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Abstract: The feasibility of substitute building materials (SBMs) in engineering applications was
investigated within the project. A geogrid-reinforced soil structure (GRSS) was built using SBM as
the fill material as well as vegetated soil for facing and on top of the construction. Four different
SBMs were used as fill material, namely blast furnace slag (BFS), electric furnace slag (EFS), track
ballast (TB), and recycled concrete (RC). For the vegetated soil facing, a mixture of either recycled
brick (RB) material or crushed lightweight concrete (LC) mixed with organic soil was used. The soil
mechanical and chemical parameters for all materials were determined and assessed. In the next
step, a GRSS was built as a pilot application consisting of three geogrid layers with a total height
of 1.5 m and a slope angle of 60°. The results of the soil mechanical tests indicate that the used fill
materials are similar or even better than primary materials, such as gravel. The results of the chemical
tests show that some materials are qualified to be used in engineering constructions without or with
minor restrictions. Other materials need a special sealing layer to prevent the material from leakage.
The vegetation on the mixed SBM material grew successfully. Several ruderal and pioneer plants
could be found even in the first year of the construction. The porous material (RB and LC) provide
additional water storage capacity for plants especially during summer and/or heat periods. With
regard to the results of the chemical analyses of the greening layers, they are usable under restricted
conditions. Here special treatment is necessary. Finally, it can be stated that SBMs are feasible in
GRSS, particularly as fill material but also as a mixture for the greenable soil.

Keywords: geogrid-reinforced soil structure; geogrid; substitute building material; recycled material;
green infrastructure

1. Introduction

Mineral waste, and especially construction and demolition waste (CDW) as well as
soil material, will be the largest waste stream in terms of volume once a certain level of
urbanization has been reached. At the EU level, this state has already occurred, while at the
global level, developing countries are still in the process of urbanization and a large material
flow of CDW and soil materials will occur with a time lag. Nevertheless, this material flow
represents both a global challenge and a significant resource potential for replacing mineral
primary raw materials. In Germany, the material flow falls under the class of substitute
building materials, i.e., “building materials from industrial manufacturing processes or
from processing/treatment plants (waste, products) used instead of primary raw materials,
such as recycled building materials (rubble), soil material, slags, ashes, railway ballast” [1].
In order to conserve natural raw material resources, substitute building materials should
be preferentially used in construction projects in the future.

In Germany, around 350 million tons of waste are generated every year. Among other
materials, the waste stream consists of about 250 million tons of mineral waste, such as
100 million tons of soil and stones, 73 million tons of CDW, 15 million tons of ashes and
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slags from energy plants, as well as 7 million tons of blast furnace slag, and 6 million tons
of steel slag.

While the majority of CDW is reused [2], other materials are often used for low-value
purposes, such as landfill cover materials or for backfilling of open-cast mines [3]. This kind
of use is considered a downcycling process. Materials like slags, ashes, and CDW which are
reused in the construction process are considered so-called substitute building materials
(SBMs) in Germany. Therefore, the presented study will focus on upcycling applications,
especially on the use of SBMs in green applications. Green applications refer to structures
that will become vegetated. These applications are chosen because green elements will
have a significant positive impact on lowering the local temperature and improving the
living climate in cities. These green applications are called “Green Infrastructure” (GI),
according to the European Commission (2013) [4]. Green infrastructure is “a strategically
planned network of high quality natural and semi-natural areas with other environmental
features, which is designed and managed to deliver a wide range of ecosystem services
and protect biodiversity in both rural and urban settings”.

