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A B S T R A C T

This work assesses the suitability of recycled crushed bricks and compost, used as a mixed growing substrate, in
urban roadside plantings of Tilia cordata Mill. Coarse recycled materials can prevent compaction, improving air
and water flows in the rhizosphere, and thus reducing tree mortality or poor growth. In addition, compost is a
source of organic matter, contributing to enhance soil quality. Six substrates were tested: 1) soil; 2) crushed
bricks 0–30 mm; 3) crushed bricks 6–30 mm; 4) soil + compost (15% v/v); 5) crushed bricks
0–30 mm+ compost; and 6) crushed bricks 6–30 mm+ compost. Trees were planted in 0.6 × 0.6 × 0.6 m pits,
filled with the six different substrates. The water infiltration rate (Kf) and load bearing capacity (Evd) of the
substrate were monitored along with the shoot length, and chlorophyll content of the trees. At the end of the
trial, the root biomass and total root length were measured. Crushed bricks positively affected Kf, and Evd; the
presence of compost decreased the value of bearing capacity. 0–30 crushed brick substrates (with or without
compost) increased the linden shoot length and enabled to develop higher root biomass, compared to the soil
(+72%) and 6–30 (+37%). The best trade-off between resistance, compaction and plant growth was 0–30 mm
crushed bricks. This research provides evidence that a coarse matrix substrate made of crushed bricks is efficient
in preventing compaction and allows plant growth.

1. Introduction

Urban roadside soils can be highly compact with altered C and N
cycles, which limit tree growth and stability (Jim and Ng, 2018; Lorenz
and Lal, 2009). In addition, the scarcity of organic matter, due to the
mix up of the surface and deeper soil (Craul, 1992; Jim, 2001) reduces
the pedofauna activity and aggravates the compaction caused by sur-
face loading (Mullins, 1991). The infiltration rate dramatically de-
creases in compacted soils, thus reducing the water supply and in-
creasing the risk of waterlogged conditions (Gregory et al., 2006). Trees
planted in urban roadsides are subject to underground constraints such
as poor drainage and root anoxia, as well as a lack of soil structure and
organic matter, leading to tree planting failures (Jim, 2001). However,
wide unpaved areas of soil around the tree pits facilitate the healthy
development of plant canopies (Day and Amateis, 2011). The in-
corporation of organic matter or mature compost also reduces soil bulk
density values, and thus compaction (McGrath and Henry, 2016). In
addition, trees used in urban landscaping need to be highly

morphologically and physiologically flexible in order to adapt to the
difficult conditions and survive (Passioura, 2002). In some cases,
maintenance programs should be planned in the initial years after
planting (Koeser et al., 2014) and an appropriate selection of tree
species helps to reduce the consequences of high compaction (Ow and
Ghosh, 2017), but cannot eliminate them.

Various substrates that resist compaction have been proposed as
rooting media for urban trees, which are referred to as engineered,
structural or skeletal soils. They are made up of different materials
whose grain size distribution, organic matter content, water holding
capacity and drainage are studied to meet the needs of young trees. The
coarse materials are mainly stones or gravel or expanded slate that act
as load bearers; they vary in size from 12 to 38 to 25–35 to 60–150 mm;
the relation soil to stones varies from 1:3–1:5 (Grabosky and Bassuk,
1995; Bartens et al., 2010; Bühler et al., 2017).

Below we report some of the studies on the incorporation of coarse
matrix soil to enhance the load-bearing capacity. Bartens et al. (2010)
studied engineered soils that improve root development and tree
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stability in urban plantings, but in species-specific ways, without all
species benefitting from them. Ow and Ghosh (2017) found that in
structural soils, the infiltration rate affects tree growth, and that the
roots are encouraged to develop in load-bearing layers in a continuous
coarse matrix, established with a small number of fine particles dis-
tributed in the relatively large pores between the coarse fragments
(Bühler et al., 2017).

The prevention of soil compaction before planting is usually pre-
ferred over expensive post-planting treatments which are difficult to
apply, insufficiently effective and may injure plant roots (Kozlowski,
1999). Rebuilding the soil profile by incorporating organic matter at
depth on established tree plantings can enhance plant growth (Layman
et al., 2016).

