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Abstract: In Ljubljana, the capital of Slovenia, surface road traffic prevails and there is a strong need
to free urban areas and use underground space for public transport. As a result of excessive use
of combustion engines, the concentration of particulate matter and CO; emissions in Ljubljana is
high and is of public concern. For this purpose, several studies have been made in which sustainable
development of underground transport has been considered as an alternative for rail, inter-rail and
city traffic. The city of Ljubljana lies on quite a diverse geological substratum, consisting of alluvial
and lacustrine deposits. A complex hydrogeological situation comprising a high water table and
perched water supply zones located within the urban environment presents a particular challenge for
underground construction. For this reason, a research study concerning the sustainable development
of underground traffic in the Ljubljana Basin was carried out. The results of the study presented
in the paper highlight the possible technological conditions for the development of underground
transport with a particular emphasis on sustainability and environmental impact.

Keywords: underground transport; hydrogeology; mining and tunneling methods; geological and
geomorphological conditions; sustainable build-ability; environmental impact

1. Introduction

The basic principles of sustainable mobility in Ljubljana are understood from a sociological
perspective as fulfilment of the needs of current and future populations for free movement, accessibility,
communication, exchange, and formation of links without sacrificing other fundamental human or
ecological values. In particular, the subject of this research is focused on the sustainable development
of underground transport in the Ljubljana Basin as the organizing principle for meeting the needs
of the Ljubljana population for urban mobility, while at the same time sustaining the ability of
hydrogeological and other natural systems to remain fully functional during construction and in
the future.

In Ljubljana and its surroundings, transport using personal vehicles is predominant, which
has, until now, channeled public investment solely into the modernization of road infrastructure.
Clearly, in the long term, this is unsustainable due to the high environmental impact of transport
solely based on the use of combustion engines. In Ljubljana, air with concentrations of particulate
matter (PMyg < 10 pug/m?) higher than the 50 pug/m3 allowed is common, especially during the
winter months and during the six-month-long heating season. To address the issue of the long-term
sustainable development of transport in Ljubljana, the possibility of the use of underground space
has been considered in different studies, such as: Conditions for managing the public transport of
the Ljubljana Urban Region (LUR) [1], and the study on the modernization of the Ljubljana railway
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hub [2]. In these reports the variants containing the need for extensive underground construction
were studied, but no attention was paid to technical details, build-ability or ecological issues related
to such an investment. As emphasized by Shepherd and Ortolano [3] when promoting sustainable
urban development, the sustainability principles should be considered integrally and systematically,
including the engineering aspect presented here, which should be made part of the planning and
policy context.

The purpose of this research was to examine the relevant conditions for the development of
urban underground traffic in the Ljubljana Basin. The research work was based on the following
methodology: (a) identification of the geological, geomorphological and hydrogeological conditions
relevant for underground construction, (b) selection of the appropriate type of tunneling, (c) evaluation
of short-term and long-term environmental impact and (d) interpretation of the results in terms of
sustainability of the development. The research work, carried out as a desk study, was concentrated
on gathering and evaluating relevant information including the spatial distribution of specific data,
such as historical borehole logs, evaluation of soil and rock parameters, long-term hydrogeological
monitoring, distribution of water-protected areas and others. Numerical analyses were used for the
determination of the environmental impact, notably the assessment of subsidence caused by the
tunneling. In particular, the focus of the research was the short-term and long-term effects of tunneling
on the complex hydrogeological systems of the Ljubljana Basin. In particular, the groundwater was
seen as a major valuable resource, and sustainability must be considered with great care, as emphasized
by Becker et al. [4].

Two critical conditions were considered: (a) sustainable build-ability, and (b) the consequent
environmental impact. Several types of underground construction were considered including
cut-and-cover and conventional mining and other tunneling methods. Particular attention is given
to TBM (Tunnel Boring Machine) technology, which was considered the most relevant as it is widely
used for tunnel construction in urban environments, most commonly for the construction below the
ground water table and in very diverse geological conditions typical of the Ljubljana Basin.

The range of available geological and geomechanical data related to the potential routes for
the expansion of the underground transport in the Ljubljana Basin are presented in this paper.
The conclusions are derived regarding sustainable build-ability, including selection of the appropriate
tunneling and mining methods. In particular, the purpose of the study was to determine the
sustainability of the development of underground transportation by addressing the following
questions: (a) what are the conditions for underground construction in the Ljubljana Basin, (b) is
the use of TBM technology appropriate for these conditions, and (c) what would be the potential
environmental impact for this type of construction?

2. Planning of Underground Transport Links in Ljubljana

In spatial and functional senses, Ljubljana is developed as a regional center and national
metropolis integrating the urban settlements of some 500,000 to 700,000 habitants. In the last two
decades, despite the increase in mobility, the number of rides using public transport dropped from
168 million to 90 million, so that now almost 71% of the population uses private cars for urban mobility,
which is one of the highest percentages in comparison with other European cities of similar size. During
the period 2001 to 2008 the number of private cars per 1000 capita increased from 475 to 529 causing
permanent rush-hour congestion of the roads and prompting the need for further investment in road
infrastructure [1]. This closed vicious circle is clearly unsustainable in the long term, so Ljubljana
needs efficient and integrated public transport.

In a socio-economic sense, authorities considered the use of underground space in the Ljubljana
Basin as an appropriate alternative to the current unsustainable state [5]. The benefits of integrated
development of public transport will bring to Ljubljana the status of an urban region of European
significance. This potential was recognized by the program ESPON (European Spatial Planning
Observation Network), which placed Ljubljana into the category of MEGA (Metropolitan European
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Growth Area) urban areas, together with the neighboring cities of Milan, Bologna, Munich, Vienna,
Bratislava, and Budapest [6].

In the study on the regulation of public transport of Ljubljana carried out by Bensa et al. [1],
six systemic solutions were examined, including the Park and Ride (P+R) concept, in which the
three main express lines of public transport including the partial use of the existing transport system
were considered. It was established that an underground metro system powered by electricity is
more sustainable in comparison with the other options. The advantages of underground transport
comprising the total length of 35 km were summarized in three main categories: (a) the maximum
passenger transport capacity, (b) no local emissions and (c) the highest average velocities.

In addition to the study by Bensa et al. [1] a study on the modernization of the Ljubljana railway
hub was also carried out by Zli¢ar et al. [2] with emphases on the sustainable development of the
existing railway infrastructure. The aim was to separate passenger and freight traffic through the
city center using the deepening of the routes of the currently surface bound railway lines. Variant 1,
which was chosen as an optimal solution provides the arrangement of an existing main Ljubljana
train station at —1 level (8 m below ground; approaching tunnels at 16 m below ground) and the
construction of the freight track routes at —2 level (16 m below ground; approaching tunnels 25 m
below ground). The arrangement of railway routes at levels —1 and —2, which were considered in
the study throughout the broader city center of Ljubljana, is shown in Figure 1. The total track length
considered in the study was 163.1 km, of which there were 61.6 km of tunnels, 8.7 km of bridging
facilities or overpasses and 92.7 km of the open track. Variant 1 of Zli¢ar et al. [2] was in line with
Variant 4 of Bensa et al. [1] so together, they were considered as optimal, realistic, and highly probable
infrastructure development for the city of Ljubljana in the near future.
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Figure 1. A combination of the tunneling routes (A to F) in Ljubljana Basin, based on the studies of
Bensa et al. [1] and Zli¢ar et al. [2].

