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A B S T R A C T   

The European Organization for Nuclear Research (CERN) is a world-wide leading organisation in the field of 
particle physics and operation of high-class particle accelerators. Since 2013, CERN has undertaken feasibility 
investigations for a particle accelerator, named Future Circular Collider (FCC) to be installed within a 
90–100  km subsurface infrastructure likely to enter construction phase after 2030. An important aspect of its 
construction and environmental impact assessment is the management of approximately 9.1 million m3 of 
excavated rock and soil. The aim of this paper is to thoroughly review the applications of excavated material 
across European subsurface construction projects from a technical point of view and set them into context with 
studies currently ongoing for FCC. We propose a conceptual flow model for rock characterisation with respect to 
both applicability of excavated material and tunnelling excavation techniques for future international subsurface 
construction projects. 

The review has revealed a vast and encouraging potential across different European construction sites effi-
ciently using excavated rock and soil over the past decade ranging from concrete production, geopolymer pro-
duction, embankment and landfilling. Examples of reviewed subsurface tunnelling projects are likely to be 
applied for FCC including concrete production, clay-sealing for embankments, geopolymer face stabilization, re- 
cultivation or agricultural usage as mixed soil material or sustainable waste disposal.   

1. Introduction 

The utilisation of excavated rock and soil has gained worldwide 
significance in a circular economy based on the principle “Reduce, Re- 
Use and Recycle” (Esa et al., 2016; Geissdoerfer et al., 2017; Ghisellini 
et al., 2018; Huang et al., 2018; Korhonen et al., 2018). More than 200 
international tunnels longer than 3000  m are currently under con-
struction representing about 600 million tons of excavation material 
(EXMAT) (Burdin et al., 2017), whereas infrastructure projects forecast 
about 800 million tons within the next 50 years urging a thorough re-
view of subsurface construction projects and associated industrial ap-
plications for excavated material (Burdin, 2015; DRAGON, 2014; 
Iacoboaea et al., 2019). 

During the past twenty years, large subsurface infrastructure projects 
produced a vast amount of excavated material (Galler, 2016, 2019, 

2016; Resch et al., 2009), adapted associated legislation (Haas et al., 
2020b; Resch, 2012) and endeavoured sustainable waste reduction 
(Cabello Eras et al., 2013; Magnusson et al., 2015). Environmental 
considerations are an inevitable keystone for the construction approval 
and hence, require to demonstrate potential scenarios or disposal as well 
as management concepts of using excavated material (Erben, 2016; 
Galler, 2015; Voit and Kuschel, 2020). Although finding utilisations of 
excavated material are compulsory, recurring technical challenges 
remain and originate from geological complexity and underlying pro-
cessing techniques (Lassnig, 2012). This complexity is anchored in the 
interdisciplinarity across all fields of geosciences, including mineralogy, 
geochemistry, petrophysics and rock mechanics. Strategies demand 
thorough pre-investigations, years before the start of drilling campaigns, 
to analyse a representative amount of encountered rock during con-
struction. Then, proposed laboratory analyses build the foundation to 
derive a rock characterisation upscaled for potential usage of the 
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underlying excavated geology (Skuk and Schierl, 2017). Several 
tunnelling projects started rock investigations focusing explicitly on one 
potential application scenario due to either technical feasibility, 
geological conditions or time-savings. This, in most cases, inferred 
concrete aggregate applicability (Burdin et al., 2017). However, rock 
material tests can last for several months (Galler et al., 2012) and the 
development of new concepts can take up to one decade (DRAGON, 
2014; Erben and Galler, 2014; Resch et al., 2009; Vollprecht et al., 
2019). 

For this reason, the Future Circular Collider (FCC) study at the Eu-
ropean Organization for Nuclear Research (CERN) started its geological 
analyses in 2018. Upon project realisation, the FCC underground 
infrastructure would rank at the topmost ambitious subsurface projects 
across Europe within the next 20 years and will host particle colliders as 
successors of the Large Hadron Collider (LHC) at CERN. 

In this paper, state-of-the-art utilisation of excavated material is 
discussed by a thorough review of referenced European subsurface 
projects and case studies. Based on these examples, their excavated 
material is set into context with excavation methods (conventional 
versus mechanised tunnelling), and potential applications for FCC are 
outlined in an engineering context deriving a general procedure for rock 
characterisation approaches and raw material management. In accor-
dance with environmental and legal considerations, first characterisa-
tion and management concepts are stated and introduce the utilisation 
of excavated material as part of the FCC study to favour successful 
project approval and construction of a 90–100  km quasi-circular sub-
surface infrastructure (Abada et al., 2019; Benedikt et al., 2020; Bruning 
et al., 2013). 

2. Applications and challenges of excavated rock material 

2.1. Former applications 

Landfilling was one of the first concepts in 1953, which used exca-
vated tunnel material (Savage et al., 1994). Until the 1980’s, the uti-
lisation of excavated material as part of subsurface construction sites 
was neglected due to a simple reason: tunnel boring machine (TBM) 
cutterheads mainly consisted of bits that produced fine-grained exca-
vated material, which hampered applications drastically (Thalmann 
et al., 2003). An increasing shift towards reduction of landfills due to 
recent regulations encourages its usage and underlines its environ-
mental and technical requirement in a sustainable resource economy 
across Europe (European Commission, 2008, 2010, 2011, 2012, 2011, 
2008; Krook et al., 2011). Former research has derived legal implica-
tions of using and managing excavated material from subsurface 
tunnelling projects (Haas et al., 2020b), as well as indicated that the use 

of excavated rock and soil are efficiently reducing climate impact, 
transportation, the amount of landfilled material and the need of quarry 
material (Blengini and Garbarino, 2010; CL:AIRE, 2013; Magnusson 
et al., 2015; Simion et al., 2013; Zuo et al., 2013). The transition of waste 
to a resource is the premise to reduce environmental impacts in closest 
vicinity to the construction site and increase sustainability on both 
regional and national scales. Crucial decisions for feasibility concepts 
require large surface or subsurface storage facilities to treat – or in case 
of waste – dispose excavated material. Potentially large areas for interim 
disposal and timing of disposed material foresee a well-planned 
schedule, which is strongly associated to geological risks encountered 
during excavation. 

Concrete aggregate production from tunnelling projects currently 
ranks at the highest quality of application scenarios (Akhtar and Sar-
mah, 2018). Its usage on construction site is targeted for installations of 
tunnel inner lining elements or invert construction as the concrete ma-
terial provides a vast amount of different characteristics applicable to 
several installation steps during construction (Voit and Zimmermann, 
2015). Former prognoses estimated about 6% of excavated material to 
be used as concrete aggregates and 15% suitable as filling material 
implying that 79% had to be deposited (Becker et al., 1997; Saathof and 
Ketelaars, 1999), whereas it must be noted that these percentage values 
are highly dependent on underlying geological conditions. 

In the past ten years, a general trend towards advanced resource- 
efficient strategies in the European Union, in line with the European 
initiative (European Commission, 2011, 2012), has been observed based 
on former research focusing on utilising excavated tunnel material in 
various scenarios (Moreno and García-Álvarez, 2018). The DRAGON 
project aimed for new developments of a prototype for automated 
bypass analyses, on-line classifications and in-stream sorting of exca-
vated material mounted on TBMs (DRAGON, 2014). In addition, valu-
able excavated rock and soil were identified via advanced analysing 
techniques specifically adapted for excavated material in geographical 
information system (GIS) applications. Successful utilisation of exca-
vated rock caused a general trend towards improved environmental 
performance, which finally led to an increased public awareness and has 
continuously forced engineers to come up with innovative solutions of 
using excavated material (Cabello Eras et al., 2013; Lafebre et al., 1998; 
Read et al., 2001; Robben and Wotruba, 2019; Robinson and Kapo, 
2004; Rodríguez et al., 2007). 

2.2. Technical challenges 

During construction, the inspection of excavated material is usually 
conducted by a geologist in conventional tunnelling or by different 
camera types and sensors at the tunnel face in mechanised tunnelling 

List of abbreviations 

AFTES Association Française des Tunnels et de l’Espace 
Souterrain 

AUT Austria 
BBT Brenner Base Tunnel 
CBT Ceneri Base Tunnel 
CERN European Organization for Nuclear Research 
CETU Le Centre d’Etudes des Tunnels 
CEVA Tunnel de Champel 
CH Switzerland 
DIN Deutsches Institut für Normung 
DRAGON Development of Resource-efficient and Advanced 

Underground Technologies 
EN European Norm 
EPB Earth Pressure Balanced tunnel boring machine 

EU European Union 
FCC Future Circular Collider 
FR France 
GBT Gotthard Base Tunnel 
GER Germany 
GPE Grand Paris Express tunnel system 
HL-LHC High-Luminosity Large Hadron Collider 
KAT Koralm Tunnel 
LBT Lötschberg Base Tunnel 
LHC Large Hadron Collider 
ÖBB Österreichische Bundesbahnen (Austrian Rail Network) 
SBT Semmering Base Tunnel 
TBM Tunnel Boring Machine 
TELT Tunnel Euralpin Lyon Turin SAS 
UK United Kingdom  
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Table 1 
Overview of compared European subsurface construction projects with geological units and main usage scenarios. *Scheduled date.  