Widely used examples for Gl in civil engineering are green roofs, vegetated gabions,
or vegetated reinforced soil constructions. While these constructions are well established,
the simultaneous use of SBMs in these constructions has rarely been carried out. Exam-
ples of used SBMs (waste silica) are described in Krawczyk et al. [5]. Molineux et al. [6]
investigated the use of different recycled aggregates and combinations of them in green
roof growing substrate. Carson et al. [7] used recycled and waste materials as substrates
for roof greening. They described how to process aggregates from waste drywall, concrete,
roof shingles, glass, and lumber cuttings which can be further used for roof substrates.
Gagari et al. [8] provided a life-cycle assessment for the use of brick material with addi-
tional clay and compost ingredients. Several articles have described the experiences with
recycled materials in geogrid-reinforced earth structures (GRSS), such as Santos et al. [9].
In this article, the authors reported the results of a 3.6 m high GRSS construction built with
CDW material. Despite the construction being carried out on collapsible soil, the behavior
of the wall was found to be satisfactory. Vieira et al. [10] described the performance of
CDW as backfill in reinforced soil structures (RSS) and concluded that the resistance of the
geogrid increases with the specimen size. Fleury et al. [11] investigated the influence of
the drop and compaction of CDW material on the factor of built-in damage (RFip). They
found out that grain size, drop height, and applied compaction method must be considered
when calculating the factor of safety. Sachidanand and Divya [12] described the use of
CDW material in RSS. The authors found that the geotechnical properties of the CDW met
the requirements of an ideal backfill material for RSS. Ferreira et al. [13] reported on the
results of time-dependent shear tests on CDW materials in connection with an underlying
geotextile material. A stress relaxation was discovered in the tests. However, it was found
that the peak and residual shear strength parameters in the long-time tests were similar
to those in the benchmark tests. Viera [14] described the shear and pull-out behavior of
different geosynthetic materials in connection with CDW material.

Most papers dealing with recycled materials in GRSS described the use of CDW. No
applications of materials such as slag or track ballast to be used in RSS are published yet.
This paper fills this gap as not only soil mechanics tests were carried out. In addition,
the chemical constituents were analyzed and assessed with regard to potential hazards.
Possible uses or additional necessary measures were derived. The present study describes
the results of a pilot application in which a GRSS was constructed. For its construction,
only SBM was used as fill materials and soil material for facing. Cost-benefit analyses as a
comparison between conventional materials and SBM as well as life-cycle assessment were
not within the scope of this work and will be subjects of future studies.
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2. Materials and Methods
2.1. General Approach

This study consists of three parts. Firstly, additional soil mechanical tests were carried
out. These tests complement the test results from preliminary tests. The results of these
tests were reported in [15]. Additionally to the soil mechanical tests, greening tests were
carried out to determine the best seed mixture for the facing material. Based on the results
of these tests, a pilot application was erected.

The SBM materials used in the study are recycled brick material (RB), crushed
lightweight concrete material (LC), blast furnace slag (BFS) electric furnace slag (EFS),
track ballast (TB), and recycled concrete material (RC). The crushed brick material and
lightweight concrete materials were used as greenable material for the GRSS facing. The
remaining materials were tested for use as fill material in GRSS construction. Several
geosynthetic materials, as well as steel grids, were also used.

2.2. Materials for Pilot Application
2.2.1. Fill Materials for Pilot Application

Four types of SBM were used as fill materials. The materials are shown in Figure 1.

Figure 1. Tested SBM as fill material from left to right: recycled concrete (RC), track ballast (TB), blast furnace slag (BFS),
electric furnace slag (EFS). Source: Schneider.

The following properties and parameters were determined for the materials:

Soil type acc. to EN ISO 14688-1 [16] and EN ISO 14688-2 [17];
Density of soil particles (g/cm?);

Ignition loss (%);

Proctor density (g/cm?);

Shear resistance acc. to EN ISO 17892-10 [18];

Friction characteristics acc to EN ISO 12957-1 [19];

Field capacity (%);

pH value;

Chemical analyses.

2.2.2. Materials for Facing Elements of Pilot Application

The materials used in the pilot application for facing and greening purposes consist
either of crushed brick material (RB) or crushed lightweight concrete (LC) which was
mixed with organic soil with a mixture rate of two parts SBM and one part organic soil
(Figure 2). The mixed materials were tested to determine soil mechanical and chemical
properties and parameters. The following tests were carried out:

Soil type acc. to EN ISO 14688-1 [16] and EN ISO 14688-2 [17];
Density of soil particles (g/cm?);

Ignition loss (%);

Proctor density (g/cm?);

Field capacity (%);

pH value;

Chemical analyses.
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3 % gradient

Figure 2. SBM mixed with organic soil, left: before installation, right: after installation in a pilot
application. Pictures: Schneider.