Socio-economic consequences of the utilization of the underground space, which is readily
available for the regulation of public transport and railway traffic, would bring huge benefits to
both Ljubljana and Slovenia. Space is increasingly considered in sustainability transition research [7]
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encompassing concepts of location, uneven development, scaling, and local embeddedness aiming to
raise awareness to appropriate spatial distribution of resources to achieve sustainability. The regulation
of the inter-rail and city traffic using underground space would significantly improve persistent air
quality issues in Ljubljana by reducing the PM;g and CO, emissions. However, this would be only the
by-product of the main effect, which comes as a consequence of the particular location of Slovenia at
the cross-roads of the freight traffic between West and East Europe.

Located at the crossing of the two European motorway corridors X and V, Ljubljana motorway
ring road is heavily congested by the road freight traffic directed to and from the five northern Adriatic
Sea ports of Koper (Slovenia), Trieste and Venice (Italy) and Rijeka and Krk (Croatia); all being within
one to two hours driving distance from Ljubljana. The main benefit from the regulation of the Ljubljana
railway hub would be the re-direction of the freight traffic from the motorways to the railways.
As emphasized by several authors [8-10], the freight road traffic is a major worldwide environmental
issue, which needs sustainable solution. The potential environmental benefits of re-routing of the road
freight traffic to railways in Slovenia are significant for obvious reasons. The freight traffic damages
the motorway network infrastructure and is one of the main polluters of the environment. In the long
term, the impact on the deterioration of the motorway network in Slovenia is considerable.

As part of the wider assessment of transport policy in Slovenia the decision makers across
the political spectrum already accepted the concept of re-routing the freight traffic to railways as a
sustainable solution [5]. Some of the activities on the enlargement of the capacity of critical sections of
the railway network are already under-way (e.g., construction of the second railway lane between the
logistic center Divaca and the port of Koper).

For the research in this study, the integration of Variant 1 of Zli¢ar et al. [2] and Variant 4 of
Bensa et al. [1] shown in Figure 1, was used to determine the optimum location of the potential
underground lines for the metro and the railway network in the Ljubljana Basin. It can be seen in the
figure that the underground lines are routed along the main arterial roads and connect the (P+R) car
parks. All the lines are linked to the main Ljubljana station so that the railway lines run along the
existing corridors but at different depths. Use of the existing corridors is regarded as a sustainable
solution to overcome the restricted conditions for the new developments in the ground water-protected
areas. The exemption of this rule is made only for track F, which runs along the new route, but is
located outside the ground water-protected areas. The total length of the potential underground tunnel
network is 62.5 km.

3. Geological and Hydrogeological Conditions

3.1. Geological and Geomorphological Features

In terms of structural geology, the location of Ljubljana city represents a sedimentary basin filled
with Quaternary sediments. The basement rock consists of Carboniferous and Permian sandstones,
conglomerates and marls, and partly also Triassic and Jurassic limestone and dolomites. The northern
part of the Ljubljana Basin is filled with glacial-fluvial deposits of the river Sava, which have a thickness
of up to 100 m, and consist mainly of layered carbonate gravel with layers or conglomerate and
occasionally clay and sand lenses, which are water bearing. In contrast, the southern part of Ljubljana
Basin is filled with lacustrine and river deposits, which are extremely heterogeneous. They consist
of intermittent layers of clay, gravel, sand, mud, lake chalk and peat. In this part, basement rock is
located at a depth of 200 m, with outcrops on the surface in the form of the centrally located hills of the
Sigenski and Grajski hill, and to the south, of the Golovec hill.

The geological map of the Ljubljana Basin is shown in Figure 2. In terms of geomorphology,
the Ljubljana Basin is divided between two distinctive zones: the Ljubljana Marshes in the south-west
and the Ljubljana “polje” (Polje in the following) in the north-east, the border of which is designated
in Figure 2. The predominant part of the soil sediments in the Ljubljana Marshes and the Ljubljana
Polje were deposited in the Pleistocene and Holocene eras and are generally normally consolidated.
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The alluvial sediments from that period in the Ljubljana Polje extend to the surface, so that the
Pleistocene deposits consist of predominantly Sava gravel and conglomerates found at various
depths [11]. Due to the relatively high differences in the velocity of the flow at the time of deposition,
the ancient watercourses contributed to a large amount of sediment accumulation, which often caused
a rapid filling up of the collapsed terrain. A different process occurred in the Ljubljana Marshes,
in which the drainage of the waters from south to the north was closed by the then existing hills.
The rapid sedimentation of river sediments was followed by the slower lacustrine sedimentation and
sedimentation in slowly flowing and meandering rivers.

Legend:
G1 (al) - gravel, sand
G1a (fgl) - gravel, sand
G2a (3-a) - gravel
G2b (3-a) - gravel
G3 (8g-a) - clayey gravel, clayey sand
G4 (8-a) - gravel
G4a ($-a) - gravel
G5 (t-w) - gravel
G6 (C,P) - sandstone, siltstone, shale
G7a (j) - sediments (gravel, clay, organic clay)
G7b (j) - sediments (gravel, clay, organic clay)
G7c (-mQ2) - clay, silt, sand, gravel, peat
G8 (-mQ2) - clay, silt, sand, gravel, peat
=== Tunnel lines
— = Ljubljana polje /
Ljubljana marches
B Geological unit

Figure 2. Geological map of the Ljubljana Basin overlapped by the possible tunnel routes.

The result of these relatively recent geological developments is the extremely heterogeneous
composition of the soil throughout the area of the Ljubljana Basin, with a clear distinction between
the deposits of the Ljubljana Polje and the Ljubljana Marshes. The typical geological cross sections
for the Ljubljana Marshes and the Ljubljana Polje, which clearly demonstrate the points given above,
are shown in Figure 3.
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Figure 3. Typical geological cross sections for (a) the Ljubljana Marshes and (b) the Ljubljana Polje and
selection of the appropriate TBM technologies for excavation at tunnel level.

3.2. Hydrogeological Features

Given the diverse geological and geomorphological conditions, the Ljubljana Basin is also a
hydrogeological environment of highly complex features. The basin is supplied by the two major rivers
Ljubljanica and Sava and their tributaries. River Ljubljanica is interconnected with the groundwater
of the Ljubljana Marshes, for which the entire precipitation area of karst springs catchment area
covers about 1300 km?. There are several levels of groundwater on the outskirts of the northern-west
part of Ljubljana, in which the layers of gravel and clay rapidly exchange. These upper horizons
of groundwater flow into the lower horizon, which is located at a depth of approximately 24 m.
In the central part of Ljubljana, the permeable and less permeable sediments also exchange rapidly,
therefore two central horizons of groundwater can be detected. The top of the upper horizon is located
somewhere almost on the surface, otherwise at a depth of 2 to 4 m. The upper layer is fed from the west
side and overflows over the lower groundwater horizon, located at a depth of approximately 15 m.
The groundwater level varies due to the local exchange of more or less permeable layers, for which the
permeability of the aquifer is estimated to be between 5.0 x 10~* m/sand 1.0 x 1073 m/s [12].