Country Construction 
project 

Type Length 
(km) 

Start of 
construction 

Opening Client Encountered rock type Main use References 

Switzerland Gotthard Base 
tunnel 

rail 51.1 1999 2016 AlpTransit 
Gotthard AG 

granite, fragmented sediments concrete aggregates, 
backfilling, 
embankment, disposal 

AlpTransit Gotthard (2017), Ehrbar (2008),  
Fabbri (2004), Fachgruppe für Untertagebau, 
FGU (2016) 

Switzerland Lötschberg Base 
tunnel 

rail 34.6 1999 2007 BLS AlpTransit 
AG 

sandstone, limestone, 
granodiorite, gneiss, granite, 
amphibolite 

concrete aggregates, 
embankment, landfill, 
disposal 

AlpTransit Gotthard (2017), Burdin et al. 
(2017), Ernst Basler and Partner (2012),  
Teuscher et al. (2007), Ziegler and Isler 
(2013), Fachgruppe für Untertagebau, FGU 
(2016) 

Germany Katzenberg tunnel rail 9.4 2003 2012 Deutsche Bahn sandstone, conglomerate, 
anhydrite/gypsum 

concrete aggregates, 
embankment, landfill, 
disposal 

Burdin et al. (2017), Haid and Hammer (2009) 

Switzerland Nant de Drance hydropower 
plant 

n/a 2008 2014 Nant de Drance 
SA 

mylonite, granite, gneiss, 
grauwacke 

concrete aggregates, 
landfill 

Burdin et al. (2017), International Tunneling 
and Underground Space Association(2019),  
Fachgruppe für Untertagebau, FGU (2016) 

Austria Semmering Base 
tunnel 

rail 27.3 2012 2027* ÖBB 
Infrastruktur AG 

albite-gneiss, amphibolite, 
dolomite, marble, mica-shale, 
phyllitic material 

disposal Daller (2017), Ekici et al. (2011) 

Austria Koralm tunnel rail 38.9 2009 2026* ÖBB 
Infrastruktur AG 

gneiss, amphibolite, marble, 
mica-shale, sandstone, siltstone 

concrete aggregates (Posch et al. (2014, 2015b), Schubel and 
Schaffer (2020) 

Austria/Italy Brenner Base 
tunnel 

rail 64.0 2015 2027* Brenner 
Basistunnel BBT 
SE 

Bündnerschiefer, quartz 
phyllite, gneiss, granite 

concrete aggregates, 
drainage gravel, 
embankment, landfill, 
disposal 

Bergmeister (2013, 2007), Gattinoni et al. 
(2016), Skuk and Schierl (2017),  
Tamparopoulos (2012), Voit (2013), Voit and 
Kuschel (2020), Wenighofer and Galler (2017) 

France/Switzerland High-Luminosity 
Large Hadron 
Collider 

laboratory – 2018 2020 CERN sandstone, marl, conglomerate, 
anhydrite/gypsum 

industrial consumers for 
concrete, embankment, 
disposal 

Voiron et al. (2020) 

France Grand Paris 
Express 

rail 205 2015 2030* Société du 
Grand Paris 
(SGP) 

sandstone, marl, conglomerate, 
anhydrite/gypsum 

embankments Le Centre D’Etudes des Tunnels (2019, 2017, 
2016), Vernus et al. (2017) 

France/Italy Lyon-Turin rail 53.7 2011 2030* TELT, SNCF 
Réseau & RFI 

quartzite, limestone, gneiss, 
mica-shale, sandstone, 
anhydrite/gypsum, shale, 
carbon, gneiss 

concrete aggregates, 
embankment, landfill 

Bufalini et al. (2017), Burdin and Monin 
(2009), Stephen (2020), T.E.L.T. consortium 
(2020), T.E.L.T. consortium (2018) 

United Kingdom Crossrail rail 118 2009 2023* UK Network 
Rail 

clayey material (London clay) island construction Keily (2020), Wood and Agency (2017) 

Switzerland CEVA rail 1.62 2012 2017 canton Geneva glacial, unconsolidated 
sediments 

concrete aggregates Fachgruppe für Untertagebau, FGU (2016)  
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(Robben and Wotruba, 2019; Wenighofer and Galler, 2017). This allows 
for a separation of excavated rock into technical application classes. 
Subsequently, the material is sorted, processed, and, if required, 
temporarily stored. Suitable systems of dry or wet processing is costly. 
Hence, the operation of processing plants under different conditions as 
well as high demands upon quality control require a sophisticated ma-
terial management plan (Burdin et al., 2017; Voit, 2013). 

Environmental impact assessments and related regulations force an 
increased recognition of the utilisation of excavated material upon 
successful project approval (Marzouk and Azab, 2014; Thalmann, 
1996). Excavated material is analysed chemically, mineralogically and 
geomechanically in advance and prepared for processing on a small--
scale in laboratories followed by large-scale analyses on construction 
sites. These analyses characterise the material for engineering purposes 
into subsequent application classes. Reconciliation of these analyses 
with national and European legislation classify excavated material as 
waste if they leave the construction site, requiring technical procedures 
such as processing (washing, crushing, sieving) and treating (chemically 
and/or physio-mechanically) conducive to removal of waste status in 
favour of environmental sustainability (Blengini and Garbarino, 2010; 
Dahlbo et al., 2015). The definition of excavated material as waste per se 
does not hamper its potential applications but rather leads to rigorous 
engineering procedures and laboratory analyses aiming for compliance 
with legal thresholds and regulations upon removal of polluting sub-
stances (Rios, 2018; Ritter et al., 2013; Ritzén and Sandström, 2017; 
Rodríguez et al., 2007). 

3. Methodology 

Within the next two decades, upgraded infrastructure is built 
through the Western and Eastern Alps for goods transportation. The New 
Railway Through the Alps (NRLA) route (AlpTransit Gotthard, 2017) 
including the Ceneri and Gotthard Base tunnel and the Trans-European 
Transport Network (TEN-T) represent major upgrades of several tunnels 
creating and connecting high-speed routes such as the south-west 
Europe Salamanca-Porto-Lisboa-Madrid-Paris-Lyon or Lyon-Torino- 
Trieste-Ljubljana-Budapest axes (European Commission, 2005, 2018). 
In total, this will comprise additionally 4800  km of roads and 
12500  km of rails resulting in million tons of excavated material. This 
deems an evaluation necessary for past and current construction 
projects. 

For this study, subsurface infrastructure projects stated in Table 1 
across France, Switzerland, Austria, Italy and the United Kingdom have 
been thoroughly investigated on a site-specific and state-of-the-art basis 
by analysing project related data, visiting dedicated construction sites, 
talking to project engineers, international experts and governmental 
entities and reviewing scientific literature. Findings are presented in 
tables compiled from construction reports, final project reports and the 
literature. National and European legislation about using and managing 
excavated rock and soil is used to frame discussions, whereas the reader 
is referred to Haas et al. (2020b) for a detailed legal derivation across 
European countries. Case studies listed in Table 1 provide a variety of 
technical scenarios to use excavated material considering heterogeneous 
geological conditions, technical challenges for processing raw material 
and environmental issues such as heavy metal ion concentrations, nat-
ural radioactivity or hydrocarbon contaminations. 

During the review process, legal and contractual documents as well 
as site-specific reports and scientific literature used different terminol-
ogy with respect to using and handling excavated material. These terms 
often implied a legal status in case the excavated material is referred to 
as waste. For consistency purposes in this study, the terms applicability, 
application, use, usage and utilisation are concurrently used and imply a 
neutral handling of excavated material with no further legal implica-
tions. Although very common, the term re-use is strictly avoided as it 
implies misleading information, since raw excavated material has not 
been used before and should not be confused with the term recycling. In 

case excavated material is inferred from a legal point of view, this is 
explicitly mentioned. 

It must be noted that exact values for excavated and utilised material 
varied substantially depending on advancement of construction, 
continuous improvement of material flow analyses, different techniques 
in real-world projects and scientific literature. Associated discussions on 
implications for the FCC underground infrastructure and potential ap-
plications are further compared with reviewed case studies. 

4. Applicability of tunnel excavation material across Europe 

This section provides a technical in-depth review of each European 
subsurface project listed in Table 1. National and cross-border issues are 
highlighted and build the technical foundation for comparisons of en-
gineering demands and technical applications scenarios for FCC 
mentioned in succeeding sections. 

4.1. Austria 

4.1.1. Koralm tunnel (KAT) 
The Koralm tunnel delivers a faster connection between the counties 

Styria and Carinthia. Contract KAT2 produced about 8.6 million tons of 
excavated rock and soil (Posch et al., 2015b), whereas about 50% of the 
suitable tunnel spoil was preliminarily screened, divided into four 
classes and used for concrete aggregate production including 
high-strength concrete with a main purpose of inner lining element 
casting (Posch et al., 2015b; Voit et al., 2015). Investigations on iron and 
aluminium eluate concentrations were performed and included tests of 
selected additives such as cement or resin foam (Posch et al., 2015a). 
According to Austrian legislation under the Federal Waste Management 
Plan (Bundesministerium Klimaschutz Umwelt Energie Mobilität Inno-
vation und Technologie, 2017) and the Landfill Regulations (Bundes-
ministerium Landwirtschaft Regionen und Tourismus, 2008), material 
excavated from tunnel is declared as waste. Adverse discrepancies with 
authorities resulted in delays with the client and contractor on conclu-
sions about the excavated material, its chemical evaluation (threshold 
limits) and decisions for final usage (Posch et al., 2014). 