Crushed bricks, compost, sludge, coconut shells, and sawdust are
some of the recycled materials tested to create the substrate used for
urban green infrastructures (Koolen and Rossignol, 1998). However, in
order to reduce the costs and impact of transport, the materials em-
ployed should be available locally. Crushed bricks can store nutrient
elements and water, which contribute to plant development (Nehls
et al., 2013). Compost from municipal waste is produced in huge
amounts and represents a valid source of organic matter for urban
plantings. Crushed bricks and compost are commonly available in
urban areas and are both low cost materials.

The linden is a common ornamental tree for urban plantings (Day
and Amateis, 2011), especially on urban roadsides, and the species Tilia
cordata Mill. (small-leaved linden) has small leaves, which are more
manageable for urban street cleaning. It also does not produce suckers
and is suitable for planting in paved cut-outs (Rahman et al., 2019).
However, the lack of urban soil permeability negatively affects the
healthy linden growth, i.e. shoot growth and stem lengths (Sand et al.,
2018).

The aim of this study was to assess the suitability of mixed crushed
brick and compost substrates to provide compaction-resistant and well-
drained tree rooting volumes. In a three-year experiment, we thus
evaluated the growth performance of linden trees (Tilia cordata Mill.).
The substrates were composed of recycling building materials found at
a local company. A compost from municipal waste was also employed
to evaluate the influence of organic matter on the different substrate
parameters and on the plant growth.

2. Materials and methods

2.1. Experimental design

The experiment was carried out at the Anchione nursery of
Euroambiente (Zelari Group, Pistoia, Italy), where the annual rainfall
and min/max average annual temperature in the three experiment
years were respectively: 761 mm 8.7°/23.1 °C; 1000 mm 8.9°/22.4 °C;
1447 mm, 9.1°/21.5 °C. The experiment was carried out in a completely
randomized design with six replications (Fig. 1). Six substrates were
tested 1) soil (control); 2) 0–30 mm crushed bricks; 3) 6–30 mm cru-
shed bricks; 4) soil+compost; 5) 0–30 mm crushed bricks +compost;
and 6) 6–30 mm crushed bricks+compost. The trials were all carried
out using local soil. Compost was incorporated into the substrates at
15% v/v prior to filling the pit, and hand mixed with a shovel
(C = compost treatment; NC = no compost treatment). From the range
available, we adopted the crushed brick range of particles most suitable
for growing trees (Grabosky and Bassuk, 1995). We chose a local sup-
plier in order to increase the value of the material found on site.

The trees in our study were 4–5-year-old seedlings, 2.5 m tall, with a
trunk diameter of 5–10 cm, and balled and burlapped (about 30 cm
diameter). The tree pits (60×60×60 cm = 216 l) were dug twice the
volume of the root ball and in the same soil used for the control. They
were arranged in two lines, with a distance of 3 m between the lines and
the distance from one pit to another along the line was 2.5 m.

In the spring of the first year, in February 2011, each pit was filled

with the substrate for 30 cm, then the plant was placed at the center
and covered with the rest of the substrate, so that the collar was at the
soil surface. During each summer, plants were irrigated periodically:
4 l/plant, three times a week in May and June, and every day in July
and August, due to the greater drought of the latter period. No pruning
and fertilizations were carried out.

2.2. Substrate analysis

Prior to the experiment, 0–30 and 6–30 material textures were
analyzed (Gee and Bauder, 1986). The grain size distribution of the
crushed bricks was compliant with UNI EN 933-1 (1999). The results
are reported in Fig. 2. The two materials were different in the percen-
tage of particles characterized by the size< 1 mm (22.2% in 0–30 and
1.3% in 6–30). The soil had a sandy loam texture (51% sand, 30.5% silt,
18.5% clay).