In the northern-east part of Ljubljana, there is an aquifer of the Ljubljana Polje, which is one
of the largest and most important aquifers in Slovenia. The aquifer is mostly unconfined, and in
the south-western part of the area there are less permeable layers, which allow for the formation of
perched water tables and drift aquifers. The quantity of groundwater in the Ljubljana Polje is strongly
dependent on the state of the Sava River and the condition of its riverbed. The aquifer permeability is
estimated to be between 2.0 x 107* m/s and 2.0 x 1073 m/s [12].

On the Ljubljana Marshes, closed zones are used for the supply of drinking water to the entire
city population. The two aquifers are connected so that a part of the groundwater from the Ljubljana
Marshes drains through to the aquifer of the Ljubljana Polje, which is also used for the water
supply at some closed zones. Altogether, the complexity of the hydrogeological conditions and the
interconnection between the two aquifers dictate strong regulations on the protection of groundwater
in the entire basin.

Protected groundwater areas in the Ljubljana Basin located relative to the potential underground
routes of the railway and public transport are shown in Figure 4. The two Decrees [13,14] on the
groundwater protection area for the Ljubljana Basin aquifers stipulate that underground structures
may, exceptionally, be built in the narrower and the wider ground water protection area (GWPA-VVO
in Slovenian) (areas VVO Il and VVO Il in the figure). However, such activities are not allowed around
the narrowest protection (area VVO I) and within the direct water supply zones (VVO 0). In addition,
as required by the Decree, the two conditions must be met for any underground construction works:
(a) excavations in the narrowest and narrower water conservation areas are not permitted unless they
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are made more than two meters above the highest groundwater level, and (b) excavations in the wider
water protection area are permitted above the mean surface water level, except in cases where the
construction is exceptionally permitted under the condition that the aquifer’s transmissibility would
not be reduced by more than 10%. Further on, the Decree stipulates that tunnels and subways may,
exceptionally, be built in the narrower and wider water protection area (VVO II A, VVO II B and
VVOIII A) and the construction of these facilities is permitted without exception in the wider water
protection area (VVO III B), in which a less severe protection regime applies.
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Figure 4. Overlap of the possible tunneling routes and the groundwater protected areas of the Ljubljana
Basin (VVO—groundwater protected area).

The data on the location of the potential underground routes and the groundwater protected areas
are summarized in Table 1 with an aim to determine the overlap of the tunnels with the water protection
areas of the Ljubljana Marshes and the Ljubljana Polje. It can be concluded that the predominant part
of the Ljubljana Polje is defined by at least one of the classes of the water protection area, which is
certainly a big obstacle for any underground construction. For this reason, the planned routes are
selected along the existing corridors so that they do not interfere with the water supply zones (VVO 0)
or the narrowest protection areas (VVO I), in which the construction is fully prohibited.

Table 1. The overview of the possible tunnel lines crossing the groundwater protected areas of the
Ljubljana Basin.

Ground Water Protected Areas (GWPA-VVO)-Length of Lines [m]

Line Total Length [m] —
VVO o VVO1 VVO Ila/IIb VVO III No Restrictions

A 7365 n/a n/a 6462 902 n/a
B-north 7622/11,485 n/a n/a 4579 3043 3863
B-south 3743 n/a n/a n/a 3743 n/a

C 6143 n/a 1145 1743 2899 355
D-east 5684 n/a n/a n/a 6915 n/a
D-west 4344/6915 n/a n/a n/a 5639 n/a

E 6426 n/a n/a n/a 2291 4134

F 8281 n/a n/a 1140 7141 n/a
F-connection 1 3046 n/a n/a n/a 1206 1839
F-connection 2 3403 n/a n/a n/a 1622 1781

“n/a”—not applicable.
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3.3. Composition of Soils along the Possible Tunnel Routes

Data on the composition and properties of soil along the routes of potential tunnels were obtained
from the Institute for Mining, Geotechnology and Environment (IRGO), namely from the previously
prepared geotechnical interpretative reports. Based on the available data the values of geotechnical
characteristics and the grain compositions of the individual geological units were selected and
attributed to the particular tunnel routes, as shown in Table 2.

It can be concluded from Table 2 that the tunnels run through eight main geological units for
which seven variations of the soil composition can be determined based on the available data. Tunnel
lines B-south, D and E at depth from 16 m to 25 m are mostly located in fine-grained to coarse-grained
soils with the presence of groundwater in the central and southern part of the Ljubljana Marshes. In the
northern part of the Ljubljana Polje, the relevant soils are predominantly sand and gravels, with the
parties of clayey or silty soils including conglomerates at some sections (Tunnel lines A, B-north, C
and F). The basement rock is deeper in the western part and is approaching the surface in the eastern
part of the Ljubljana Polje, while the depth of the groundwater is about 20 m.

In addition to the geomechanical properties of the soil, the granularity of the soil is considered
in particular detail as one of the key factors for the preliminary selection of the method of tunneling.
The percentage of the individual fractions in particular has the critical impact on the Tunnel Boring
Machine (TBM) performance for several reasons. The behavior of the material in the excavation
chamber, the effectiveness of providing support for the excavation of the face, the removal of material,
the use of additives, the possibility of further processing of the excavated material are all implicated
by the granularity of excavated soil. The graph, presented in Figure 5, shows the representative grain
curves for the soil layers, which were selected along the possible routes of the tunnels at depths of
16 m to 25 m in the Ljubljana Basin, both in the Ljubljana Marshes and in the Ljubljana Polje.
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Figure 5. Characteristic granulometric curves for soils on the possible tunnel routes in the Ljubljana Basin.
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Table 2. The summary of the geological units crossed by the possible tunneling routes in the Ljubljana Basin.

90f 23

Geological Unit 1 Geological Unit 2 Geological Unit 3 Geological Unit 4
Line Total Length [m]
Unit Length [m] Ground Water Unit Length [m] Ground Water Unit Length [m] Ground Water Unit Length [m] Ground Water
A 7365 G1 (fgl) 6278 under G2b (3-a) 1087 between n/a n/a n/a n/a n/a n/a
B-north 7622/11,485 G2b (3-a) 650 between G3 (3g-a) 4813 under Gda (3-a) 3270 under Gba (t-w) 2752 under
B-south 3743 G2a (3-a) 1338 between G7¢ (-mQ2) 2405 above n/a n/a n/a n/a n/a n/a
C 6143 G4 (5-a) 1822 between G5 (t-w) 4321 under n/a n/a n/a n/a n/a n/a
D-east 5684 G4a (8-a) 1886 between G5 (t-w) 3798 under n/a n/a n/a n/a n/a n/a
D-west 4344/6915 G2b (3-a) 1070 between G7a (j) 3274 above G7b (j) 2571 above n/a n/a n/a
E 6426 G4a (3-a) 2450 between G8 (j-mQ2) 3976 above n/a n/a n/a n/a n/a n/a
F 8281 Gla (al) 1371 under G2 (fgl) 1004 under G6(C,P) 1715 between G7a (j) 4191 above
F-connection 1 3046 G6(C,P) 2220 between G7a (j) 825 above n/a n/a n/a n/a n/a n/a
F-connection 2 3403 G2b (3-a) 540 between G6(C,P) 2197 between G7a (j) 666 above n/a n/a n/a