4.1.2. Brenner Base tunnel (BBT) 
The Brenner Base tunnel opens a faster connection along the 

Scandinavian-Mediterranean TEN-T railway axis from Helsinki, Finland 
to Valletta, Island of Malta through the southern Italian ports, extending 
from Innsbruck, Austria to Fortezza (Franzensfeste) in Italy. Predictions 
estimated about 43 million tons of excavated Buendner schist (Bünd-
nerschiefer), quartz phyllite, gneiss and granite (Voit et al., 2015). 
Laboratory and on-site analyses were performed to check for potential 
applications of excavated material. These large-scale tests inferred about 
55 tons of raw material from drilling and blasting excavation and were 
processed in several steps starting with the largest grain size of 700  mm. 
In a first iteration, processing started with crushing the material by a jaw 
crusher and impact mill under wet conditions to eliminate fine-grained 
particles with a bucket wheel. After certain processing improvements, a 
second optimized procedure included a separator grid, wet sieving 
equipment, a vertical mill and cyclone separation equipment that pro-
duced reasonable results and succeeded laboratory tests for concrete 
mixtures and durability (Voit et al., 2015). A geomechanical classifica-
tion encountered main geological units and faults and paved the way 
towards potential use scenarios (Gattinoni et al., 2016). Chemical ad-
justments optimized concrete feasibility and were used for high-quality 
concrete and shotcrete. The outcome of extensive laboratory in-
vestigations summarized representative excavated material into four 
lithostratigraphic units (Voit, 2013), and differentiated among three 
application classes for high quality material for concrete aggregates 
(class A), medium-quality material for embankment and backfilling 
(class B) and non-useable material determined for disposal (Bergmeister, 
2013). 
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4.2. Switzerland 

In Switzerland, the Swiss Tunnelling Society (STS) currently aims for 
the development of a new excavation guideline as part of the Schwei-
zerischer Ingenieur-und Architektenverein (Swiss Society of Engineers and 
Architects), SIA. This implies a mutual database starting with the largest 
tunnelling projects in Switzerland (Fachgruppe für Untertagebau (FGU), 
2016). A similar approach has been suggested by Haas et al. (2020a) on 
a European scale. Each application category for using excavated mate-
rial requires the analysis of different geomechanical, petrophysical, 
chemical and mineralogical parameters (e.g. grain size, grain shape, 
grain density, rock composition), which are regulated in Swiss SIA and 
Schweizerischen Verbands der Straßen-und Verkehrsfachleute (Swiss Asso-
ciation of Road and Transport Professionals), VSS standards. 

4.2.1. Gotthard Base tunnel (GBT) 
The two-tube railway Gotthard Base tunnel extends from the north 

portal at Erstfeld in canton Uri to the south portal at Bodio in canton 
Ticino. The main tunnel consists of a total length of 57  km making it 
currently the longest tunnel in the world, and an essential part of the 
TEN-T network (European Commission, 2005). The complete subsurface 
infrastructure consists of 153.3  km of access tunnels, shafts, railway 
tunnels, connecting galleries and auxiliary structures (Ehrbar, 2008). 
About 80% of excavation was performed by open hard-rock TBM (lots 
Bodio and Amsteg) and 20% by conventional drilling and blasting (lot 
Faido), excavating a total volume of 28.2 million tons of granite and 
highly fragmented sediments (AlpTransit Gotthard, 2017). Construction 
processing plants have been realised to recycle the muck and to produce 
concrete aggregates. Depending on the petrography and the properties 
of the excavated material, about 28% of the entire muck could be used. 
The expected recycling rate was approximately 85%, while the concrete 
aggregate production was estimated at about 22% of the entire muck. 
Parts of the excavated material were used as filling material and the 
remaining material was transported to final deposits or to an inert 
landfill. Three application classes were identified ranging from concrete 
aggregate production (A) to backfilling and embankment material (B) 
and contaminated or wet material (Z) (Fachgruppe für Untertagebau 
(FGU), 2016). At lot Bodio, about 65% were classified as class A mate-
rial, while 75% were used for aggregates in concrete production and 
2.15 million tons for embankment (Fachgruppe für Untertagebau (FGU), 
2016). The muck contamination caused by loss of oil from TBMs, waste 
products from explosives, chemicals and heavy metals from rebounded 
shotcrete permitted to store this contaminated material in an inert 
landfill. The muck was transported with conveyor belt systems (Fabbri, 
2004). External material from third-parties was bought from portal 
Bodio due to a supply gap between Bodio and Faido, geological fault 
systems and increasing excess of production (Fachgruppe für Unterta-
gebau (FGU), 2016). Gravel processing plants were running for 10 years 
without interruptions. Lot Faido used 70% as class A material and pro-
vided another 10% to lot Bodio. About 0.7 million tons were used as 
embankment material in Biasca (ATG Ceneri). For Faido, no external 
material had to be bought from third parties. Lot Amsteg used 70% as 
class A material, of which 80% were used for concrete aggregates. 
Another 0.65 million tons were used for embankment in Altdorf, 
Rynächt and another 2.4 million tons for lake embankments in canton 
Uri. In total, 35% of excavated material at Amsteg were used and 
another 45% for lake embankments, whereas excess of press sludge 
turned out to be a significant problem. Concrete feasibility tests included 
geomechanical tests and crushing plants with integrated friction mill, 
powerful thickener installations and mica separation with flotation 
technique for adequate concrete quality (Thalmann et al., 2003). 

4.2.2. Ceneri Base tunnel (CBT) 
The twin-tube 15.4  km Ceneri Base tunnel marks together with the 

Gotthard and Lötschberg Base tunnels the main elements of the New 
Railway Links through the Alps (NRLA) route (Merlini et al., 2018). Its 

underlying geology was subdivided into nine different geological for-
mations ranging from gneiss to amphibolite, serpentinite, phyllonite and 
mylonite separated by major fault systems and entirely excavated by 
drill and blast with only a few metres of overlying rock (AlpTransit 
Gotthard, 2017; Merlini et al., 2018). Excavation started from Sigirino, 
as well as portals Vigana and Vezia. About 25% of 8.6 million tons of 
excavated material could be successfully used for concrete and shotcrete 
production. Remaining material was transported by conveyer belts to 
permanent deposits for the construction of a wild-animal corridor at 
Monte Ferrino (AlpTransit Gotthard, 2017). 

4.2.3. Lötschberg Base tunnel (LBT) 
Together with the Gotthard Base tunnel, the two-tube 34.6  km 

railway Lötschberg Base tunnel is part of the New Rail Link Through the 
Alps (NRLA) route and was constructed at north and south lots providing 
the first high-speed connection from Frutigen to Raron in Switzerland. 
Its opening in 2007 preceded the excavation of 16 million tons of rock 
and soil, whereas 10 million were associated to the south and 6 million 
to the north portal (Teuscher et al., 2007). The north tunnel was solely 
excavated by conventional methods (drill and blast), while the south 
tunnel portal was partly excavated by a hard-rock TBM as well as drill 
and blast in different geological units of sandstone, siliceous limestone, 
lithotamnian limestone, granodiorite, gneiss, granite and amphibolite 
(Fachgruppe für Untertagebau (FGU), 2016; Teuscher et al., 2007). 
Excavated material was classified into three application classes ranging 
from concrete to sand-gravel production (K1), embankment and back-
filling (K2) and disposal (K3). The excavated material was transported 
by conveyor belts to two silos. Additional conveyor belts connected the 
silos with two elevators mounted with cup ribbons and connected 
tubular conveyor belts for transporting the material to processing 
equipment. Transportation of excavated material was conducted by 
train on tipping gutters for industrial shipment. Dumpers, loaders, ex-
cavators and bulldozers supported the transport of excavated material 
among conveyer belts and trains on-site. Well-timed gravel processing at 
the north portal allowed production of concrete aggregates in compli-
ance with the south portal to avoid any excess of material at the end of 
construction (Fachgruppe für Untertagebau (FGU), 2016). Pressed 
sludge had a significant impact on the processing as this material was 
not allowed to be disposed temporarily due to groundwater contami-
nation. A high percentage of sludge was contaminated with hydrocar-
bons, which forced disposal as hazardous waste. In total, 40% of 
excavated material could be used, which covered the full demand for 
concrete aggregate production on-site. The most important element at 
Lötschberg was the gravel processing equipment for concrete produc-
tion. Different crushing, washing and sieving equipment sorted the 
material to make it applicable for concrete production. The southern 
tunnel occupied about 20  ha of processing equipment for loa-
ding/unloading of trains, construction vehicles, interim disposal, con-
crete aggregate material storage and offices. 

4.2.4. Nant de Drance pumped-storage hydro power plant 
This case study represents a pumped-storage hydro power plant 

construction in canton Wallis. Open hard-rock TBM and drill and blast 
advancement were chosen to excavate a total of 4.2 million tons of 
mylonite, granite, migmatic gneiss, orthogneiss and grauwacke. The 
owner, Nant de Drance SA, was supported by a dedicated staff managing 
the characterisation of excavation material, its handling, storing and 
using as concrete aggregate material. Four application classes were 
chosen to properly manage material for concrete production (1a), 
limited concrete production due to amount of mica (1b), production of 
gravel-sand (2) or no specified usage (3). 

The excavation material management plan was included in the main 
construction contract. On one hand, this allowed for a specialized 
company to find proper application scenarios; on the other hand, 
tendering of companies was limited to purely managing excavation 
material. Processing plant equipment was adjusted to gravel production 
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with 0–250  mm raw material. No third-party material needed to be 
acquired for this project and a full self-supply was granted. Natural 
radioactive material was encountered unexpectedly in the form of 10 
tons of uranite, which was disposed as hazardous waste (Burdin et al., 
2017). Analyses of heavy metal ions in mud and arsenic press sludge 
were subjected to special waste treatment and disposal in Vallon de 
Châtelard, Switzerland. 