Each component of the substrate, soil, crushed bricks and compost,
was characterized using standard methods (ASA-SSSA, 1996) in terms
of pH (H2O); total nitrogen (Ntot) and organic carbon (Corg) (dry
combustion using RC-412 MULTIPHASE CARBON Leco); and available
phosphorous (P) (Olsen Method). The chemical properties of the ori-
ginal materials employed for the substrates (soil, bricks and compost)
are reported in Table 1. The compost originated from municipal source-
separated solid waste, which was provided by SienAmbiente. Compost
incorporation into the substrates increased the Ntot and Corg content to
0.25% and 3.6%, respectively.

Twice a year, the soil was compacted by running a Range Rover
(1000 Kg) over the ground beside the holes. The bearing capacity was
measured as a dynamic module (Evd), on each pit using a falling weight
deflectometer “Terratest 3000”. The Evd was calculated using the
average of the deflection peaks, recorded in the three measurement
falls, performed on each pit, in July, after the Range Rover had driven
over it. The water infiltration rate (Kf) was measured using a prallplate
with a diameter of 15 cm, laid on each substrate, and pouring 2 l of
water from a height of 10 cm for 5 s (Pregl, 1999). The infiltration time
was measured in seconds. The infiltration rate, Kf (m/s) was calculated
as follows:

=
∗ +Kf 10k loglog x d( )

where k = −21,307,725 and d = −18,141,758 (Pregl, 1999).

2.3. Tree growth and chlorophyll content monitoring

In July each year until the end of the experiment, the growth form
and vigor of trees, expressed as the main length of the shoots of each
plant, were monitored without the use of destructive methods
(Archibald and Bond, 2003). Trunk circumferences were recorded at
1.3 m (breast height) with a tape measure, each year at the end of the
growing season. Weighted values were calculated by dividing the dif-
ference in trunk circumference between the first and second years by
the value of the first year trunk circumference. The lengths of the shoots
were recorded using a carpenter's ruler on the same three branches on
each plant, randomly selected in full sun exposure. At the same time,
the leaf chlorophyll index was measured, at midday, by a SPAD-502
chlorophyll meter (Minolta Camera Co., Ltd., Japan) in full sun, com-
pletely expanded IV and V leaves, located on the previously selected
branches. The leaves were healthy and damage free and the measure-
ments were taken at the mid-point of leaves avoiding the mid-rib
(Muñoz-Huerta et al., 2013).

The experiment ended after three years. The plants were dug out
from the pit at a depth of 60 cm. An Air-Spade® 2000 Arbor/Landscape
Kit was used which enables the roots to be dug out with a diameter
of> 1–3 mm, thus obtaining the mass of roots in the pitfall. We sepa-
rated the root system, obtained by cutting the roots at the collar level
with a saw, into the main roots and dried them in an oven (ISCO 9000)
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at 70° until reaching constant weight. The total length (primary +
secondary roots) was then measured, and the dry biomass was de-
termined on a precision weight scale.

2.4. Data analysis

The experiment was set up in a completely random design (n = 6).
One and two-way ANOVA followed by Tukey's Multiple Comparison
Test (P ≤ .05) were performed to determine the statistical significant
differences of the plant parameters. Statistical analyses were performed
using R version 1.0.44 (R Foundation for Statistical Computing, Vienna,
Austria).

3. Results

3.1. Substrate analysis

The water infiltration rate (Kf) and bearing capacity (Evd) data are
reported in Table 2. Texture significantly affected the water infiltration
rate in both years of the experiment (P= .003 and P < .001 in the first
and second years, respectively). The highest water infiltration was ob-
served in the 6–30 substrate in the first year, in fact Kf was not mea-
surable as the water percolated too quickly (the water immediately
filtered into the ground when it was poured onto the plate, thus there
were no measurable seconds before it disappeared), followed by the
0–30 substrate (9.33 × 10−6 m/s). The 6–30 substrates showed the
highest value (5.27 × 10−5 m/s) also in the second year. The statistical
interaction between the texture and compost did not affect Kf, in either
year.