For the initial greening tests, RB and LC were mixed with different materials. There
was a total of 32 test samples. In each of the test pits, either RB material or LC was mixed
with one or several components of compost, bark mulch, expanded clay, peat, and/or
lava mulch. The used seed was a lawn mixture. Additional tests were carried out using
a mixture of two parts RB or LC material and one part organic soil. In these tests, flower
seed was used for greening. In total, 15 test samples were used in this pre-test. The organic
soil was topsoil material from the site of the pilot application.

2.2.3. Additional Materials for Pilot Application and for Greening Tests

Several geosynthetics were used for the pilot application. The reinforcement of the
GRSS was carried out using a laid uniaxial PET geogrid made of extruded monolithic flat
bars which are factory-welded at the crossing points. The maximum tensile force of this
material is 80 kN/m at a strain of less than 7%.

At the surface, a geosynthetic erosion mat was placed. At the bottom of the pilot
construction and between the different chambers a geosynthetic seal layer was placed. The
facing was stabilized with galvanized steel grid with a mesh wide of 5 cm in each direction.
For the prior greening tests, additional materials like compost, bark mulch, expanded clay,
peat, and lava mulch were used. The used seed was a lawn mixture in both tests.

2.3. Pilot Application

The layout of the pilot application can be seen in Figure 3.
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Figure 3. Top view and crosssection of the GRSS with recycled materials. Legend: 1—geogrid; 2—horizontal sealing;

3—facing (steel grid and erosion protection mat); 4—facing material/greenable soil; 5—fill material; 6—underground;

7—greenable soil; 8—drainage pipe; 9—collection shaft for leachate. Facing material 1:2 parts RB+1 part soil; facing material

2:2 part LC+1 part soil; Drawing: Schwerdt, Mirschel.
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The construction is divided into four parts. On each part, the fill material was foreseen
according to the findings in Section 2.2. The construction height was 1.5 m, the slope angle
was 60° (Figure 4).

Figure 4. Left: View at the base layer of the pilot application before installation; Right: Northwest
view at the greened construction in October 2020 (6 months after erection). Pictures: Schneider.

At the ground of the steep slope construction, a horizontal sealing layer with a slight
slope to the north side of the construction was placed. The leachate from the rainfall was
sampled and transported in gutters and stored in shafts. The four sections are divided
by vertical panels to make sure the leachate cannot be mixed between the sections. The
leachate was analyzed several times during the lifespan of the construction. The aim was
to identify potential differences in the water quality between the leachate and the results of
the chemical analyses carried out on recycled materials.

The geogrid layers were placed with a 50 cm vertical difference. A PET material was
used as geogrid reinforcement. This material is usable in alkaline environmental conditions.
Additional tests were carried out to determine the reduction factor for installation damage
(RFip/A2 acc. to [20]). Beneath the grid elements, an erosion protection mat and greenable
soil were placed. The greenable soil was only slightly compacted. The facing was carried
out using galvanized steel grid elements.

The RFp tests were carried out according to EBGEO [20] beside the pilot application.
The geogrid was placed on a 15 cm base layer made from the 4 used SBM fill materials. The
layout can be seen in Figure 5. Above the geogrid layer additional 15 cm of SBM was placed.
The SBM materials were compacted using a vibrating plate with a mass of 135 kg and a
performance of 3.1 kW (4.1 HP). The vibration plate was the same used for compaction
in the pilot application. After compacting the top layer, the material was removed and
geogrid samples were taken for tensile tests according to EN ISO 10319 [21].

(b) (d)

Figure 5. RFjp tests: (a) base layer; (b) geogrid layer with test samples; (c) top layer;
(d) vibrating plate.