4.2.5. High-Luminosity Large Hadron Collider (HL-LHC), Point 1 
An emphasis is put on this project due to the proximity and impli-

cations for the FCC study at CERN. HL-LHC project involved the con-
struction of complex underground infrastructures in the Geneva Basin 
on both sides of the French-Swiss border, adjacent to existing under-
ground infrastructure of the Large Hadron Collider operated at CERN 
(Fern et al., 2018; Voiron et al., 2020). Swiss Point 1 site comprised the 
construction of a shaft with an internal diameter of about 12  m to a 
depth of ca. 60  m (PM17), a cavern of 18  m in diameter and 45–50  m 
in length (US/UW17) as well as a main gallery of 50  m2 section and a 
length of 300  m, both connected to secondary galleries of 50–70  m in 
length (UA/UPR 13 & 17 and UL 13 & 17). Underlying geology 
comprised Molasse units, which were deposited as detrital formations 
during the alpine orogeny (Moscariello et al., 2020; Oxburgh, 1981). A 
geotechnical classification based on HL-LHC Point 1 data in Switzerland 
subdivided the Molasse formation into very weak marl, weak marl, 
medium-weak marl, weak sandstone, medium-strong sandstone and 
strong sandstone formations (Fern et al., 2018). These six categories 
were based on uniaxial compressive strength, Young’s modulus and 
Atterberg limits and were used for first trends of application scenarios 
for excavated material. The Molasse formation contains natural hydro-
carbons originating from natural degradation of organic material accu-
mulated as lenses and layers of variable extent and thickness (Voiron 
et al., 2020). It should be noted that such lenses had already been 
encountered at CERN during the civil engineering work for excavation of 
the currently operational LHC, with hydrocarbon contents ranging from 
700 to 2800  ppm. At Point 1, C10 to C40 hydrocarbons were detected in 
both solid and liquid state during excavation via a PetroFLAG® test. It 
comprised an inexpensive and environmental-friendly portable field 
device for determining a probable contamination of a 10  g material 
sample. Concentrations of hydrocarbons C10 to C40 were evaluated in 
laboratory according to the SN EN 14039 standard, with results avail-
able within 3–10 days. Concentrations of C5 to C10 hydrocarbons were 
also evaluated according to the measurement of purgeable organic 
compounds in water by gas chromatography. Within the Swiss legal 
framework, these results were considered to further decide on the 
quality of material to judge further applications or disposal. Any con-
taminations were assessed at the end of each excavation step by the 
geotechnical engineer in charge of geological monitoring of the project 
(personal communications with Jérémy Voiron). Excavated material 
was transported to the surface via a six cubic metre skip and dumped on 
the surface site in a weather-protected hall. 

Excavated material at the HL-LHC project required a thorough pu-
rification linked to chemical pollutants such as nickel and chromium. 
For the HL-LHC Point 1 construction site in Switzerland, the total 
excavated material was about 50′000  m3. Original pollution was esti-
mated at 25%, whereas an actual 35% were encountered (status 
February 2020, personal communication with Jérémy Voiron). Exca-
vated material was sent to a local concrete producer for Point 1 material 
and local soil purification companies for HL-LHC’s Point 5 in France. 
Based on Swiss and French legislation (République de Canton Genève, 
2016; République Française, 2015, République Française, 2003; 
Confederation, 2016, 2005, 1998, 1989, 1983), the grade of pollution 
was significantly higher at LHC Point 5 compared to Point 1. Swiss 
disposal classes for Point 1 were applied as respectively A, (B-), B, E and 
E+ classified material. For Point 5 French acceptance thresholds clas-
sified as ISDI (inert waste), ISDND (non-inert non-hazardous waste) and 
ISDD (dangerous waste). This project marks a crucial local example, as 

similar situations might occur for the FCC project. 
Based on instructions given by the engineer to the contractor, final 

destinations of excavated material were specific disposal, or used on-site 
depending on the degree of pollution. Unpolluted but surplus material 
was disposed as unpolluted excavated material in accordance with Swiss 
legislation. 

Particularly in the constructing tunnels, it was found that excavated 
material contained traces of pollution measured by laboratory tests that 
were not previously detectable. Hence, in accordance with the Swiss 
precautionary principle, all excavated material was considered poten-
tially polluted and transported to sheltered temporary storage areas, 
thus causing increased space constraints. The management of poten-
tially polluted excavation material required increased continuous 
monitoring during excavation until usage or final disposal were decided 
(personal communications with Pieter Mattelaer). The different stocks 
were defined according to the origin of the material (per excavated 
structure) and were spatially separated by modular concrete blocks. 

Based on laboratory results and in accordance with the regulatory 
thresholds defined by Swiss authorities for hydrocarbons, four applica-
tion classes were identified: grade A material used for backfilling on-site 
or disposal as unpolluted material; grade B− material as very low- 
polluted material within the lower limit used for backfilling on the 
project site; grade B+ material as slightly polluted within the upper 
limits shipped to type B material and grade E material shipped to a 
cement factory. Class E material was integrated into the flour prepara-
tion mixture used in the homogenisation bed of the kilns, and composed 
of a fraction of 30–40% sandstones, marls and conglomerates (Molasse 
formation) from the project, and limestone and siliceous material 
delivered by other quarries (Voiron et al., 2020). The HL-LHC project 
was a good example for showing the legal and technical harmonization 
of stakeholders and authorities as implementations for appropriate use 
of excavated material was necessary. This development was conducted 
in close collaboration with associated Swiss authorities and govern-
mental entities (Vernus et al., 2017; Voiron et al., 2020). The legal and 
technical reconciliation was an inevitable step towards a successful use 
of excavated material. Similar usages and management concepts of 
excavated material will be required for FCC. 

4.2.6. Tunnel de Champel (CEVA) 
The CEVA project comprises a railway tunnel with a length of 

1.62  km in canton Geneva and is stated as a comparable example for 
both the High Luminosity LHC project and FCC at CERN. The concept for 
material management was included in the main construction contract 
and included full-face excavation of 30′000 tons of glacial, unconsoli-
dated sediments in loose rock using face stabilization and pipe um-
brellas. Excavated material was primarily used as concrete aggregates. 
Due to the populated area, limited space for disposal was given and 
processing plants were part of a local concrete producer to whom ma-
terial was consecutively delivered after each excavation step. Processing 
included sieving and washing as well as cyclones for sand production. 
Transport was carried out with dumpers and trucks (Fachgruppe für 
Untertagebau (FGU), 2016). 

4.3. Germany 

4.3.1. Small- and mid-sized tunnel projects across southern Germany 
In southern Germany 26  km of tunnels were constructed producing 

about 4.5 million tons of excavation material. A large amount of this 
material featured a high content of gypsum, salt, clay and sandstone. 
The goal was to use excavated material for dams, noise protection walls, 
concrete production, and diaphragm walls for landfilling structures. 
Certain excavated material was used in the ceramic industries as bricks 
and coarse ceramic products. The sandstones were used for several 
construction purposes. On one hand, early detection of chemical and 
morphological characteristics helped to increase the quantity of useable 
material and depicted a precondition for industrial application; on the 
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other hand, the detection and separation of some expected metals like 
nickel, chromium and cadmium led to an industrial utilisation and 
reduction of disposal areas required for hazardous waste. In both cases, 
it was mandatory to avoid mixing up excavation material containing 
these metals in higher concentrations due to dilution. 

4.3.2. Katzenberg tunnel 
Excavation of the Katzenberg tunnel as part of the new railway line 

from Karlsruhe, Germany to Basel, Switzerland included the use of about 
2.3 million m3 of surfactant contaminated rock material via Earth 
Pressure Balance (EPB) excavation. 75% were driven in open and 25% in 
closed EPB mode dependant on face stabilization requirements. Recul-
tivation of an abandoned limestone quarry was the ultimate and most 
sustainable usage. Since project and quarry owner as well as the 
contractor were responsible for management and treatment of excavated 
material, special contractual agreements were arranged. These included 
the storage handling for the quarry owner, geogene liability for the 
project owner and associated additives for final storage (Haid and 
Hammer, 2009). Prognosis for the prevention of seeping water was 
guaranteed in advance by adding lime to the pulpy excavated material in 
EPB advancement. EPB excavation turned out to be challenging in ter-
tiary sediment rocks such as sandstone, conglomerate and 
anhydrite/gypsum. 

High concentrations of heavy metal ions, arsenic, cadmium, dis-
solved organic carbon, sulphide and sulphate during pre-investigations 
implied an adapted contractual model, which was granted by national 
authorities under the condition of proving seeping water prevention. 
Seeping water prognosis included thorough analyses of both Katzenberg 
tunnel’s excavated rock material as well as subsurface conditions at the 
limestone quarry. Conditions given by the authority to approve the 
tunnelling construction inferred a geogenic background contamination 
check, investigations against mobility for heavy metal ions, arsenic and 
sulphur components including permeability measures of excavated 
material, and the degradability of additives (surfactants). Excavated, 
pasty material was directly delivered to the quarry via conveyer belts 
from the south portal (Haid and Hammer, 2009). Unpredicted encoun-
ters of 6′000  m3 natural bitumen at the transition of limestone to ter-
tiary sediment rocks led to delays in advancement and required special 
analyses and disposal in presence of national authorities due to impos-
sible chemical separation from the natural rock composite (Haid and 
Hammer, 2009). Leakage proof was verified for the backfilled material 
in the quarry by drilling to the original quarry depth level before 
disposal and analysing the drilled material and flow characteristics. 
Higher sulphate concentrations were caused by chemical oxidation 
processes within the backfilled material but were still in accordance 
with national guidelines and chemical thresholds. Based on predictions 
from pre-investigations, no further implementations had to be recalled 
and guaranteed successful applications of excavated material. 

