to pore size distribution estimations by SEM image ana-
lyses, 0.4 % of pores were attributable to pores with an equivalent pore
diameter of < 0.2 µm (beyond wilting point), 75.8 % to pores with an
equal pore diameter of 0.2–3.0 µm, 22.6 % to pores with an equivalent
pore diameter of 3.0–10.0 µm and 1.2 % to pores with an equivalent
pore diameter of > 10 µm.

3.3. Soil water retention

θFC ranged from 23.0 to 29.7 %, and θWP ranged from 5.6 to 7.7 %,
resulting in differences in PAWC, which was lowest in b2 (16.2 % ± 0.3)
and highest in a1 (24.1 %± 0.3). PAWC of fllwas 16.7± 0.3. In group a,
increasing PAWC was associated with increasing brick contents. PAWC
in group b showed negligible differences compared to FLL substrates.
While no significant differences in PAWC were found for substrates
containing less than 30 % brick grains (a3, b1, b2, b3), PAWC was
significantly increased in substrates a1 and a2 compared to fll (see
Fig. 3). An increase of PAWC is correlated with increasing brick ratios in
the substrates (r2 = 0.86).

3.4. Field data

3.4.1. Climate
Spring 2022 started with relatively high precipitation in April and

May. Summer 2022 was characterized by high temperatures, and in
June and July 2022 precipitation was exceptionally low. Rainfall in

Table 1
Composition and soil specific properties of all substrates investigated. CDW = construction & demolition waste, GWC = green waste compost, TS = topsoil, SS =

subsoil, SL=Sandy loam according to FAO (Jahn et al., 2006), Sl4= very loamy sand according to Federal Institute for Geosciences and Natural Resources (2005), LOI
= loss on ignition, K = hydraulic conductivity.

Sample CDW Material ratios [% v/v] Grain size distribution
Size ranges [% w/w]

Texture of the
fine earth
fraction

Organic Matter
content [% w/
w]

Soil water characteristics [%
v/v]

K [m/s]
± SD

Bricks Concrete
+

mortar
+ plaster

GWC TS
+

SS

< 63
µm

63
µm
– 2
mm

>2
mm

FAO / KA5 LOI
± SD

θFC
± SD

θWP
± SD

PAWC
± SE

a1 RCM1:
75 %

41 27 10 22 16.1 28.0 55.9 SL / Sl4 2.95 ± 0.47 29.7
± 2.1

5.6
± 0.9

24.1 ±

0.3
1.76×10− 3 ±

1.7 × 10− 4

a2 RCM1:
50 %

28 18 10 44 15.1 30.3 54.6 SL / Sl4 2.68 ± 0.41 27.6
± 1.5

6.9
± 0.9

20.7 ±

0.3
1.04×10− 3 ±

7.6 × 10− 5

a3 RCM1:
25 %

14 9 10 67 15.1 30.6 54.3 SL / Sl4 2.48 ± 0.16 25.5
± 1.7

7.2
± 0.8

18.3 ±

0.2
1.14×10− 3 ±

8.1 × 10− 5

b1 RCM2:
75 %

20 48 10 22 14.2 28.0 57.8 SL / Sl4 2.08 ± 0.03 24.3
± 1.9

5.7
± 0.8

18.6 ±

0.3
2.2 × 10− 4 ±

1.4 × 10− 5

b2 RCM2:
50 %

14 32 10 44 14.3 27.1 58.5 SL / Sl4 2.89 ± 0.06 23.0
± 1.9

6.8
± 1.2

16.2 ±

0.3
2.8 × 10− 4 ±

1.6 × 10− 5

b3 RCM2:
25 %

7 16 10 67 15.4 30.2 54.4 SL / Sl4 2.92 ± 0.03 24.4
± 1.0

7.2
± 1.2

17.2 ±

0.3
3.1 × 10− 4 ±

1.7 × 10− 5

fll – – – 10 90 14.3 30.2 55.5 SL / Sl4 2.76 ± 0.20 24.4
± 0.8

7.7
± 1.1

16.7 ±

0.3
9.63×10− 4 ±

5.6 × 10− 5

Fig. 3. a) and b) Soil water retention curves of groups a and b; grey areas mark plant available water contents, dotted lines mark the REW40 threshold at pF ≈ 3.3, c)
porosity of brick fraction, d) mean differences of PAWC in comparison with the fll control substrate with SD (black error bars) and SE (red error bars).
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August 2022 was higher than usual. Late summer was characterized by
moderately high rainfall and high air temperature.

Spring 2023 started with relatively high precipitation in March and
April, which proceeded to decline in May. In June and July 2023, pre-
cipitation was low. All summer, air temperature was higher than in the
reference period. While precipitation in August 2023 was higher than
usual, there was very little in September and October (see Fig. 4).

Both growing seasons were characterized by longer dry periods with
higher temperatures, so we assume that roughly comparable climatic
conditions prevailed in both growing seasons. The DaysREW<40 and
WaterstressREW<40 values discussed in the following chapter are,
therefore, summarised and always refer to measured values from both
growing seasons.