After the installation, the construction was covered with greenery. A seed mixture
consisting of grass seeds and flowers seeds was used for this purpose.
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3. Results
3.1. Soil Mechanical and Chemical Test Results

The soil mechanical and chemical test results for the GRSS materials are summarized
in Tables 1 and 2 as well as in Figures 6 and 7.

Table 1. Results of soil mechanical and chemical tests of the fill materials [22,23].

BFS EFS RC TB

Soil classification

(EN ISO 14688-1) mgrCGr cgtMGr Gr mgrCGr

Medium to ~ Uniformly

Soil classification Uniformly Uniformly well-oraded raded
(EN ISO 14688-2) graded gravel  graded gravel & &
gravel gravel
Density of soil particles 241283 3.84-3.96 2.55-2.57 2.66
(g/cm?)
Ignition loss (%) 0 0 0 0
Water absorption (%) 24.5 25.8 n.d. n.d.
Proctor density (g/cm3) 1.51-1.58 2.10-2.16 1.78 1.61
pH value 10.2 10.7 9.3 9.3
Field capacity (%) 2.29 1.81 9.97 n.d.
Air capacity (%) 7.90 6.20 9.53 n.d.
Shear par(i‘r/rflif;r(s;’)ﬂ) (e7/¢) 54.3/0 53.6/0 53.2/0 59.6/0
Friction ratio (-) 0.91 0.94 0.81 0.75
Chemical classification 72 (sulfate) Z0 71.2 (sulfate) Z0

according to LAGA M20 * [24]

* Legend Chemical classification LAGA M 20: Z0—usable without restrictions; Z1.2—usable with minor restric-
tions above groundwater level; Z2—usable with restrictions (sealing layer).

Table 2. Results of soil mechanical and chemical tests of facing soil materials [22,23].

LC + Soil RB + Soil
Soil classification resiSa csisaGr
(EN ISO 14688-1) &
Soil classification
(EN SO 14688-2) Well-graded sand Well-graded gravel
Density of soil particles (g/cm?) 1.89 2.47-2.64
Proctor density (g/ cm?) 1.24 1.96
Ignition loss (%) 7.04 2.5
Field capacity (%) 14.96 13.96
Air capacity (%) 2.13 5.55
pH value 8.8 8.0
Chemical classification according to LAGA 72 (sulfate) 712 (sulfate)

M20 * [24]
* Legend Chemical classification LAGA M 20: Z1.2—usable with minor restrictions above groundwater level;
Z2—usable with restrictions (sealing layer).
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Figure 7. Grain size distribution of greening soil material.

The results show that the soil mechanical parameters of the tested SBM are without
exception within the range of comparable gravel. Differences are only noticeable for some
Proctor densities or grain densities. The maximum dry density that a material can reach is
called Proctor density. The achieved Proctor density values are shown in Figure 8. This is
due to the source materials.
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For the shear tests, a large shear box with dimensions of length x width x height of
50 x 50 x 20 cm was used. Each test consisted of three sub-tests with normal stresses of
25,50, and 100 kPa. The tests were carried out both exclusively on the soil material used
in the construction and additionally with a geogrid layer in the joint between the upper
and lower shear box. The results of the shear tests can be seen in Figure 9. The shear tests
show that the materials can be used without restriction for KBE constructions in terms of
soil mechanics.

Recycled Concrete (RC)

y = 1.3377,

y=1.0816x

* w/o geogrid

* w geogrid
40
20
0
0 20 40 60 80 100
normal stress (kPa)
tan ¢ (-) 1.3377 1.0816
o (°) 53.2 47.2
fG,average (') 0.81
(a)

120

shear strength (kPa)

160

140

120

100

80

60

40

20

Figure 9. Cont.

Blast furnace slag (BFS)

y=1.3909

y.=1.7632x

* w/o geogrid

* w geogrid
20 40 60 80 100 120
normal stress (kPa)
tan ¢ (-) 1.3909 1.2632
b (°) 54.3 51.6
fG,average (") 0.91
(b)
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Figure 9. Results of shear tests: (a) recycled concrete (RC); (b) blast furnace slag (BFS); (c) electric furnace slag (EFS); (d) track

ballast (TB).