4.4. France 

4.4.1. Tunnel Euralpin Lyon-Turin (TELT) 
Modernisation of existing axes and new routes incorporate the east- 

west Lyon-Turin axis and the north-south Brenner Base tunnel. The 
Euralpin Lyon-Turin (TELT) project currently under construction will 
connect France and Italy via new railway lines as part of the TEN-T 
Lissabon-Kiew axis and is split into a French part from Lyon to Saint- 
Jean-De-Maurienne, an international part from Saint-Jean-De- 
Maurienne to Bruzolo dedicated to TELT (Burdin and Monin, 2009), 
and an Italian section dedicated to the RFI, a sub-branch consortium of 
the project. The total length of the project consists of 300  km, whereas 
about 150  km are covered by 10 tunnels with a total excavated volume 
of 60 million tons (Burdin and Monin, 2009). Main French tunnels are 
the Chartreuse and Montcenis Base tunnel excavated in gneiss, granite, 
molasse, limestone and glacial moraine formations. French and Italian 
authorities intend to maximise the use of excavated material targeting a 

quota of about 33%. Focus of application concepts is restricted to the 
Chartreuse tunnel (24.7  km) and the Montcenis Base tunnel (ca. 
53  km). Three application classes have been derived ranging from no 
use, i.e. disposal (class 3) due to bad rock quality or political decisions 
forcing the owner to dump the excavated material, usage as embank-
ments and bearing stratum (class 2) and concrete aggregate production 
(class 1) (written communications with Jacques Burdin). The use of 
excavated material is subject to the project owner’s responsibility based 
on contractual negotiations (Burdin and Monin, 2009). For the TELT 
project, the same material requirements for concrete aggregate pro-
duction apply as for the Gotthard and Lötschberg Base tunnels. Three 
aggregate classes with a grain size of 16  mm will be produced (Burdin 
and Monin, 2009). To guarantee high quality concrete, caution was 
spent on sand production requiring special crushers for processing. For 
the whole project, 140 site investigation drillings have been performed 
including two directed drillings. Core material was used to analyse and 
predict application potential along the tunnels for a period of six 
consecutive years (Burdin and Monin, 2009). For large-scale laboratory 
analyses, two processing plants have been installed on the French side to 
simulate potential application scenarios. Intensified research had to be 
spent on the analysis of SO3-related geological formations such as 
anhydrite to increase potential application ratio, since sulphated mate-
rial occurs in the main tunnel sections (Stephen, 2020). For two years, 
these analyses have been performed to improve EN 12620 standards 
dealing with concrete applicability of material with more than 0.2% 
SO3. More than 50% of excavated rock material will be produced in 
order to produce concrete mixtures for segments, concrete lining and 
railway embankments in line with the latest regulatory framework on 
environmental and sustainable construction (T.E.L.T. consortium, 
2020). 

4.4.2. Grand Paris Express (GPE) 
The Grand Paris Express project currently includes the construction 

of the metro underground system in and around Paris and depicts an 
efficient example of handling large quantities of excavated material, and 
quickly deriving methods to decrease temporary storage. GPE is using its 
excavated material on-site by creating a temporary platform to store and 
treat the spoil material. The material is then likely to be distributed to 
local consumers and quarries in future (Le Centre D’Etudes des Tunnels, 
2019; 2017). The GPE is mainly excavated by an EPB machine and 50% 
of the excavated material is related to ancillary works. 

4.5. United Kingdom 

4.5.1. Crossrail tunnel 
The London Crossrail project constructs a new express rail line to 

provide London and its suburbs with an extended metro system. In total, 
21  km of tunnels (42  km of tubes) excavate clay, sand, gravel and marl 
as part of the London clay geological formation via an EPB machine. 
Environmental impact assessment concluded on the construction of an 
island in a protected natural area close to district Essex using about 4 
million tons of excavated material as the optimal solution. Applications 
of excavated material were hampered in the beginning by the client, 
who initiated several studies to investigate clay material as swelling clay 
(Burdin et al., 2017), and archaeological artifacts encountered during 
construction (Keily, 2020). Usage of clay in industrial processes was not 
confirmed since the manufactured product experienced difficulties in 
sale numbers on the free market (Burdin et al., 2017). 

5. Discussion 

The Future Circular Collider study has been undertaking dedicated 
research since 2018 for finding environmental-friendly and sustainable 
application scenarios of excavated material in line with evaluated 
tunnelling excavation techniques. Finding proper applications is of ut-
termost significance for subsequent project approval in the framework 

M. Haas et al.                                                                                                                                                                                                                                   



Journal of Cleaner Production 315 (2021) 128049

8

Table 2 
Compilation of geotechnical, petrophysical and geological rock parameters measured during site investigations in the Molasse formation for CERN’s currently running 
Large Hadron Collider (GADZ, S.A., 1993). Laboratory analyses are currently extended along the full extent of the FCC tunnel alignment and contemplated by chemical, 
mineralogical, petrophysical, geomechanical and clay analyses for an advanced rock characterisation.  

Parameter Unit compact fine-grained material compact coarse-grained material 

no. samples average value variation coefficient no. samples average value variation coefficient 

RQD % – 95–100 – – 85–95 – 
water content % 244 4.7 17.0 62 8.2 15.0 
bulk density t/m3 141 2.56 1.4 37 2.36 2.1 
dry density t/m3 137 2.45 2.2 37 2.18 2.3 
grain density t/m3 80 2.75 0.7 22 2.73 0.7 
vacuum index – 137 0.126 19 37 0.266 15.0 
compressive strength MPa 79 22.3 34 20 9.6 37.0 
Young’s modulus MPa 76 2790 56 19 1260 49 
Brazilian tensile strength MPa 32 2.13 39 5 1.06 34 
Cerchar hardness – 59 9.6 25 12 5.6 18 
Cerchar abrasivity – 40 0.4 38 8 0.3 – 
quartz content % 6 40–66 – 2 69–70 – 
water flow rate (from Lugeon) l/min*m 53 <0.1 – 3 0.5 – 

Parameter Unit gravelly marls marls 
no. samples average value variation coefficient no. samples average value variation coefficient 

RQD % – 80–95 – – 70–78 – 
Water content % 146 6.8 11.0 147 9.8 11.7 
Bulk density t/m3 92 2.50 1.2 85 2.40 2.3 
Dry density t/m3 91 2.34 1.8 85 2.19 3.5 
Grain density t/m3 48 2.77 0.8 47 2.79 0.5 
Vacuum index – 91 0.19 14.0 85 0.279 17.6 
Liquidity limit (Atterberg) % 6 37.4 13.6 19 55.1 11.6 
Plasticity limit (Atterberg) % 6 18.6 13.2 19 24.2 14.4 
plasticity index % 6 18.8 20.2 19 30.9 17.1 
Compressive strength MPa 31 9.4 46.0 19 3.3 58 
Young’s modulus MPa 28 820 67.0 15 225 78 
Brazilian tensile strength MPa 10 1.52 30.7 2 0.5 – 
Quartz content % – 20–40 – – 15–30 – 
Content of swelling clay % – 8–13 – – 10–18 – 
Inflation pressure MPa 7 0.5–1.2 – 13 0.5–1.2 – 
Swelling rate % 7 1.14 35.0 13 3.4 76 
Permeability (Lugeon) l/min*m 53 <0.1 – 53 <0.1 –   

compact fine-grained material compact coarse-grained material 
Parameter Unit no. samples average value variation coefficient no. samples average value variation coefficient 
RQD % – 95–100 – – 85–95 – 
water content % 244 4.7 17.0 62 8.2 15.0 
bulk density t/m3 141 2.56 1.4 37 2.36 2.1 
dry density t/m3 137 2.45 2.2 37 2.18 2.3 
grain density t/m3 80 2.75 0.7 22 2.73 0.7 
vacuum index – 137 0.126 19 37 0.266 15.0 
compressive strength MPa 79 22.3 34 20 9.6 37.0 
Young’s modulus MPa 76 2790 56 19 1260 49 
Brazilian tensile strength MPa 32 2.13 39 5 1.06 34 
Cerchar hardness – 59 9.6 25 12 5.6 18 
Cerchar abrasivity – 40 0.4 38 8 0.3 – 
quartz content % 6 40–66 – 2 69–70 – 
water flow rate (from Lugeon) l/min*m 53 <0.1 – 3 0.5 –  

gravelly marls marls 
Parameter Unit no. samples average value variation coefficient no. samples average value variation coefficient 

RQD % – 80–95 – – 70–78 – 
Water content % 146 6.8 11.0 147 9.8 11.7 
Bulk density t/m3 92 2.50 1.2 85 2.40 2.3 
Dry density t/m3 91 2.34 1.8 85 2.19 3.5 
Grain density t/m3 48 2.77 0.8 47 2.79 0.5 
Vacuum index – 91 0.19 14.0 85 0.279 17.6 
Liquidity limit (Atterberg) % 6 37.4 13.6 19 55.1 11.6 
Plasticity limit (Atterberg) % 6 18.6 13.2 19 24.2 14.4 
plasticity index % 6 18.8 20.2 19 30.9 17.1 
Compressive strength MPa 31 9.4 46.0 19 3.3 58 
Young’s modulus MPa 28 820 67.0 15 225 78 
Brazilian tensile strength MPa 10 1.52 30.7 2 0.5 – 
Quartz content % – 20–40 – – 15–30 – 
Content of swelling clay % – 8–13 – – 10–18 – 
Inflation pressure MPa 7 0.5–1.2 – 13 0.5–1.2 – 
Swelling rate % 7 1.14 35.0 13 3.4 76 
Permeability (Lugeon) l/min*m 53 <0.1 – 53 <0.1 –  
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of the European Strategy Update for Particle Physics (ESUPP), which 
proposes visions in the field of particle physics in the future (Benedikt 
et al., 2020). 

Based on existing data of FCC’s underlying geology and previously 
discussed comparisons of subsurface projects, concepts of excavated 
material management and preliminary implications for potential ap-
plications of excavated material are discussed. These derivations are 
substantiated by an improved rock characterisation model in line with 
tunnelling excavation techniques and summarized in a conceptual flow 
model for quick on-site evaluation. The results of FCC’s chemical, 
mineralogical, geomechanical and petrophysical laboratory analyses 
will be presented in more detail in separate upcoming studies. 