3.4.2. Relative extractable soil water content and water stress intensity
During the summer of 2022 and 2023, when both plant and atmo-

spheric water demand were high and prolonged periods without pre-
cipitation dominated, REW values dropped considerably (Fig. 5).
Differences were most pronounced in summer 2022, when REW in group
‘a’ was still moderate andmostly above REW40. In summer 2023, REW at
all depth levels fell below REW40 from June to mid-August. REW at
depths of − 100 cm is naturally the most insensitive and inertial to
precipitation events. In the dry and hot summer of 2023, there was not
even a significant effect of rain events on the REW at a depth of − 50 cm.
It can be observed that throughout all depth levels, group a tended to
have higher REW than fll, while group b has consistently lower REW
than fll.

Compared to fll, we found differences for days with REW < 40 %
(Table 2). At depth level 0–25 cm, group a consistently had fewer and
group b consistently more dry stress days. The most significant differ-
ences were found for a1, which had at least 77 fewer, and b1, which had
at least 22 more water stress days. These trends were similar at depth
level 0–100 cm, albeit less pronounced.

Compared to fll, we found no significant differences for water stress
intensity during water stress days for group a at depth level 0–25 cm. In
contrast, all substrates in group b had significantly higher water stress.
In depth level 0–100, all substrates in group a had significantly less
water stress intensity where all substrates in group b had significantly
higher water stress intensity (Fig. 6).

4. Discussion

The water absorption tests of the brick material suggested that, in
contrast to concrete+mortar+plaster, the brick fraction can potentially
improve the water capacity of the tested substrates. The pore size dis-
tribution derived from the SEM image analysis shows, that most of the
water absorbed in the pores of the brick fraction is plant-available. On
the other hand, more than two thirds of the pore water appear to be
stored in finer mesopores. This implies, that this pore water can be
associated with plant water stress already. Higher porosities were re-
ported for brick aggregates in technosols (Willaredt & Nehls, 2021). We

assume recycled brick grains for commercial substrates are made from
brick production waste. These modern masonry bricks can have signif-
icantly higher porosities (Buchner et al., 2021; Cultrone et al., 2004). As
the material source in this study is old building stock from before the
Second World War, these bricks generally have a lower porosity.

Soil properties such as organic matter content, soil texture, and
porosity of aggregates contribute to differences in SWRCs (Bucka et al.,
2019; Willaredt & Nehls, 2021). Of course, tree substrates according to
FLL standard can cover a wide range of texture and organic matter (FLL,
2010; Schütt et al., 2022a). Since differences of LOI and grain size dis-
tributions of all substrates investigated are minor, soil organic matter
and texture can be neglected as driving factors for differences in water
capacity between the substrates tested in this study. Therefore, we
conclude that differences in soil water retention are mainly due to the
different proportions of bricks, which positively correlate with PAWC.
Accordingly, the SWRC of group a show that the PAWC increases with an
increasing proportion of RCM1 and a correspondingly increasing pro-
portion of bricks. However, a significant effect is only seen from a brick
content of at least 30 % (substrates a1 and a2). This is confirmed by the
results of group b, in which the substrates contained RCM2, which had
no significant effect on PAWC, supposedly because none of the mixtures
contained more than 30 % bricks. This may explain why Bauer et al.
(2023) did find only marginal effects on tree saplings, as the substrates
they tested did not contain more than 30 % brick aggregates. Bretzel
et al. (2020), on the other hand, found significant differences for annual
shoot growth – a proxy for annual drought stress (Liu et al., 2022) - of
Linden trees planted in substrates which contained 85 % brick aggre-
gates, but without any other CDW component.

In concordance with the pore distributions of brick fraction, the
SWRC slopes of the substrates suggest that the addition of CDW causes
multimodal pore distributions and, thus, a change in soil water retention
and that the absorbed water can be partially extracted by plants only at
higher suction tensions. We assume that this effect is negligible if, as
with substrates a1 and a2, the total PAWC is significantly increased. In
contrast, for group b this wouldmean that the addition of RCM2with the
same PAWC as fll would increase the overall stress on trees.

These differences based on laboratory data are more pronounced in
the field test. These differences are not significant for group a compared
to fll at the 0–25 cm depth level, but they are significant for group b. At
this depth level, meteorological phenomena have a greater effect on
evaporation, as does the transpiration of the turf cover. We consider the
0–100 cm depth range to be more relevant for assessing water avail-
ability for tree roots. Here we see a decreasing edaphic drought stress
with increasing proportions of RCM1. In contrast, an increasing pro-
portion of RCM2 shows increasing edaphic drought stress, which was
not expected from the laboratory tests. Our study cannot answer the
question of why the drought stress measured in the field experiment is as
high as it is in the substrates based on RCM2. We suspect that the CDW
components of the concrete+plaster+mortar have a negative effect on
water retention compared to a natural mineral matrix such as that in fll.
Substrate b1, which contains approx. 50 % of concrete+plaster+mortar,
also enters both growing seasons with already low water contents below
field capacity. We have to hypothesize that the chemical properties of
these materials make rewettability and corresponding water absorption
more difficult during wet-dry cycles. Although both groups contain
these components, water stress reduction through an increased brick
content in Group a appear to compensate for or outweigh these adverse
effects on water retention.