The field capacity refers to the field the maximum water content that an unsatu-
rated soil can retain against gravity under undisturbed soil conditions, according to ISO
11074 [25].

With regard to the chemical investigations, it can be stated that the sulfate contents
were high in nearly all materials (with exception of track ballast and EOS) and mostly
resulted in a classification in recovery class Z2 according to LAGA M20 [24]. This also
resulted in comparatively high specific electrical conductivities (leachate mineralization).
Since sulfate contents are generally not critical, the following evaluation was carried out
neglecting the sulfate values. The RC material has an allocation class of Z1.2 according to
LAGA M 20. Exceeded benchmark values concern polycyclic aromatic hydrocarbons (PAH)
according to EPA, the specific electrical conductivity, and sulfate. RB has an allocation class
of Z1.2 because the values exceeded the benchmarks for PAH according to EPA, electrical
conductivity, chloride, and sulfate. Blast furnace slag (BFS) has an allocation class of Z0
(neglecting the sulfate value, being Z2). Electric furnace slag (EFS) has an allocation class
of Z0. Track ballast (TB) is to be assigned to allocation class Z0. Lightweight concrete
(LC) is to be assigned to allocation class Z2, having exceeded benchmark values for lead
and sulfate.

With regard to general feasibility, it can be concluded that the materials with a clas-
sification value Z2 can only be installed using a water-impermeable top layer or using
additional technical safety measures. In such a case, Code of Practice M TS E [26] is author-
itative. If sulfate is not considered critical, the materials are to be allocated to allocation
classes Z 0 or Z 1.1. This means that the use of the materials is feasible in the following
kinds of applications [24]:

- Roads, paths, traffic areas (superstructure and substructure);

- Industrial, commercial, and storage areas (superstructure and substructure);
- Substructures of buildings;

- Below the rootable soil layer of earthworks (noise and protection walls);

- Substructures of sports facilities.

The SBM investigation results for the usable field capacity and air capacity show that
water can be stored in RB/topsoil and LC/topsoil mixtures, but not in other materials.
The air capacity values can be considered average due to the large pore space. The use
of blast furnace slag, electric furnace slag, and recycled concrete as a greening layer is
not recommended. Field and air capacity are affected by the capillarity of the material
in relation to the fine particle content. Coarse structures are suspicious of washing and
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producing leachate. The components RB/topsoil and LC/topsoil mixtures are suitable
for this purpose. In summary, it can be stated that the tested SBMs, if necessary with
the use of technical safety measures, are also suitable in chemical terms for the use in
plastic-reinforced earth constructions. The leachate pH value was measured to be alkaline,
which means not usable for use in all geosynthetic GRSS constructions.

The greening material was only slightly compacted in the pilot application. For this
reason, the pore content of the material could not be determined in a meaningful way. The
organic content provides nutrient input for plants. The porosity of the RB and LC material
provides additional water storage capacity. The pH value is also alkaline, which has some
implications for the usability of the materials in GRSS (geogrid, erosion mat) as well as for
the selection of revegetation materials. The chemical results show an expected outcome at
high sulfate levels. The other ingredients except sulfate are within the benchmark ranges.

3.2. Preliminary Greening Test Results

In the greening tests carried out before the erection of the pilot application, the best
results could be found with material mixtures supplemented with expanded clay and lava
mulch. Other mixtures were also successful to different degrees. Even on pure brick or
lightweight concrete material, some plants could be found. In the second part with either
RB or LC mixed with organic soil the most of the greening tests were successful. Finally,
the decision was made to use the ladder mixture for the pilot application. With a focus on
further applications, this mixture will provide the most cost-effective solution.

3.3. Pilot Application

During the erection of the pilot application, the compaction grade of the different fill
materials was determined. The values are within a range of 97 to 98%.
In the RFp tests (A2 value acc. to EBGEO) the results in Table 3 could be achieved:

Table 3. A2 values.