Legend: G1 (fgl)—gravel, sand; Gla (al)—gravel, sand; G2a ($-a)—gravel; G2b ($-a)—gravel; G3 (5g-a)—clayey gravel, clayey sand; G4 (§-a)—gravel; G4a (3-a)—gravel; G5 (t-w)—gravel;
G6 (C, P)—sandstone, siltstone, shale; G7a (j)—sediments (gravel, clay, organic clay); G7b (j)—sediments (gravel, clay, organic clay); G7c (j-mQ2)—clay, silt, sand, gravel, peat; G8
(-mQ2)—clay, silt, sand, gravel, peat. “n/a”—not applicable.
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4. The Methods of Tunneling Applicable in Ljubljana Basin

Conventional methods of tunneling such as drill and blast mining or mechanical excavation in
the context of the NATM—New Austrian Tunneling Method (i.e., Spread Concrete Lining method)
were considered as part of this study. However, due to extremely difficult and complex geological
and hydrogeological conditions explained in the previous section, the conventional mining methods,
and the cut-and-cover method, failed the criteria of build-ability at acceptable costs and were ruled out.
Due to its advantages compared to the conventional tunneling methods, the TBM technology, which is
used worldwide for tunnel construction in urban environments (most commonly for the construction
below the ground water table and in very diverse geological conditions), was regarded applicable and
feasible for the Ljubljana Basin. Also, TBM technology was considered the most appropriate regarding
the long-term effects of tunneling on the natural hydrogeological system, as the fully sealed variant
ensures no interference with the water supply zones critical to Ljubljana. For this reason, only the TBM
technology was considered in detail, as presented in the following.

The machines for mechanized tunnel construction (TBM) are usually divided into three categories,
which are all potentially applicable in the Ljubljana Basin. These are the tunnel boring machines:
(a) without shield (gripper TBM), (b) shield machines (single or double shield machines) and (c)
adaptable shield machines with combined process technology. The gripper TBM and combined
process technology machines are often used in soft rocks. Soft rock in the Ljubljana Basin is found in
the form of outcrops of soft Carboniferous and Permian rocks of the Sigenski and Grajski hill, and the
hills of Roznik and Golovec (see Figure 2).

The TBM shield machines are regarded to be the most suitable for the use in the soft soils of
the Ljubljana Basin. The basic principle of mechanized tunnel construction of the entire profile is
based on driving the cylindrical shaped machine along the axis of the tunnel, where the temporary
support is carried out using a rotating cutting wheel and different temporary methods of stabilizing
the face. The space between the shield and the ground is filled, so that the shield takes the ground
weight and prevents inflows of groundwater, while the stability of the face is ensured at all times.
The permanent support system consists of segmented lining, which is installed inside the shield
immediately behind the head of excavation. The conditions of face stability in the heterogeneous
material of the Ljubljana Basin would vary greatly according to geological conditions and the presence
of groundwater. Five different ways were considered to ensure the stability of the tunnel face during
the excavation: (a) natural support, (b) mechanical support with a cutting wheel, (c) compressed
air support, (d) slurry support and (e) earth pressure balance support. Since heterogeneous ground
conditions prevail within a very sensitive hydrogeological environment, the two TBM technologies
with single-shield system (Single-Shield Machines or SSM) were selected following the rationale of
providing the most appropriate face support for the given local conditions. These are: Slurry type
machine (slurry machine) and Earth Pressure Balance machine (EPB machine). Single-Shield Machines
are mainly used in soft rock or in over-consolidated ground, in which the face can be supported solely
by the cutting head. The lower bound for axial compressive strength of the ground, in which the SSM
can be used in the open mode is around 5 MN/m?; the value relevant for stiff clays in the Ljubljana
Basin. However, it is expected that it would be necessary to provide the full face support during the
excavation for most soils, which are normally consolidated. The characteristics of the slurry machine
and the EPB machine relevant to the sustainability of the underground construction are presented and
discussed below in some detail. The characteristic cross-section of a TBM excavated one-track tunnel
including the support system of segmental reinforced concrete lining, which is expected to be used in
the Ljubljana Basin, is shown in Figure 6.
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Figure 6. Characteristic TBM cross-section of one-track tunnel including the support system of
reinforced segmental concrete lining.

4.1. Slurry Machine

Considering the sensitivity of the hydrogeological environment it is regarded that the most
appropriate way to support the face when using SSM is by slurry, as this can be carried out in
controlled manner, so that the low environmental impact can be achieved. The technological treatment
of the slurry, which comprises settling, filtering, and improving the slurry properties during the
excavation, can be achieved with a high degree of efficiency in clean soils. It is emphasized that the
use of the slurry machine requires more control in layers with a high proportion of fine particles, since
the treatment of the excavated material and suspension becomes technically less efficient.

During the use of the slurry machine, the stability of the face is not only controlled by the
density and viscosity of the bentonite slurry, but also heavily depends on the permeability of the soil.
SSM machines are generally suitable for coarse-grained soils with the mixed grain and can be used
for the conditions of groundwater table high above the tunnel. In the case of a higher permeability
(k>5 x 1073 m/s), which is widely present in the Ljubljana Basin, there is a risk of uncontrolled
leakage of the slurry into the ground and pollution of the environment. In such cases, it is possible to
improve the rheological properties of the excavated material by adding fine particles (d < 0.063 mm) to
the excavating chamber. This ensures better stability of the face and contributes to the effective drive
while lowering the risk of leakage. The anticipated average daily progress of the slurry machine for
the conditions in the Ljubljana Basin is between 10 m and 15 m per day.

4.2. EPB Machines

During the use of the EPB machine, the excavated material is kept in an excavation chamber to be
used for the face support. The pressure of the excavated soil to the face of the excavation is controlled
by a pressure bulkhead, which is hydraulically adjusted so that the pressure of the soil is regulated by
the speed of the material removal. The material needed to provide the support pressure must have
the properties of plastic soil, which is often ensured by adding fine grains or other suitable artificial
materials. Usually, the EPB machine is most suitable for soil that includes the content of fine particles
(< 0.063 mm) above 30%. In rough and mixed soils containing solid particles, which are readily present
in the Ljubljana Basin, a strong increase in the pushing force and the torque of the cutting head would
be required for efficient operation. To reduce the torque load, the properties of the soil muck can be
partly improved using additives (bentonite, foam, polymers, etc.). For the conditions of the Ljubljana
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Basin, the use of foams and polymers would be environmentally risky, so it would be necessary to
tightly manage construction waste to reduce the impact on the environment. The anticipated average
daily progress of the EPB machine for the conditions in the Ljubljana Basin is between 8 m and 12 m
per day.