5.1. FCC material management concept 

A material management plan (German: Marschplan, French: la gestion 
des matériaux excavés) includes technical concepts of excavated rock and 
soil as useable material from construction sites to processing facilities. 
Two contractual types of implementations potentially exist for the 
management of FCC’s excavated material. Either they are part of the 
main construction contract or they are treated as an individual contract 
as given for the Lötschberg, Gotthard or Lyon-Turin projects. An 
advantage of the former option is a reduction of involved people, 
therefore offering efficient coordination. However, the latter option 
might lead to technically more advanced results as it usually includes a 
specialized company in the field of using excavated material. Re-
sponsibility is always accounted to the client, i.e. in the case of FCC it 
would be CERN, which must deal with management of excavation ma-
terial and final use or disposal. As described above, CERN has performed 
a vast amount of sample analyses along the current FCC layout. These 
results will be further used for planning an optimised use already before 

construction. 
Final and interim disposal locations must be implemented as well as 

its associated transport routes considering distances and relief condi-
tions; furthermore, type of transport vehicles, e.g. conveyor belt or rail 
and their impacts on environment and project costs must be clearly 
stated. The decision process consists in a multi-factor analysis of several 
aspects related to environmental impact: for example, analyses of dust 
produced by trucks or conveyor belts, noise mitigation and re- 
cultivation of surrounding areas after the project’s end must be 
accounted properly. These dedicated areas, which in the case of the 
Lötschberg Base tunnel covered up to 20  ha (Teuscher et al., 2007), 
might exceed FCC’s required space due to its excavated quantities. 
Lötschberg, Gotthard, HL-LHC and TELT suggest a minimum of three use 
classes, e.g. F1, F2, F3 with sub-classes (a, b, c), specifying each use 
scenario in more detail, which might apply for FCC, too.Specific appli-
cation classes for FCC’s will be presented in a separate study. Former 
values of encountered Molasse formation restricted to the construction 
area of CERN’s LHC are available in Table 2. 

Besides the management of excavated material, the type of excava-
tion, i.e. conventional or mechanised tunnelling, must be mentioned in 
the material management plan. The type of machines required for pro-
cessing to transport the material and forecasting mean and maximum 
volumes of excavated material is closely associated. Potential applica-
tions of excavated material depend on a preceding rock characterisation 
based on mineralogical, chemical, petrophysical and geomechanical 
laboratory tests. For the development of a material management plan, 
data from existing boreholes (subsurface geology) and outcrops (surface 
geology) needs to be analysed. Regardless of whether the concept relies 
on data from site investigations or existing boreholes, it is continuously 
updated as new information is acquired, even during construction 
phase. 

Fig. 1. Laboratory analyses of samples taken from wells, outcrops (Out) and excavation sites (Exc) along FCC’s proposed tunnel alignment. Different types of samples 
(cuttings, full cores, half cores, plugs) and sample fractions (<400  μm, <63  μm, <20  μm) have been used depending on analysis requirements. Its results are 
implemented into a conceptual flow model for identifying potential application scenarios of excavated material. Vp = compressional wave velocity, Vs = shear wave 
velocity, ICP-OES = Inductively Coupled Plasma Optical Emission Spectrometry, ICP-MS = Inductively Coupled Plasma Mass Spectrometry, pXRF = portable X-ray 
fluorescence, XRD = X-ray diffraction, FTIR = Fourier Transform Infrared spectroscopy, QEMSCAN = automated mineralogy (electron microscope), TC-TIC = carbon 
content determination, CEC = effective cation exchange capacity via [Cu(trien)3]2+ complex, ICP-CEC = exchangeable cations via ICP-OES, Cuvette = anion an-
alyses, Keeling = water vapour adsorption, EnslinNeff = water absorption, BET = specific surface, UCS = uniaxial compressive strength, LCPC = Laboratoire Central 
des Ponts et Chaussées (breakability), CERCHAR = abrasivity. 
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Since FCC will be based in two adjacent countries, transnational 
transport of waste should be discussed in the framework of the Basel 
convention (Swiss Confederation, 1989). As experiences with the 
HL-LHC project showed, a difference in predicted and experiences with 
the levels of hydrocarbon pollution and associated usage of excavated 
material (25% versus 35%) might be expected. Therefore, a sensitivity 
analysis proves to be an essential part of quantitative and qualitative risk 
assessment for contamination of FCC’s proposed construction lots to 
avoid massive divergence between percentage of pollution and associ-
ated dumping costs. Such a risk study is currently ongoing and based on 
the outcome of geochemical and mineralogical laboratory analyses 
concluding on potential contaminations. 

5.2. Laboratory analyses for rock characterisation of FCC’s excavated 
material 

So far, more than 600 existing boreholes were identified relevant for 
FCC’s subsurface infrastructure originating from French and Swiss na-
tional or cantonal geothermal drillings, water wells, hydrocarbon 
exploration and site investigation wells across the Geneva Basin. Sam-
ples were taken at these well locations and contemplated by outcrop 
samples for surface geology correlations. An overview of currently 
performed laboratory tests and geophysical well logging analyses can be 
taken from Fig. 1. An advanced rock characterisation based on these 
analyses will be presented in a separate study. Here, focus is spent on the 
technical cause and logistical approach of these analyses. A thorough 
understanding of the underlying geological conditions is required to 
analyse, evaluate and interpret its geomechanical and petrophysical 
behaviour as well as its mineralogical and chemical composition. These 
small-scale laboratory analyses will be further upscaled by modelling 
chemical, mineralogical and geomechanical distributions. Within the 
next decade, large-scale (field) tests conducted before start of con-
struction are planned. Site investigations will be needed to continuously 
update the models and fine-tune rock classification. 

FCC’s main geological formations primarily refer to Molasse deposits 
representing intercalations of sandstone, marl, conglomerate, anhy-
drite/gypsum and contaminating substances such as hydrocarbons or 
heavy metal ions similar to the HL-LHC and Grand Paris Express pro-
jects. On top of that, karstic formations, swelling rock and potential 
geological faults bear tunnelling risks that need to be overcome as much 
as the usage of further encountered formations like unconsolidated 
sediments and limestone. 

There is still a significant amount of uncertainty as to the prediction 
of a distribution of polluted material, despite the implementation of a 
consequent geotechnical investigation campaign. Hydrocarbon pollu-
tion, respectively bitumen and/or gas, may be present in a large part of 
FCC’s excavated Molasse formation. In fact, it was of the order of 35% in 
the case of HL-LHC Point 1. Therefore, this will be considered as one of 
the main environmental challenges during the construction for FCC. 

The current highest-ranked usage value of excavated material is the 
production of concrete aggregates as showed in the Gotthard, 
Lötschberg, HL-LHC or TELT projects (AlpTransit Gotthard, 2017; Bur-
din and Monin, 2009; Teuscher et al., 2007; Voit et al., 2015). The 
application of face stabilization foam and geopolymers bear potential 
especially for fine-grained, clay-rich rock material as this is the case for 
FCC’s Molasse formation (Minder et al., 2016; Zumsteg et al., 2013). 
Requirements and on-site demands must comply with industrial pro-
cessing companies and consumers in the surrounding area to guarantee 
regional sustainability. A first proposed rock characterisation in FCC’s 
conceptual design volumes (CDRs) differentiates between hard rock and 
soft rock (Abada et al., 2019) and is coordinated in accordance with 
expected masses of excavated material, the possibility of a 
self-supporting jobsite and a resource-efficient industrial utilisation at 
each FCC lot. It considers the ecological intermediate storage of over-
supply in excavated material to cover future demands, and the usage, 
respectively disposal, of low-quality material. Transport routes, material 

specific processing, intermediate storage and landfilling must also be 
taken into consideration in terms of CO2 emissions. 

In order to respond to FCC’s excavation efficiency requirements 
(Haas et al., 2020b), an innovative material management concept might 
be introduced based on an on-line analysis (on conveyer belt) and 
associated database. This database, similar to the European soil data 
centre (Panagos et al., 2012) should contain a matrix with integrated 
specific requirements for the relevant usage and further processing of 
raw material from industrial companies. The individual utilisation sce-
narios can then be derived from this matrix. During both site in-
vestigations and construction, data of rock material is continuously 
gathered and, based on the resulting rock composition, distributed to 
adequate application classes and processing units. Using the database, 
the constructor can thus immediately determine the use application 
potential and match with local processing companies. Moreover, legal 
requirements and pollutant thresholds should be entered in this data-
base and intermediate purchasers as well as processing companies could 
access this database and input their technical requirements, e.g. material 
properties, time of demand, excavated volumes andmaximum transport 
distances for a successful application. Haas et al. (2020b) proposed an 
on-line analysis on a TBM conveyor belt that continuously transfers the 
measured results to the data control centre while excavated material is 
classified by direct comparison with the required specifications in the 
online database. This could be one of FCC’s aims to apply such a concept 
and sort excavated material into different categories during TBM exca-
vation. The extensive amount of various laboratory analyses is one of the 
reasons to provide optimized measuring devices to analyse the material 
in the subsurface. In parallel, the analysis data is used for the self-supply 
of the jobsite with excavated material. In case the properties of the 
excavated material do not comply with the quality requirements for 
direct applicability at the jobsite or in industry, then it could be used for 
embankments or landfilling, ultimately. 

Environmental impacts like production of noise and dust will 
significantly be reduced by using excavated material on-site and un-
derground. Mass flow analyses are performed following the concept first 
introduced in 1991 (Baccini and Brunner, 1991). The reason for 
applying these methods is to compare different application scenarios 
and disposal. Substitution effects caused by replacement of primary 
material with excavation material are identified and quantified. 
Considering these aspects, underground constructions in the future 
would substantially contribute to resource-efficient and CO2-reduced 
emissions. 

5.3. Discussion of FCC’s processing plant infrastructure 

Laboratory analyses are followed by processing plants using recy-
cling units like crushers and sieves. Excavation material is used on-site 
as construction material or transported to industrial clients. FCC’s 
goals are a maximum waste and disposal reduction. Proper processing 
equipment are the key factor for a successful usage for both on-site and 
industrial supply. The Brenner Base tunnel was one of the few examples 
to use a dynamic three-phase processing procedure that was optimized 
by large-scale tests of several thousands of tons. Based on the BBT 

Table 3 
Standard values for aggregates for concrete applicability of sandstone, quartzitic 
sandstone and quartzite/grauwacke, which covers FCC’s Molasse formation. 
Quartzite/grauwacke values depict upper limits, sandstone values represent 
lower limits (Locher, 2000; Röhling et al., 2012)  

parameter unit lower limit upper limit 

bulk density kg/m3 2.00 2.65 
true density kg/m3 2.00 2.68 
adsorption of water (after EN 52103) % 0.2 0.9 
compressive strength N/mm2 30 300 
Young’s modulus N/mm2 2 60 
thermal expansion coefficient, 0–60  ◦C 10− 6/K 11 11.8  
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example, this could imply train terminals and train stations, dedicated 
areas to load and unload trains, conveyor belts and buffer support 
required in conjunction with processing advancement. Conveyor belts 
offer reasonable flexibility to automate analyses, rock characterisation 
and processing of excavation material to ensure sustainable transport. 