SBM A2-Value (md) (-) A2-Value (cmd) (-)
EFS 1.01 1.03

BFS 1.00 1.00

RC 1.01 1.00

TB 1.08 1.06

It can be concluded that the damages on the geogrid are only minor. This finding
can be confirmed by the results of the visual inspection (see next figures). No damage to
the material was found in the tests with BFS, EFS, and RC. Only in the tests with TB were
minor damages found as can be seen in Figure 10.

Figure 10. Visual inspection of geogrid after RFID test: left: test with TB; some smaller damages can
be seen; right: no damages in tests with BFS, EFS, and RC.
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In terms of vegetation analysis, each GRSS side was investigated separately. The
sowing was carried out in April 2020. On the east side, some germination could be seen
already at the end of April, but mainly on the RB side. From May to June was observed
that the RB/soil side was more densely vegetated than the LC/soil side. On the other hand,
more vegetation appeared on the RB/soil side at the end of September and in mid-October.
The trend shows that the RB/soil is suitable for rapid vegetation and LC/soil has more of a
long-term positive effect.

At the south side of the GRSS, the findings from the east side were confirmed. In
addition to the lush greening, however, it can also be seen that most of the plants have been
dried out by the end of September. The reason is the higher sunlight exposure on the south
side. In autumn (October to December), further greening was observed on the south side,
with particular grass seed sprouting. No distinction can be made between the greening
results of the RB/soil and LC/soil material mixtures. On the west side, the same setting
like on the east and south sides is evident. The rapid vegetation of May and June is clearly
visible on the RB/soil mixture (right) and only partially on the LC/soil mixtures (left). On
the other hand, the vegetation withers faster on the RB/soil mixture than on the LC/soil
mixtures. The north side is by far the best-vegetated slope. Initially, it is again recognizable
that greening and blossoms can be seen earlier on the RB/soil mixtures (left) than on the
LC/soil mixtures. In contrast to the other slopes, the shaded locations did not cause dry
out or wither in summer, so that the slope has the highest degree of greening at the end.

The differences between the building materials can be assessed as follows,

- RB material is coarser-grained compared to LC. As a result, it has a higher pore
volume, which supports water flow and air capacity. The large pore spaces also
give roots better opportunities to grow. The brick acts as a drainage layer. The RB’s
disadvantage is that it has no real storage capacity due to high water permeability. A
long-lasting, stable moisture level can therefore not be expected;

- LG, on the other hand, is very fine-pored, and this property gives it a high storage
capacity. With many small cavities, the water has plenty of room to spread and to
be stored. Due to its good heat capacity, this SBM can store heat well when the
outside temperature is too low and can insulate against heat when it is very hot. This
offers the advantage that plants can thrive even on colder days/months and survive
better in hot conditions. The disadvantage of the fine pores is that there is no good
water permeability. When water enters LC, it runs off on the surface because the
pores are too fine to allow the water to penetrate quickly. This characteristic does not
guarantee fast plant growth. Furthermore, the pores block possible space for rapid
root development. They, therefore, need more time to break through.

Looking at the GRSS as an overall structure, it can be seen that vegetation progressed
in May, peaked in June (vegetation period 1), flowered from July to September, and re-
flowered again in October (vegetation period 2). Figure 11 shows pictures of the pilot
application at different points in time. Not only did the different SBMs have an influence
on plant growth, but weather conditions did as well. The temperature rose since March.
The peak was observed in August with an average of 21.9 °C. Since flowering took place
in the period from June to September, the temperatures were possibly too high for the
first vegetation. Comparing the precipitation total with the previous year, the year 2020
was drier. Only in June, August, and September was a higher precipitation level observed.
However, it must be taken into account that the construction was irrigated. This took place
especially in the very dry spring months and, to a lesser extent, in summer. A closer look
at the precipitation patterns shows that there were no continuous rain phases. The final
amount came mainly from short heavy rainfall events. In this situation, the soil cannot
absorb the water fast enough. The rainwater runs off aboveground or into the sewage
system. With normal precipitation events, the greening of the reinforced earth might have
been maintained for a longer period (midsummer).
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Figure 11. Pictures from the pilot application: (a) 1 month after installation view from the southeast;
(b) 3 months after installation view from the southwest; (c) 1 year after installation view from the
east; (d) 3 months after installation view from north.