For the excavation of the soft rock for driving through the Ljubljana hills (Sigenski hill, Roznik,
Grajski hill and Golovec,) both slurry and EPB machines would be suitable while operating in the
open regime. Here the average rate of progress is expected to be higher, some 20 m per day.

5. Conditions of the Use of Appropriate TBM Technology in the Ljubljana Basin

The methods of preliminary selection of the TBM technology depend mainly on the boundary
conditions dictated by the geomechanical parameters of rock, the granulometric composition of
soils and the presence of groundwater. The selection of the appropriate TBM technology for the
Ljubljana Basin were checked out according to the following guidelines and recommendations: (a) the
guidelines of the International Tunneling Association [15], (b) the Specifications and guidelines
for the use of special products for Mechanized Tunneling of European Federation of National
Associations Representing for Concrete [16], (c) the guidelines of the Austrian Association of
Geomechanics (Osterreichische Gesellschaft fiir Geomechanik—OEGG) [17], (e) the guidelines of
the German Committee for the Underground Construction (Deutsche Ausschuss fiir Unteridisches
Bauen—DAUB) [18], and (f) the recommendations found in the technical literature based on the
experience of the already executed projects [19-22]. For the sake of clarity, only the interpretation of
the most relevant guidelines for the Ljubljana Basin will be given in the following.

5.1. ITA Guidelines

The International Tunnelling and Underground Space Association (ITA) guidelines, summarized
in Table 3, provide a comprehensive set of areas of suitability for each type of TBM based on
granulometric composition of soils. According to ITA guidelines the EPB machine is regarded more
suitable for fine-grained materials, the slurry machine for coarse-grained materials, while both devices
are regarded appropriate for coarse-grained layers in which conglomerates are present. The selection
of the areas suitable for the Ljubljana Basin is indicated in the table. It can be seen that it is not
possible to select a single type of machine for the variety of the existing conditions. As indicated in
the table, the advantage can be given to slurry machine, as it is regarded more reliable in the given
hydrogeological conditions and thus has less environmental impact. However, EPB has the advantage
of the possibility for the upgrade of the tools allowing for additional measures to be undertaken to
pass through difficult interchange between the layers. Both machines can be used in hard layers, such
as conglomerates and clay slates.

5.2. DAUB Guidelines

The German guidelines DAUB [23], which provide the most detailed instructions for the selection
of the appropriate TBM for the given ground conditions, are summarized in Table 4. The highlighted
areas of geomechanical parameters for the soils of the Ljubljana Basin shown in the table reflect the
local suitability of TBM. It can be concluded that the DAUB guidelines applied to soils of the Ljubljana
Basin foresee the use of TBM with single shield (S5SM), which operate with the excavation of the entire
profile (V). For the conditions of the areas under consideration, both the slurry machine (SM-V4) and
EPB (SM-V5) are recommended. The slurry machine, generally categorized as suitable for fine-grained
soils with or without the presence of groundwater, is selected for the proportion of fine particles of
0.02 mm, which should be below 10%; otherwise the recycling of the slurry can be difficult. The second
suggested type of the machine is again EPB, which is categorized in the table as the best suited for
fine-grained soils. This means that the fraction of the fine particles <0.063 mm must be at least 30%
or more, which provides the required properties of the material mixture in the excavating chamber,
when combined with the water and additives.
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Table 3. Soil conditions relevant for the Ljubljana Basin superimposed on the tabular form of ITA
guidelines for the selection of TBM.

Ground Condition SPT Test Water Content (%) TBM Closed TBM Type
N Value or Permeability (k) Type EPB SLURRY
-Difficulty i 1
-Difficulty in extremely ificulty in extremely
weak clay weak clay
Alluvium clay 0-5 300-50% 1 Volume control of p | -Slurry spouting on surface
dischareed soil -Increase of secondary
8 slurry treatment plant
-Liquidity of soil
-I f d
Diluvium clay 7-20 W <50% 1 -Volume control of 1 ncrease of secondary
discharged soil slurry treatment plant
-Highly advanced
ti trol
Loose sand 5-30 10-10-? p -Contents of fine particles 1 | excavation contro
-Quality control of
slurry solution
-Qualit trol of
Dense sand >30 1010 p -Contents of fine particles 1 Quality COI} rore
slurry solution
-Running away of slurry
-Gravel h
Sand gravel >30 102101 p -Contents of fine particles 1 ra.ve crusher .
-Fluid transportation
e o system ________
| -Contents of fine particles . 1
! -Wear of cutter bits -Running away of slurry !
Sand gravel with 1 -Boulder crusher !
>50 102101 p -Boulder crusher P . .
boulders ! . -Fluid transportation !
| -Boulder diameter for screw- |
system
\____lconveyer _ __ _ _ _ _ | _ o _________ !
Applicability for Applicable Applicable
ground condition Additive injection equipment becomes In general it is widely applicable
changes necessary for various soil conditions

Notes: 1—Applicable (red line frame); p—Consideration required (red dashed frame); SPT—Standard
Penetration Test.

Based on DAUB Guidelines, it can be again concluded that one single type of machine does
not cover the entire range of geomechanical properties of soils present in the Ljubljana Basin.
The best-fitting machine is clearly a slurry machine, which can be fully appropriate with the use
of some additional measures. However, the conditions of rapidly changing geomechanical properties
expected in the Ljubljana Marshes are not accounted for in Table 4, so the need to use EPB machine
could not be excluded. It is also clear that the EPB machine would not be fully suitable for cleaner
gravel—sand layers, which are predominant in the Ljubljana Polje. In this area, if the EPB are used,
heavy measures including the addition of fine grains, foams and polymers should be used to support
the face properly.
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Table 4. Soil parameters relevant for the Ljubljana Basin superimposed on tabular form of DAUB guidelines for the selection of TBM.

14 of 23

Geomechanical Properties

Slurry Machine (SM-V4)

Eart Pressure Balance Machine (SM-V5)

Fine erain fraction < 0.06 mm <5% 5-15% 15-40% >40% <5% 5-15% 15-40% >40%
& : + + + [ - o o/+ +
i -2 —2_10-4 permeable slightly ; -2 24 permeable slightly
Permeability k [m/s] very high >10 strong 107710 10~4-10° permeable <107° very high >10 strong 107°-10 10~4-10—° permeable <107°
N o * o - - 0 +
Consistency Ic pasty 0-0.5 soft 0.5-0.75 stiff 0.75-1.00 Sleg“o‘joi‘sd hard 1.25-1.50 pasty 0-0.5 soft 0.5-0.75 stiff 0.75-1.00 nggj";? hard 1.25-1.50
-lo 0 0 0 o 0 + + ° °
Storage densit dense fairly dense loose dense fairly dense loose
8 Y + + o ¥ + +
Supporting pressure [bar] 0 0-1 1-2 2-3 3-4 0 0-1 1-2 2-3 34
o + + + + + + + o -
Swelling behaviour none little fair high none little fair high
& + + o - + + o -
Abrasiveness LCPC-index ABR [g/1] very low 0-500 low 500-1000 1%%‘?%16‘0 high 1500-2000  very high >2000  very low 0-500 low 500-1000 1‘;5%‘?1“5‘3‘0 high 1500-2000  very high >2000
No data " + + o o + + o o -
Breakability LCPC-index BR [%] very low 0-25 low 25-50 medium 50-75 high 75-100 very high >100 very low 0-25 low 25-50 medium 50-75 high 75-100 very high >100
No data o + + + o + + o o -
Notes: “+” means main field of application; “0” means possible application; “-”

means critical application.
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5.3. Thewes Recommendations