The statistical interaction between the texture and compost sig-
nificantly affected Evd in the first year (P = .033). Higher values were
reached in the crushed brick substrates without compost, especially in
the 0–30 substrate (8.3 ± 0.15 MPa). However, the presence of
compost decreased Evd in 0–30 and 6–30 substrate textures (− 21% and
- 22%, respectively), compared to the substrates without compost. In
the second year, texture and compost individually affected Evd
(P < .001 and P = .01, respectively). An Evd reduction was observed
in all substrates when compost was applied. Without any compost, both
the 0–30 and soil treatment showed higher Evd values (11.4 ± 0.25
and 11.1 ± 0.85 MPa, respectively) than 6–30. However, the inter-
action between texture and compost did not significantly influence this

parameter (Evd).

3.2. Tree growth analysis

In the C and NC treatments, the trunk diameter growth rates ex-
pressed as weighted values were, respectively: soil = 0.11 and 0.10;
0–30 = 0.18 and 0.18; 6–30 = 0.09 and 0.11. The two-way ANOVA did
not show a significant effect of the different treatments (texture and
compost).

Fig. 2 shows the results of the first and second years in terms of
mean shoot length. The interaction between texture and compost sig-
nificantly influenced the shoot length in the first (P = .039) and second
year (P = .005).

In the first year (Fig. 3A), trees showed a similar shoot length in all
the treatments. However, in the 6–30 substrate with compost, plants
significantly showed lower (−34%) shoot lengths (3.5 ± 1.64 cm),
compared to those growing on the 6–30 substrate without compost
(5.3 ± 3.07 cm), although the standard deviation was wide (Fig. 3A).
In addition, trees growing on the 6–30 substrate with compost had a
shorter shoot length (5.5 ± 2.85 cm) than those in mixed 0–30 cru-
shed bricks and compost substrates (3.5 ± 1.64 cm).

The interaction between texture and compost also significantly
(P = .005) affected the shoot lengths in the second year (Fig. 3B). Trees
growing in the 0–30 substrate, with and without compost, showed a
higher mean shoot length (10.2 ± 3.65 cm and 8.2 ± 2.48 cm, re-
spectively) than those in the soil (6.8 ± 1.71 and 6.3 ± 3.06 cm, C
and NC, respectively) and in the 6–30 (5.2 ± 1.68 and 7.7 ± 4.11 cm
C and NC, respectively) treatments.

The leaf chlorophyll index did not show significant differences be-
tween treatments in both year of the experiment (Table 3).

Fig. 4 reports the root growth parameters, measured at the final
stage, in terms of length and biomass, only in the NC treatments, as
reported in the Methods. Significant differences were detected for each
treatment (P = .0002 for root dry weight; P = .0008 for total root
length). Linden trees in the 0–30 substrate increased root biomass
(733 ± 47.5 g DW) by 72% and 37% compared to the plants grown in
soil (208 ± 84.0 g DW) and in the 6–30 substrate (469 ± 87.3 g DW),
respectively. The roots of plants growing in both treatments showed a
higher total length (1212 ± 154. 5 and 789 ± 211.5 cm, in 0–30 and
6–30 respectively) than the plants growing in soil (272 ± 104. 4 cm).

Fig. 1. Experimental set-up: numbers refer to treatments, and letters to replicates. Measurements are expressed in meters.
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4. Discussion

Our results showed that the effects of coarse texture substrates were
positive in terms of the infiltration rate, bearing capacity, shoot length,
and root development. The 0–30 texture substrate led to a better plant
growth than the 6–30 treatment in terms of shoot and root develop-
ment. The presence of fine particles, 0–1 mm, in the 0–30 crushed
bricks material, facilitated the nutrient and water supply, as the fine
particles create a better contact between the roots and soil, while the
coarser particles, 8–16 and > 16 mm, counteracted the effect of
compaction. This combination in the 0–30 mm texture resulted to be
more effective for parameters such as substrate and growth of plants.

Fig. 2. Particle size distribution in 0–30 (A) and 6–30 (B) crushed bricks materials.

Table 1
Chemical properties of the original substrate materials.