When looking at the flowering plants, all have low soil quality requirements and are
very undemanding. Among others, the followings plants were found at the GRSS: White
Mustard, Common Sheep weed, Field Bindweed, White Goosefoot, Field Thistle, Jacob’s
Grasswort, and Mallow. These plants are considered pioneer or ruderal plants. Pioneer
plants have a special adaptability for colonizing new, still vegetation-free habitats. These
species occur more frequently in newly created habitats than in existing ecosystems. The
two main characteristics for pioneer plants are,

- Effective long-distance dispersal mechanism: Pioneer habitats emerge unpredictably
and in isolation. Therefore, species with high seed numbers and with dispersal by
wind (anemochory) and animal (ornithochory) are typical pioneers;

- High hardiness: Tolerate extreme environmental conditions, established vegetation
stands reduces occurring maxima e.g., in terms of temperature and soil water; further-
more, the soils usually show nutrient deficiencies or imbalances.

In addition to pioneer plants, there are also ruderal plants. These species prefer to
settle on rubble and debris sites, stony slopes, disturbed roadsides, and similar territories.
All the above criteria apply to the GRSS.

4. Conclusions

From a soil mechanics point of view, the proof was provided that SBM can be used
in GRSS. This can be considered proof of the feasibility of SBM in GRSS and other engi-
neering structures, such as gabion walls, green roofs, bridge abutments, as well as the
construction of noise barrier dams or for backfilling structures. Further investigations are
required in this regard. The soil mechanical parameters Proctor density, grain distribution,
grain bulk density, and shear strength (friction angle) are comparable to those of primary
building materials.

When considering the chemical properties, differentiation is necessary as well as
an adaptation to the detailed conditions. The investigated materials are all suitable for
recycling or reuse respectively, although the recycling feasibility differs depending on
material type. The current legal situation also permits the recovery of Z2 materials in some
areas. The technical prerequisites to prevent precipitation from penetrating the construction
are given. For example, the use of plastic sealing membranes is a suitable measure. For
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the greening layer, other solutions must be sought here. While the RB material only has to
fulfill minor additional requirements, in terms of LC, an additional treatment step must
be interposed in order to immobilize potentially environmentally harmful constituents
that cause classification in recycling class Z2. For obvious reasons, a cover as in the case of
fill soils is ruled out. However, the effort to undertake such developments is justified, as
crushed LC has proven to be an ideal material for greening layers, at least in combination
with an organic admixture/soil material, respectively.

The results of the greening tests have shown that RB/soil and LC/soil mixtures are
well suited for revegetation. First colonizers and ruderal plants can grow and spread very
well. The different SBM properties are reflected in the vegetation. RB is well suited for
quick vegetation success and LC, on the other hand, offers good conditions for long-term
revegetation. The results support the conclusion of the feasibility of SBM-based GRSS as
green infrastructure. In this way, the project results contribute to the closure of SBM loops
for climate adaptation purposes.

Further tests must prove the durability and resistance to deterioration e.g., by freezing
over a longer period of time. For this purpose, the pilot application will continue to be
monitored regularly. The results will be reported in due course.
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Abbreviations

BFS Blast furnace slag

CDW  Construction and demolition waste

cmd  Cross machine direction (secondary direction of geosynthetics reinforcement)
EFS Electric furnace slag

EPA Environmental Protection Agency

GRSS  Geogrid-reinforced soil structure

LC (crushed) Lightweight concrete material

md Machine direction (main direction of geosynthetics reinforcement)
PAH  Polycyclic aromatic hydrocarbons

PET Polyethylenterephthalat

RB Recycled brick material
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RC Recycled concrete material

RFp  Reduction factor of installation damage
RSS  Reinforced soil structure

SBM  Substitute building material

TB Track ballast
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