Thewes (2007) gives the recommendations for the efficient operation of TBM presented in the
diagram shown in Figure 7. Three areas are allocated for slurry machines, annotated I, II and III
respectively, under the following categorization: (a) [—the use of anti-fouling additives, the suspension
is difficult to separate, (b) II—the optimal range of use, the separation is smooth, (c) Ill—the use of
additives and fine particles for the effective support of the face. The four areas allocated for the EPB,
annotated 1, 2, 3 and 4 respectively, are categorized as: (a) 1 use of water for consistency and foam to
reduce adhesion, (b) 2 optimum operation of the device, use of foam to support the face, (c) 3 use of
foam and polymer suspensions; water pressure < 2 bar, and (d) 4 use of foam, polymer suspensions
and fine particles; water pressure = 0 bar. As indicated in Figure 7, based on the collected data for
soils of the Ljubljana Basin, we can establish that the field of the EPB technology spreads also in the
area of sand and gravel, mainly due to the introduction of additives in the form of foam and polymer
suspensions. Again, it can be concluded that only slurry and EPB machines cover the needed range of
properties for the soil layers of the Ljubljana Basin.

SAND GRAVEL
CLAY SILT
FINE ‘ MEDIUM | COARSE FINE MEDIUM | COARSE
100 T e T T e | = =
LEGEND: - - ,
o0 | EPB: I . P /7 / 2l
1 - Water for co cy, foam for stickine: L4 " /l 4
2 - Foam / 7 / /
80 4.3 - Foam + Polymers, water pressure < 2 bar , ’ p .
4 - Foam + Polymers + fines, no water pressure
Slurry: E] / / ] P / P / / ,'/
70 11 - Standard application + separation / 7 v 7 7
Il - Anti-clogging measures, high separation jpum 'V 7 7 7 /
_go 1 jeffort s . Pl /
= Il - Face support difficult; suspension +fillers [T} ’/ / P ' A /
£ e s NP &4 l_/_1 P /7 |/
7] ==
! il / AT L/
o Clay - Silty clay / P ~ LAl ¢ [Well graded
£ (CL-ML) / e P it P d - gravel (GW)
3 - L ~ - - - ‘?’
£ 7 / A - d ="
= " -
hy Lo -~ ‘/
“x 7 - o | = o
- 1 1
Sl iy
10 L e - - /1
- - -
3 - -
o l -~ 1 B /
0,001 0,010 0,100 1,000 10,000 100,000

Grain size d [mm]

Figure 7. Overlap of the selected granulometric curves for soils on the possible tunnel routes in the
Ljubljana Basin with the Thewes guidelines for the selection of TBM.

5.4. Selection of Appropriate TBM Technology

The lengths of the sections for the each of the lines in the Ljubljana Basin, suitable for the
appropriate type of TBM machine and selected based on this research study are presented in Table 5
(see additionally Figure 2). On the presented sections in the Ljubljana Polje, in which the sand-gravel
material predominates (routes: A, B-North, C and D-East), a slurry machine should be used. In the clay
layers of lacustrine origin in the Ljubljana Marshes (lines: B-south, D-West, E and part of the line F with
connections), the EPB device should be used. For the soft-rock conditions (mainly on line F), both EPB
and slurry machine can be used on these sections, namely in open mode. In conclusion, regarding the
total of 62.49 km of tunnels, the length of the appropriate conditions for the slurry machine is 38.5 km,
or 61.5%; for the EPB machine is 17.9 km or 28.7%, while both machines can be used in the open mode
along the length of some 6.1 km or 9.8%.
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Table 5. Summary of the lengths of the sections of each tunnel line suitable for the particular type of
TBM machine in Ljubljana Basin.

Length of Tunnels in Sand Gravel Length of Tunnels in Silt Clay Length of Tunnels in Clay Shales
Line Total Length [m] Ground; Expected Use of Slurry Ground; Expected Use of Earth (C, P), Expected Use of Slurry or
Machine [m] Pressure Balance Machine (m) EPB Machine in Open Use (m)
A 7365 7365 0 0
B-north 7622/11,485 11,485 0 0
B-south 3743 1338 2405 0
C 6143 6143 0 0
D-east 5684 5684 0 0
D-west 4344/6915 1070 5845 0
E 6426 2450 3976 0
F 8281 2375 4191 1715
F-connection 1 3046 0 825 2220
F-connection 2 3403 540 666 2197
Total 62,490 38,450 17,908 6132

As already indicated, the use of the EPB machine can be environmentally inappropriate in more
permeable ground (in particular in the events of a standstill, failure, maintenance, etc.). On the
other hand, the use of the slurry machine can be inadequate in layers with a high proportion of
fine particles, since the treatment of the excavated material and suspension becomes very difficult.
For the reasons given above, neither of machines can be excluded for the construction of possible
tunnel routes so it is conclusive that both types of the machines will be needed in the Ljubljana Basin.
Alternatively, a purposefully built single machine, featuring a combination of the both slurry and EPB
regimes, is likely to be successful. The anticipated uses of the type of the TBM machine for the given
characteristic conditions in the Ljubljana Marches and in the Ljubljana Polje are given in Figure 3.

6. Assessment of the Environmental Impact

The following environmental impacts, which are likely to be caused by mining in the Ljubljana
Basin using TBM technology, were considered as the most important: (a) subsidence of the surface
and possible damage to the existing buildings, (b) groundwater pollution, (c) production of excavated
material and waste, and (d) noise, dust, and vibrations. Each of the impacts is evaluated to assess the
sustainability of the development for the particular conditions of the Ljubljana Basin.

6.1. Impact on the Existing Buildings Caused by Subsidence

In the case of urban tunneling, the subsidence at the surface is one of the key factors, which can
affect the stability or serviceability of existing buildings. The five main types of subsidence caused
by TBM tunneling were distinguished: (a) subsidence that occurs in the area of the cutting head
due to ground collapse or at the place of the inbuilt and injected lining, and is regarded inevitable,
(b) subsidence that occurs due to ground relaxation, (c) progress that is too quick so that not all the
phases of works are fully completed, (d) the deformation of the shield, and (e) the secondary effects
caused by the vibrations of the progressing machine. All of these can be reduced by good quality of
work and the use of the additional support measures at the time of construction, which are routinely
applied. Also, the external measures of the subsidence control, such as compensation grouting, can be
readily applied in the Ljubljana Basin. Along the routes of the predicted tunnels, which are running
mostly under the existing railway lines (except for the new line F), no presence of the buildings
particularly sensitive to ground subsidence is foreseen.