Properties Soil Crushed bricks Compost

pH 6.8 8.5 6.9
N tot (%) 0.15 0.06 2.5
C org (%) 0.85 0.43 27
P-ass (ppm) 5.05 4.95 120

Table 2
The water infiltration rate (Kf) and bearing capacity (Evd) measured for each
treatment in the first and second years of the experiment. Data are followed
by± SD. Statistical significance was determined with two-way ANOVA fol-
lowed by Tukey's Multiple Comparison Test (P ≤ .05); * = P < .05,
** = P < .01, ns = not significant. Data followed by different letters are
statistically different. n.d. = not detectable due to the rapidity of infiltration.

Kf (m/s) Evd (MPa)

Year I Year II Year I Year II

Compost
Soil 3.58 × 10−7 5.94 × 10−9 5.0 ± 0.81c 8.7 ± 0.60
0–30 9.33 × 10−6 1.82 × 10−7 6.6 ± 0.85b 9.6 ± 0.70
6–30 n.d. 5.27 × 10−5 5.8 ± 0.72c 8.4 ± 0.32

No compost
Soil 2.10 × 10−7 3.82 × 10−8 5.3 ± 0.94c 11.1 ± 0.85
0–30 3.05 × 10−6 2.21 × 10−7 8.3 ± 0.15a 11.4 ± 0.25
6–30 n.d. 4.62 × 10−8 7.4 ± 0.92ab 9.9 ± 0.85

Compost ns ns *** ***
Texture *** *** *** *
Compost ×

texture
ns ns ** ns
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Compost is compressible, and reduces the bearing capacity, when
added to coarse substrates. The health status of the trees was not af-
fected by the treatments, as indicated by the uniform values of the
chlorophyll index.

The substrates comprised of crushed bricks had a greater capacity to
resist compaction compared to the soil, although their bearing capacity

(11.4 MPa) did not reach the values required to bear the weight of
vehicles (25 MPa) (Astleitner and Florineth, 2010).

The very high water infiltration rate of the 6–30 substrate suggests
that too many large voids, in the absence of fine material, leave the soil
profile dry and highly susceptible to drought. Substrates with too large
voids, without irrigation, make the plants suffer due to water stress in
hot seasons (Cannavo et al., 2018). The presence of fine particles in
substrates, as in the 0–30 substrate, can affect the physical properties of
the crushed bricks substrate, including the increase in water retention
(Graceson et al., 2011).

The organic matter provided by compost reduced the bearing ca-
pacity due to its compressibility, creating a lithological discontinuity.
Compost is often added to reduce soil compaction (Sæbø and Ferrini,
2006; McGrath and Henry, 2016) and to increase net primary pro-
ductivity in soil rehabilitation (Layman et al., 2016). However, in the
event of a critical load such as the action exerted by cars, the presence
of organic matter can counteract the bearing capacity, and it is there-
fore necessary to differentiate the interventions focused to improve the
soil requirements for roadside tree pits (Jim and Ng, 2018).

The effect of texture was statistically significant in all the treat-
ments, showing that the soil was less water penetrable than the sub-
strates. In addition, the coarse substrates were more effective at bearing
loads than soil alone (Yilmaz et al., 2018). In fact, the texture sig-
nificantly influenced Evd and Kf during the experiment, due to the
coarse matrix (Grabosky and Bassuk, 1995). The mix with a coarse
texture (0−30) may prevent the compaction from increasing over time
(Cannavo et al., 2018).

Shoot length values were very heterogeneous, reflecting the in-
dividual canopy architecture of each plant. This is especially the case
when the plants are reproduced from seeds, leading to the genetic
heterogeneity of the seedling phenotype. Some of the plants had many
branches along the main axis, with many small buds and others had a
few branches and big buds. During the vegetative periods, the first
branches produced many short shoots whereas the second branches just
had a few long shoots. The texture had a positive effect on the plants'
vigor, expressed as shoot length, in 0–30 treatment. As mentioned
above, the 0–30 mix included 22% of fine material (0–1 mm), which
can help the particles' continuity, by improving the water movement
and the nutrition availability. On the other hand, the higher develop-
ment of the shoots in the 6–30 treatment without compost compared to
the 6–30 with compost, could be a compensation symptom attributed to
the stress that killed some of the other buds (Archibald and Bond,
2003).