Measuring equipment for on-line-measurements needs to be installed 
directly onto the hauling installations (Müller et al., 2011). The main 
parameters of the material concerning its suitability as a resource, are 
chemical impurities, grain size distribution, water content, grain shape 
and mass flow. The main on-line chemical method currently used is 
prompt gamma neutron activation analysis (PGNAA) and grain size 
distribution analyses. 

5.4. Potential applications for FCC’s excavated material 

As further application scenarios of excavated material will be pro-
gressively checked within the scope of chemical, mineralogical, petro-
physical and geomechanical laboratory analyses, one promising option 
is the production of concrete aggregates based on existing data about 
sandstones, marls and conglomerates as part of the Molasse formation. 
Further scenarios are discussed below in more detail. 

5.4.1. Concrete aggregate production 
Certain standardised rock parameters as depicted in Table 4 must be 

fulfilled by FCC’s excavated material before they are considered for 
concrete usage. These properties include grain form, grain size, grain 
distribution, inherent strength, lack of harmful substances such as (ad-
hesive) clay, sulphur compounds and organic substances. FCC’s 

subsurface geology is split into three main geological formations, so far: 
moraine formation, Molasse formation and limestone formation. FCC’s 
encountered sedimentary Molasse deposits consist of irregular layers 
and lenses of marls and sandstones that originate from alpine erosion 
(Pfiffner, 2014). 

Petrographic descriptions (European Commission, 2020) and a series 
of qualification tests are required to test if excavated material can be 
applied as aggregates for concrete production. Whenever sediment rock 
is used for a potential concrete usage, its petrographic origin including 
its geological age and type of origin must be supplied according to DIN 
EN 932-3. In the case of FCC, concrete applicability description of its 
excavated material would be: Lower Marine Molasse (geological term), 
accumulated in the Geneva Basin (location) in Middle Oligocene 
(geological time) due to alpine orogeny (geological cause). Laboratory 
tests of rock include breakability tests such as the Los Angeles (LA) test 
(Association française de normalisation, 2018), rock strength tests such 
as the unconfined compressive strength (UCS) or related indices like a 
point load (PL) test (International Society for Rock Mechanics and Rock 
Engineering, 1972), indications of abrasivity tested via LCPC (Associa-
tion française de normalisation, 2013) and Cerchar tests. LA tests are 
used for both rock and concrete material, whereas chips from TBM and 
rock fragments from drill and blast excavation are suitable. According to 
Swiss standards, concrete aggregates need to have the following char-
acteristics to be feasible for further usage: minimum rock strength, low 
chemical contamination, low alkali aggregate reactions, mean grain size 
distribution and grain shape according to EN 12620. Often, a value of 
100  N/mm2 is mentioned (Dubuisson, 1995; Natursteineindustrie 
Bundesverband, 1993), whereas research at the Gotthard Base tunnel 
showed a sufficient value of 75  N/mm2 (Kruse and Weber, 1995). 
However, for in-situ lining, the latter value is too high and could be 
applicable only for concrete segments. Mortar research has shown that 
the amount, grain size and type of free mica strongly influences concrete 
applicability (Swiss Federal Laboratories for Materials science and 
Technology, 1998). First mineralogical X-ray diffraction (XRD) results of 
FCC samples revealed a high content of up to 38% of clay. Due to the 
Molasse’s heterogeneity, the approach for concrete production seems 
challenging since it contains fine-grained and clay minerals that would 
make the final product also frost sensitive. Further in-depth laboratory 
analyses to evaluate parameters of fresh concrete as depicted in Table 5 
will be necessary in addition. 

Experiences at the Lötschberg and Gotthard Base tunnels would 

Table 4 
Overview of parameters and associated standards to be checked for applicability 
as concrete aggregate for FCC’s excavated rock material published by the Eu-
ropean Norm committee.  

name of parameter standard 

grain shape FI DIN EN 933-3 
flakiness index SI DIN EN 933-3 
largest grain DIN EN 933-1 
bulk density DIN EN 1097-6 
grain size distribution DIN EN 933-2 / DIN EN 

1097-3 
fine proportion DIN EN 933-1 
sand equivalent value (SE) DIN EN 933-8 
methylene blue value (MB) DIN EN 933-9 
mussel shell content DIN EN 933-7 
resistance to fragmentation (LA coefficient) DIN EN 1097-2 
impact fragmentation value DIN EN 1097-2 
abrasion value (AAV) DIN EN 1097-8 
nordic abrasion coefficient (AN) DIN EN 1097-9 
polishing value (PSV) DIN EN 1097-8 
micro-deval coefficient (MDE) DIN EN 1097-1 
content of water-soluble chloride ions DIN EN 1744-1 
content of acid-soluble chloride ions DIN EN 1744-5 
acid-soluble sulphate content DIN EN 1744-1 
total sulphur content DIN EN 1744-1 
humus DIN EN 1744-1 
fulvic acid DIN EN 1744-1 
carbonate content of aggregates DIN EN 196-21 
shrinkage due to drying of aggregates DIN EN 1367-4 
water absorption DIN EN 1097–6:2013 
water absorption as preliminary test for frost-thaw 

cycle resistance 
DIN EN 1097–6:2013 

frost-thaw cycle resistance DIN EN 1367-1 
frost-thaw change with simultaneous exposure to salt DIN EN 1367-6 
magnesium sulphate value DIN EN 1367-2 
alcali silica reactivity CEN/TR 16349 
angularity of fine aggregates DIN EN 933-6 
flow coefficients ECS DIN EN 933-6 
percentage of partically/fully broken and rounded 

grains 
DIN EN 933-5  

Table 5 
Required parameters to test on fresh concrete according to European standards.  

name of parameter standard 

shape, dimensions and other requirements of specimen and moulds EN 12390-1 
preparing and curing specimen for strength tests EN 12390-2 
compressive strength EN 12390-3 
largest grain EN 12620 
compaction measure EN 12350-4 
spreading EN 12350-5 
water leaching tendency EN 480-4 
heat generation during hardening EN 12390- 

15 
shrinkage EN 12390- 

16 
tensile splitting strength EN 12390-6 
determination of carbonation resistance at atmospheric levels of 

carbon dioxide 
EN 12390- 
10 

determination of chloride resistanc, unidierctional diffusion EN 12390- 
11 

determination of carbonation resistance, accelerated carbonation 
method 

EN 12390- 
12 

depth of water penetration under pressure EN 12390-8 
bulk density (fresh and hardened concrete) EN 12390-7 
determination of creep of concrete in compression EN 12390- 

17 
determination of chloride migration coefficient EN 12390- 

18  
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suggest that the contractor is responsible for concrete production while 
the owner would be responsible for the concrete mixture whose 
observed standard must be indicated. Hence, the project client is 
awarded with a double role: on one hand as the own supplier for raw 
material to the industrial consumers, who will accept the material for 
concrete production; and on the other hand, as the consumer, who might 
buy the final concrete product from these processing plants for con-
struction purposes. In any case, however, concrete analyses must be 
undertaken by the project owner. Amongst many quality controls, 
concrete tests must include resistance against alkali-aggregate-reactions 
(AAR) and conclude in suggestions for the optimal concrete mixture for 
construction. AAR prevention is a typical Swiss and French approach 
originating from the French standards (Association française de nor-
malisation, 1990), and could be applied to the three Swiss FCC lots 
foreseen in FCC’s current tunnel layout. AAR prevention is given once it 
fulfils the requirements stated in AFNOR P18-454 (Association française 
de normalisation, 2004). Potential reactivity is analysed via microbar 
tests as described in AFNOR P18-594 document (Association française 
de normalisation, 2015). With respect to the three reaction types of AAR, 
Swiss legislation only contains alcali silicic acid reaction and alcali sil-
icate reaction. The alkali carbonate reaction is subject of current legal 
developments. However, as certain amounts of carbonates are present in 
FCC’s Molasse formation, this would imply trans-national passage. 
Triggers of these chemical reactions is caused by a high amount of hu-
midity, high alcali concentrations in the pore fluid and reactive com-
ponents in the rock material. Thresholds of alcali concentrations and 
fine-grained particles are treated in EN 450-1 (European Commission, 
2012). Aggregates added to the concrete mixture define its final 
strength, stress behaviour and make up between 65 and 80% of the main 
component’s volume. Under environmental conditions such as rain, 
snow or wind, the aggregate should not dissolve, decompose or soften. 
Environmental cases demand frost-thaw and wear resistance. Stand-
ardised descriptions accountable for concrete aggregates are found in 
European norms EN 12620:2008–07 (aggregates) and EN 13055–1:2008 
(light aggregates) as well as in NF P 18–545 for France. 

Besides existing procedures of common concrete mixtures, standard 
EN 206/CN has enabled the creation of engineering concretes and 
development of geopolymer binders from sedimentary rock powder 
(Lahoti et al., 2017). Further discussions should lead to the modification 
of standards and common practices since it is not yet clearly stated in NF 
EN 206/CN. The Swiss Alpine-NEAT crossings implying the Lötschberg 
and Gotthard tunnels were one of the first projects that particularly 
required a permit given on the compulsory condition of using excavation 
material. Under this impetus, the players in other major projects began 
to integrate this discipline into the preparation of contractual docu-
ments. AFTES provided a first recommandation (recommendation) on the 
subject to support project owners, engineering offices and contractors 
describing the legal procedure (Association Française des Tunnels Et De 
L’Espace Souterrain, 2019). 