To determine the magnitude of the possible settlements troughs caused by the tunneling, the two
typical design cases were considered: (a) two one-track tunnels with an excavation diameter of 6.5 m
(exc. area of 74.2 m?) featuring an axis distance of 15 m and (b) one two-track tunnel with an excavation
diameter of 11.2 m (exc. area of 100.1 m?). The estimate was made using the empirical approach for the
calculation of the green-field settlements based on Gaussian distribution, developed by Peck [24] and
upgraded by O'Reilly and New [25], which takes into account the depth of the tunnel, the diameter
of the tunnel, the area of the tunnel face and the coefficient of the soil type. A parametric analysis
was performed, in which the three values of the volume loss (VL) were considered as the reasonable
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estimate for good, intermediate, and poor ground conditions, respectively: 0.5%, 1.0% and 1.5%.
It should be noted that the assumed levels of the VL cannot be strictly associated with the ground
conditions, but also to the quality of the tunneling process as a whole and its capacity to adapt the
actual soil conditions. The two expected characteristic depths of the tunnel levels, namely 16 m and
25 m, where selected for the analyses. The coefficient k was chosen within the boundaries of 0.35,
which is used for coarse-grained soils and 0.5 used for normally consolidated clays, so that the values
of k =0.35, 0.42 and 0.50 were used to cover the expectation of the large heterogeneity of the soils.
Therefore, a matrix of the 36 combinations of boundary conditions, summarized in Table 6, was the
subject of the parametric study.

Table 6. Results of the parametric study on the maximum settlement caused by tunneling.

Vi 0.50% Smax (mm) VL 1.00% Smax (mm) VL 1.50% Smax (mm)
Zy(m) k  DoubleTrack SingleTrack Zy(m) k  DoubleTrack Single Track Zo(m) k DoubleTrack  Single Track

16 0.35 35.66 13.59 16 0.35 7131 27.17 16 0.35 106.97 40.76
16 0.42 29.71 12.23 16 0.42 59.43 24.46 16 0.42 89.14 36.69
16 0.5 24.96 11.92 16 0.5 49.92 23.84 16 0.5 74.88 35.76
25 0.35 22.82 11.71 25 0.35 45.64 23.42 25 0.35 68.46 35.13
25 0.42 19.02 10.92 25 0.42 38.03 21.83 25 0.42 57.05 32.75
25 0.5 15.97 9.89 25 0.5 31.95 19.77 25 0.5 47.92 29.66

The results of the analyses clearly demonstrate that the maximum settlements (smax) can be
expected for a single, two-track tunnel, for which the critical case is seen for normally consolidated,
fine-grained, soils at shallow depths. Moreover, the absolute settlements for a single two-track tunnel
are 2.6 times larger than for the two one-track tunnels in shallow conditions and 1.6 times larger in deep
conditions. In general, it can be expected that settlements at two one-track tunnels are smaller, but this
does not apply for the width of the settlement trough above the tunnel. It can be concluded from the
results that the width of the settlement trough is some 12% to 25% wider for two one-track tunnels.

The results also demonstrate that the settlements for the two one-track tunnels are expected to
be within the allowable limits for all possible cases. Eurocode 7 prescribes 50 mm for the maximum
absolute settlement, which can be higher if the relative rotations caused by sagging and hogging are
within the acceptable values. To estimate possible impacts on buildings and infrastructure the value
of the maximum rotation (Bmax) was calculated. For the conventional structures the standard allows
for the maximum acceptable rotation 1:500, conditionally the limit value can be 1:300. With a relative
rotational value of 1:150, it is likely that the serviceability limit state would be reached or even that the
stability of the structure would be compromised. The results show that in the case of a single two-track
tunnel for both shallow and deep conditions, the relative rotations are large and beyond the allowable
limits given above.

For a single two-track tunnel the acceptable values of maximum relative rotations are only
to be achieved at the depth of 25 m and for VL of 0.5%. In the case of parallel one-track tunnels,
the effects are considerably smaller and easily within the controllable range. The results are exceeding
the conditionally limit value only at a depth of 16 m and for a VL of 1.5%. The results of the
parametric study for different values VL and soil type coefficient k are presented separately for
one two-track (single) tunnel and two one-track (double) tunnels in Figure 8, for 16 m and 25 m depth,
respectively. It can be seen that the two one-track tunnels give much more environmentally sustainable
subsidence impact than a single (large), two-track tunnel. The two one-track tunnels are also more
appropriate for the safety and rescue conditions in the operational phase so, despite the obvious
economic disadvantage, this is clearly the most appropriate solution for the possible underground
transportation in the Ljubljana Basin.
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Figure 8. Variation of the maximum relative rotation at the surface relative to the volume loss and soil
type coefficient k for one two-track (single 1T) tunnel and two one-track (double 2T) tunnel at: (a) 16 m
and (b) 25 m depth.

6.2. Other Impacts

As already discussed, the predominant part of the Ljubljana Basin is defined by at least one of
the classes of the water protection area. For this reason, the TBM technology was initially selected as
the most appropriate, since the fully sealed variant ensures no long-term interference with the water
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supply zones. Additionally, the planned routes are selected along the existing corridors so that they
do not interfere with the direct water supply areas or the narrowest protection areas, in which the
construction is fully prohibited. The most exposed area is the southern part of Ljubljana city, where the
groundwater level is close to the surface. In this area either EPB or slurry type of machine can be
used. At any rate, the highest risk in the Ljubljana Basin is related to the possible pollution of the
underground water due to use of different foams or fillers, which are necessary for the face protection
when using EPB machine. Thus, in these areas, the advantage should be given to slurry machines to
mitigate the risk of pollution.

Highest emissions of dust and noise can be expected in supportive and logistics centers, in which
the concrete segments will be manufactured and delivered, and the excavated material would be
processed. These above-ground activities are easily contained and should therefore not have a
considerable impact on the environment.

The vibrations generated by the operation of the TBM are considerably lower than in the
conventional sequential mining method but are continuous. The values obtained from the literature [26]
show that the ground oscillation of magnitude from 0.1 mm/s to 0.3 mm/s can be estimated at a depth
of 16 m and from 0.07 mm/s to 0.2 mm/s at a depth of 25 m. These values are significantly lower than
the allowed velocities of 20 mm/s to 26 mm /s stipulated by Austrian standard ONORM S 9020:1986
or of 5 mm/s to 20 mm/s by German standard DIN 4150:2001.

The total amount of 4.6 x 10° m® of material is estimated from the excavation of the single
two-track tunnels and 6.3 x 10° m? for the excavation of the double one-track tunnels for all routes.
Total excavated materials given for different type of materials and divided between single two-track
tunnel (single track) and double one-track tunnel (double-track) are presented in Table 7. Concerning
the disposal of the excavated material a clear distinction should be made for the excavation using
slurry machine and excavation using EPB. The excavation material resulting from the use of slurry
machine is generally coarser, freer of additives and is therefore easily reusable. The slurry machine,
which is applicable for coarse-grained materials, is estimated to result in 2.85 x 10° m® of excavated
material for two one-track tunnels and 3.85 x 10° m3 for single two-track tunnel.

Table 7. Total excavated material for different type of materials divided for one two-track tunnel (single
track) and two one-track tunnels (double-track).