The foliar chlorophyll index was uniform in the various treatments,
indicating that the substrate treatments did not affect the general health
status of the plants (Cinelli et al., 2004) although the treatments effects
on shoot length and root development were significant, in line with
Layman et al. (2010).

The chlorophyll index correlated with foliar N, thus giving a good
estimate of the plant's nutritional status (Muñoz-Huerta et al., 2013).
However, in the first year of the experiment before the transplant there
may have been a residual nutritional effect of the fertilization carried
out at the nursery. Nevertheless, the uniformity of the chlorophyll index
values showed that the brick substrates can add useful elements for
plant nutrition, and did not cause any nutritional deficiency (Nehls
et al., 2013).

At the end of the experiment, the excavation of the plants high-
lighted that the coarse substrates led to an increased development of
tree roots, related to the better circulation of oxygen and water in the
rhizosphere (Kozlowski, 1999; Bühler et al., 2017). The plants grown in
soil showed both the lowest biomass and root length. Anaerobic soil is
usually associated with flooding or compaction of soil and commonly
occurs in soils with a heavy texture, such as loamy soils with a high
percentage of clay and silt (Kozlowski, 1999). The lower development
and weight of the roots in the tested soil, which was mechanically
impenetrable, highlighted that its compaction prevented the formation

Fig. 3. Mean shoot length of T. cordata measured in the first (A) and second
year (B) of the experiment for each substrate. Bars represent +SE. Statistical
significance was determined with two-way ANOVA followed by Tukey's
Multiple Comparison Test (P ≤ .05); * = P < .05, ** = P < .01, ns = not
significant. Data followed by different letters are statistically different.
(C = compost; NC = no compost).

Table 3
Chlorophyll content index measured in T. cordata in the first and second year of
the experiment for each substrate. Statistical significance was determined with
two-way ANOVA followed by Tukey's Multiple Comparison Test (P ≤ .05);
ns = not significant.

Chlorophyll content index

Year I Year II

Compost
Soil 41.6 ± 1.31 32.9 ± 3.00
0–30 40.8 ± 3.72 33.3 ± 5.33
6–30 41.8 ± 1.87 34.9 ± 2.64

No compost
Soil 40.6 ± 5.01 33.9 ± 5.56
0–30 41.5 ± 2.67 27.4 ± 4.60
6–30 40.5 ± 1.06 35.5 ± 3.36

Compost ns ns
Texture ns ns
Compost × texture ns ns
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of large roots and their growth over the planting hole. Resistance to
compaction is correlated to texture and moisture content: in a natural
coarse matrix soil, moderate compaction increases the available
moisture thus improving contact between the roots and the sources of
nutrients (Kuss, 1986) necessary to promote root-soil interactions
(Gregory, 2006). The 0–30 mix led to better conditions for root biomass
compared to the soil and 6–30 substrate, and in terms of root length
compared to soil, due to the balance of fine and coarse particles.

The skeletal substrates led to a better radical development (Yilmaz
et al., 2018). This effect has been detected in linden trees (Bühler et al.,
2017), which was found be species specific (Bartens et al., 2010).

5. Conclusions

Of the various treatments, the coarse brick recycled material with a
texture from fine to 30 mm, showed the best performance in linden tree
establishment, in terms of infiltration rate, bearing capacity, shoot
length and root development. Both coarse material substrates coun-
teracted the compaction and presented a better water infiltration rate;
while the addition of compost to the substrate reduced the bearing
capacity. Although the lack of organic matter often represents a limit,
the soil compaction for roadside trees is a serious problem to be faced,
due to the high passage of people and vehicles, therefore the addition of
compost in coarse substrates have a negative effect. The roots of the
linden trees grown in coarse material substrates were longer and had a
higher biomass. Coarse recycled materials facilitate a better air circu-
lation and water drainage in the rhizosphere, and may be a valid

solution to reduce planting stress and thus help to establish roadside
urban trees.
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