We can deduce two major limitations of our study: We cannot draw
firm conclusions about the negative impact of the CDWs non-brick
components on water stress intensities. In addition, this study is
limited to two CDWmixtures of the same origin with a grain size of 0–16
mm. Therefore, future studies should investigate further CDW mixtures
of different origins, grain sizes and ages, and consider the limitations
imposed by the non-brick constituents of mineral CDW namely concrete,
mortar and plaster. To gain a more comprehensive mechanistic

Fig. 4. The study site’s Walter and Lieth climate diagram for vegetation periods
2022 and 2023. For comparison, dashed lines indicate long-term means for
precipitation and air temperature (reference period: 1991 – 2020; (DWD,
2022, 2023)).
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understanding, future studies should also focus on the water retention
curves of substrates amended with CDW in repetitive wet-dry cycles.
Due to the chemical (increase in alkalinity, electric conductivity and
salinity, carbonates) and physical properties (e.g. subsequent cementa-
tion of soil and CDW particles) of CDW, long-term studies are necessary
to investigate the effects on root and plant growth.

5. Conclusions

The addition of construction and demolition waste CDW to urban
tree substrates can positively impact water holding capacities. The key
findings of our two-year study evaluating the effects of CDW on water
holding capacities of urban tree substrates are that CDW has the po-
tential both to improve their plant available water contents and reduce
water stress trough increased soil water contents during dry, hot periods.
We found increases in PAWC to be dependant on the CDWs brick ratio.
Other CDW components such as concrete, mortar and plaster did not
contribute to increases of PAWC in our study. Therefore, hypothesis 1
can be accepted. Based on our results, a substantial improvement in
PAWC of tree substrates can only be expected from brick contents of at
least 30 %. However, the interpretations of this study are limited by the
fact that the CDW grain size (0–16 mm) was comparatively coarse. We
would expect that a finer grain size of CDW would provide more surface
area for water to accumulate and contribute more to improving water
retention. In addition, the brick aggregates in our study come from older
bricks, which can be less porous than modern bricks.

In conclusion, under natural conditions during vegetation periods
2022 and 2023, the use of standard processed CDW for road construc-
tion and earthworks (RCM2) intensified edaphic drought compared to a

Fig. 5. REW for the depth levels − 25 cm, − 50 cm, and − 100 cm during vegetation periods 2022 and 2023.

Table 2
Number of water stress days during both vegetation periods.

sample DaysREW<40 [d] ± SD

0–25 cm 0–100 cm

a1 103 ± 32 91 ± 24
a2 132 ± 28 116 ± 17
a3 135 ± 18 119 ± 5
b1 265 ± 23 265 ± 13
b2 246 ± 26 222 ± 14
b3 252 ± 23 249 ± 31
fll 184 ± 36 159 ± 33
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tree substrate according to the guidelines of the German Landscape
Development and Landscaping Research Society (For-
schungsgesellschaft Landschaftsentwicklung Landschaftsbau e. V., FLL)
in our study. On the other hand, the field trial demonstrated that CDW,
which has an increased brick content (RCM1) can significantly reduce
both the number of water stress days and water stress intensity during
dry and hot summer periods. Therefore, hypothesis 2 can be accepted.

These results suggest that in order to contribute to water storage in
urban tree substrates, in addition to the mere disposal of CDW, a high
proportion of bricks in the CDW must be ensured already during de-
molition by selective dismantling and before processing by further
sorting steps. In the long term, and in comparison to conventional
substrates, we expect the use of such quality-assured and locally recy-
cled CDW as an aggregate for urban tree substrates to have an envi-
ronmental impact by conserving natural resources. Furthermore, we
anticipate reduced acquisition costs for urban tree substrates, reduced
disposal costs for construction and demolition waste, and a reduction in
related CO2 emissions. These factors collectively contribute to a sus-
tainable, cost-effective urban circular economy. The results from our
field study emphasise the need to adapt urban tree substrates to the
consequences of global warming if the irrigation requirements for urban
tree populations are not to increase drastically (Dervishi et al., 2023;
Schütt et al., 2022a; Schütt et al., 2022b). We therefore assume that in
the future, the use of water-retaining agents as additives for substrates
will become increasingly prevalent. The use of mineral construction and
demolition waste as a structural material for urban tree substrates can
help to increase plant available water in urban tree pits and alleviate
edaphic drought in an economic and resource-friendly manor. We
anticipate that the enhanced water absorption will reduce irrigation
requirements and contribute to tree health and resilience in urban areas.
Our results can be extrapolated to all urban areas that are already
affected by prolonged droughts and high temperatures due to climate
change and are likely to be in the future.

Nevertheless, the limitations of our study must be acknowledged.
Future studies must address the long-term effects of the physical and
chemical properties of mineral CDW on the growth of below- and above-
ground biomass of trees in urban tree substrates, as well as its impact on
their ecosystem services.
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Ökosystemleistungen von Stadtbäumen im Klimawandel.
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