Gravelly and Sandy Soils (m?) Clayey Materials (m®) Shale Materials (m?)
Line Total Length (m) N N N
Single Track Double Track Single Track Double Track Single Track Double Track
A 7365 546,483 737,237 0 0 0 0
B-north 7622/11,485 852,187 1,149,649 0 0 0 0
B-south 3743 99,280 133,934 178,451 240,741 0 0
C 6143 455,811 614,914 0 0 0 0
D-east 5684 421,753 568,968 0 0 0 0
D-west 4344/6915 79,394 107,107 433,699 585,085 0 0
E 6426 181,790 245,245 295,019 397,998 0 0
F 8281 176,225 237,738 310,972 419,519 127,253 171,672
F'm“l“ec"“’“ 3046 0 0 61,215 82,583 164,724 222,222
F 'C‘mznec“o“ 3403 40,068 54,054 49,417 66,667 163,017 219,920
Total excavated material (m3) 2,852,990 3,848,845 1,328,774 1,792,591 454,994 613,813
Excavation-single track (m3) 4,636,758
Excavation-double track (m3) 6,255,249

The EPB method, which is applicable for fine-grained materials, would amount to 1.33 x 10°® m3
of excavated material for two single track tunnels and 1.79 x 10° m? for the single two-track tunnel.
It should be noted that the clayey materials excavated by the EPB, which are mostly present in the
Ljubljana Marshes, cannot be reused, but must be permanently disposed of at the locations intended
for surplus materials at high environmental cost.

For the utilization of TBM in the open mode the estimated amount of excavated material around
the Ljubljana hills is 0.45 x 10°® m? for single track tunnels and 0.61 x 10° m?3 for double-track tunnels.
This material, in general, would be the most suitable for further use in embankments.
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The results of the analyses of the construction waste caused by the use of TBM technology in the
Ljubljana Basin are shown in Table 8. The individual waste categories and their shares in processing
were analyzed by the method suggested by Renghausen [27]. The results are given as a percentage of
the total waste, of which 75% originates from the excavation and 25% originates from other construction
works. It can be concluded that only 6% of the waste is estimated to be contaminated, so it must
deposited and maintained on purpose-built landfill.

Table 8. The estimate of the type and percentile of the waste as a result of the underground construction
in the Ljubljana Basin.

. - Estimated Possible Possible Disposal Description of Possible Recycling
Material Description . . .
Quantity Recycling Process Process and Disposal Processes
Waste material (demolition of object Material can be recycled and used as
close to track area, waste concrete, 3.50% R5 D1 anorganic raw material or can be
ceramics, steel, wood, ... ) disposed on landfill as inert materials

Material can be partially recycled and
used as anorganic raw material,
remains have to be disposed on
landfill as inert material

Excavation material (tunnel, shafts,

74.50% R5, R10 D1, D2
portal areas, ... )

Recycling of contaminated material is
6.00% reuse not possible D1 not possible, material has to be
disposed on landfill as inert material

Contaminated excavation material
(material mixed with toxic additives)

Material can be recycled and used as

Waste material generated durin, . X .
it 8 anorganic raw material. If that is not

construction of tunnels and other 15.00% R5 D1 possible it has to be disposed
structures .
on landfill
. . L. Rest of material, which is very
Waste material from packaging and 1.00% R5 and conditional D1 heterogeneous and has to be sorted at
damaged material reuse

the source

7. Discussion and Conclusions

A research study on the conditions for sustainable development of underground transport in
the Ljubljana Basin was carried out based on several studies, in which underground transport was
considered as an alternative for rail, inter-rail and city traffic. Current environmental impact of the
surface public transport, based solely on the use of combustion engines, is high and unsustainable in
the long term. On the other hand, the main benefit from the regulation of the Ljubljana railway hub
using underground transport would be the re-direction of freight traffic from the motorways to the
railways, resulting in a highly integrated traffic solution. This will establish Ljubljana’s central role as
a junction of the European corridors X and V and the link to other MEGA urban areas in the vicinity.
Although the investment of this development will be high (a rough estimate is some 8.4 billion euros),
future generations will be able to establish efficient links and promote Ljubljana as a powerful entity in
a region connecting Middle Europe with the Balkans and Mediterranean Sea with Eastern Europe.

Given the diverse geological and geomorphological conditions, the Ljubljana Basin is also a
complex hydrogeological environment featuring several aquifers both in the Ljubljana Polje and the
Ljubljana Marshes, which are used for the city water supply. The underground construction in the
Ljubljana Basin was therefore deemed highly demanding and a sustainability study was needed as
part of a wider socio-economical assessment. This study was carried out with an aim to investigate
the conditions for the sustainable construction of underground transport. It was concluded that TBM
technology has an advantage to other construction methods as the potential environmental impact
would be within reasonable and controllable limits.

The results of the studies on the future underground traffic in Ljubljana city were used to
determine the possible optimal routes for the tunnels. The total length of 62.49 km of the potential
tunnels at depths from 16 m to 25 m was considered in the study. The routes were superimposed on
the known geological and hydrogeological conditions and the selection of the appropriate type of
TBMs was made. The selection was carried out considering the criteria of sustainable build-ability and
the lowest possible environmental impact.
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It was concluded that these two types of TBM are the most appropriate: (a) Slurry machine, which
uses slurry for the support of the face of the excavation, and (b) Earth Balance Pressure (EPB) machine.
For the heterogeneous conditions of the Ljubljana Basin it was not possible to exclude one of the two
types, so both would be needed, or alternatively a purposefully built combination of the two. Out of
the total of 62.5 km of tunnels the appropriate conditions for the slurry machine cover 38.5 km (61.5%);
for the EPB machine 17.9 km (28.7%), while both machines can be used along the length of some 6.1 km
(9.8%). For the drive through the soft rocks of the Ljubljana hills both slurry and EPB machines would
be suitable for work in the open regime.

The study considered the key potential environmental impacts, as follows: (a) subsidence
of the surface and the possible damage to the existing buildings, (b) pollution of groundwater,
(c) generation of the excavated material and waste, and (d) noise, dust, and vibrations. The parametric
study on the subsidence demonstrated that two one-track tunnels would have less impact than the
single double-track tunnel for any particular route, resulting in almost no damage to the existing
buildings. Two one-track tunnels are also more appropriate for the safety and rescue requirements
in the operational phase, so despite the obvious economic disadvantage, this is clearly a preferred
sustainable solution.

The highest risk of underground construction is associated with hydrogeological system, which is
dictated by unique geological and geomorphological conditions in the Ljubljana Basin. The impact
on the groundwater pollution could be controlled by the choice of the routes utilizing the existing
corridors and avoiding the prime protection and the direct water supply areas. However, a full
evaluation of the impact on groundwater is needed for the use of different foams or fillers, which
would be necessary for the operation of the EPB machine. Other forms of environmental impact,
namely treatment of the excavated material and waste, noise, dust, and vibrations, are regarded to be
fully controllable using the appropriate measures.

Finally, it can be concluded that the development of the underground traffic network in Ljubljana
is sustainable within the margins of reasonable and controllable environmental impact. Further
investigation is needed to examine the balance between economic growth that will result from this
development and the effects of social well-being in the long term.
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