Once the raw rock material fulfils the required parameters, further 
analyses need to be performed on fresh and hardened concrete as listed 
in Table 5. The Deutscher Ausschuss für Stahlbeton (German Committee for 
Reinforced Concrete) (Deutscher Ausschuss für Stahlbeton DAfStb, 2001) 
suggests preventions against harmful alcali reactions within the con-
crete in their guideline. Rock strength and elastic properties of final 
concrete highly depend on the source ingredients and its related phys-
ical parameters. Even though a high rock strength is intended as input 
material for concrete production, low elastic parameters such as Young’s 
modulus does not necessarily impact the concrete. In fact, low elastic 
values are favoured for concrete as they minimize cracking and damage 
behaviour to punctual pressure (Thalmann et al., 2003). While it has 
become an integrated procedure in subsurface projects to use limestone 
as aggregates for concrete production or, in the cases of Gotthard and 
Lötschberg Base tunnels also as additives, a potential use of rocks 
encountered in the Molasse formation for concrete applicability in the 
FCC study has yet not been fully investigated. Both glacial, 

unconsolidated sediments and limestone formation will be included in 
future studies as they make up about 10.3% of the total volume of 
excavated material in the current FCC subsurface layout. Depending on 
future alignment optimizations, this value might increase up to 15% and 
hence, is significant for the FCC study. 

5.4.2. Further potential applications of FCC’s excavated material 
Parameters analysed in laboratories and stated in Table 2 might 

imply further application scenarios beyond concrete production that are 
briefly discussed here, and are in line with parameters given for sedi-
mentary rock in Table 3. Agricultural use as soil mixture for the creation 
of vineyards is one feasible option similar to a study conducted in Lau-
sanne, Switzerland (Reynard and Estoppey, 2020). Besides agricultural 
use, sealing of dumps might be given by the Molasse’s clayey compo-
sition, as well as face support in the case of an EPB-TBM construction as 
geopolymers or different mixtures of bentonite for slurry-TBM pressure 
stabilizers (Minder et al., 2016; Zumsteg et al., 2013) could all imply 
feasible application scenarios of excavated material. Recultivation using 
excavated material for soil replacements as proved by experiments at the 
Koralm tunnel (Schubel and Schaffer, 2020) or creating embankments 
and landfilling should also not be excluded at this early stage of 
pre-investigations. 

5.5. Impact of excavation method 

The type of excavation influences processing equipment, which 
further needs to be adapted a priori to different usages of excavated 
material. The shape of excavated rock can either be blocky (drill and 
blast) or in chip format of different length (TBM), which highly depends 
on the disc spacing (Entacher et al., 2014). The grain size distribution 
varies extensively among conventional and mechanised tunnelling. 
Ranges of 0–150  mm are typical for TBMs and 0–900  mm for drill and 
blast advancement (Fachgruppe für Untertagebau (FGU), 2016). TBM 
cutter spacing between 80 and 90  mm are common and research has 
shown spacings of up to 130  mm for hard rock such as granodiorite 
(Büchi and Thalmann, 1995). The platy shape of chips during TBM fa-
vours geomechanical analyses as well as processing for further use. 
Chemical admixtures during face stabilization for slurry- and EPB-TBMs 
contaminate the material in a way that makes it impossible to properly 
process the material posteriori. Swiss legislation does not yet imply so-
lutions for surfactants being incorporated into excavation material as 
part of EPB excavation. Nitrites and nitrates during drill and blast are 
common contaminates. For concrete production, this would mean that 
an additional washing processing removing the nitrates and nitrites 
would need to be installed. Sequential blasting produces 0–600  mm 
grains. 

Excavated material from mechanised tunnelling must be cleaned 
more accurately when compared to conventional methods in particular 
for subsequent, potential concrete production. This will likely require a 
high supply of dewatering presses and voluminous washing drums to 
remove fine-grained particles (<0.063  mm). Portions of up to 12% of 
fine-grained particles are possible when excavating with a TBM (Thal-
mann et al., 2003). Dedicated vertical impact crushers need to be tuned 
for breaking TBM rock fragments efficiently without producing exces-
sive sand surplus. As shown in previous sections, excavated material 
above 8  mm of grain size must be crushed to fulfil concrete aggregate 
specifications. Chemical and biochemical treatment of FCC’s excavated 
material including chromium, nickel and hydrocarbon contamination 
further hamper the cleaning process. This fact emphasises a thorough 
FCC geological investigation since environmental impact assessment 
drives construction approval. 

A world-wide trend tends towards mechanised tunnelling for 80% of 
linear works; approximately 80% of these works are carried out in soft 
ground (Burdin, 2015) and foreseen for FCC’s soft (Molasse) rock 
excavation. For FCC’s mechanised tunnelling, TBM disk spacing is 
crucial to understand the impact on processing excavation material. 
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Additionally, the type of TBM (e.g. EPB machine) has a huge impact on 
further use of excavated material since added conditioners to stabilize 
the face must be removed in further processing steps. Coarse-grained 
material should be preferred for later processing since fine-grained 
material is not suitable for e.g. concrete production. For conventional 
tunnelling, longer time-shifted blasting intervals are required to obtain 
coarse-grained material. 

With respect to processing the material to useablematerial, crushing 
needs to be adapted for each application purpose. Local industries 
should be contacted to implement a classification model that includes 
geomechanical, petrophysical, mineralogical parameters in compliance 
with chemical and clay analyses of the material. Pre-investigation 

results of FCC as currently conducted will play a significant role for first 
estimations before any site investigation campaigns have been started. 
These laboratory results will be presented in a separate study and 
comply well with the database concept introduced earlier. 

The quality assurance on-site (e.g. via on-line monitoring) is a clos-
ing aspect to guarantee the implementation of a contractual model on 
the construction site. A conceptual flow model for FCC with respect to 
type of excavation and its associated rock classification based on 
different laboratory analyses and geophysical well logs is suggested in 
Fig. 2. 

Fig. 2. Proposed conceptual flow model for subsurface infrastructure projects, including FCC, deriving and deciding on applications for excavated material based on 
legislation (1), data availability (2) and rock characterisation (3), which further influences laboratory and field tests (4) and implies tunnelling excavation techniques 
(5a). Simultaneously, potential excavation techniques based on experience from regional projects are evaluated (5b), leading to two distinguished rock classes with 
respect to excavation method and applicability of excavated material (6). Depending on excavation technique, excavated material is processed and scenarios for the 
application of excavated material (7) are derived. Essential rock parameters issue from geophysical wireline logs, petrophysical, geomechanical, mineralogical, 
chemical and clay analyses. Under (4), for each set of parameters, laboratory analyses are shown on the left-hand side, and well log equivalent parameters on the 
right-hand side, respectively. GPR  =  ground penetrating radar, GR  =  gamma ray log, SP  =  spontaneous potential log, DT  =  delta-time (sonic) log, 
RHOB  =  bulk density log, NEUT  =  neutron porosity log, NMR  =  nuclear magnetic resonance log, XRF  =  X-Ray fluorescence, ICP  =  inductively coupled 
plasma, XRD  =  X-Ray diffractometry, QEMSCAN  =  automated mineralogical & petrography detection (electron microscope), FTIR = Fourier Transform Infrared 
spectroscopy, TOC  =  total organic carbon, CEC  =  cation exchange capacity, LCPC  =  Laboratoire Central des Ponts et Chaussées abrasivity, UCS  =  uni-axial 
compressive strength, TRIAX  =  tri-axial compressive strength, PL  =  point load, BRA = Brazilian tensile strength, Vp  =  compressional wave velocity, Vs  =  shear 
wave velocity, Vgrain  =  grain volume, archim.  =  porosity measurement after Archimedes principle, porosim  =  porosity measurement after Boyle’s law, 
permea.  =  permeability measurement with permeameter, mercury  =  mercury intrusion porosimetry, resistiv.  =  resistivity measurements, laser gran  =  laser 
granulometry for fine-grained material, N2-BET = Brunauer-Emmett-Teller clay surface analysis, Keeling  =  water vapour adsorption after Keeling, Enslin- 
Neff  =  water absorption behaviour for water uptake capacity (swelling). All analyses have been conducted over the past 1.5 years and will provide a first rock 
characterisation for FCC’s encountered geology. 
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5.6. Potential disposal for FCC’s excavated material 

Having one of the highest construction and demolition waste (C&D) 
production of 246 mio. tons in 2012 (Akhtar and Sarmah, 2018), France 
aims for a maximum use of excavated tunnel material. Construction sites 
are subject to waste regulations resulting from the Waste Framework 
Directive 2008/98/EC and the legislative and regulatory provisions in 
the environment code. 

The Euralpin Lyon-Turin tunnel, Grand Paris Express project, La 
Ligne Nouvelle Provence Côte d’Azur (LN PCA) and the CIGEO projects 
are currently France’s most ambitious underground undertakings and 
might be superseded by FCC construction. In France, the status of déchets 
(waste) is not applied to excavated material used on construction site. 
Thus, excavated material leaving the defined construction area is 
considered waste although the matériaux (material) might be further 
used outside. France uses the legal empowering waste status to direct 
construction companies towards a more sustainable, environmental- 
friendly treatment of excavated material. This is treated mutually in 
Switzerland and anchored in both cantonal and federal legislation. 
Parallel, trans-national projects in the French région (region) of 
Auvergne-Rhône Alps would influence FCC (e.g. Lyon-Turin) signifi-
cantly according to these governmental targets since subsurface projects 
are cumulatively summarized per region in terms of excavated volumes. 

Legal authorities, public organisations, and administrations of the 
French Ministry of Ecological Transition push for waste valorisation and 
publish recommendations and guidelines for the usage of excavated 
material. The two major entities are the Association Française des Tunnels 
et De L’Espace Souterrain (AFTES) and the central technical service Le 
Centre D’Etudes des Tunnels (CETU) linked to the French ministry of 
environment and Direction Générale des Infrastructures, des Transports et 
de la Mer (Directorate General for Infrastructure, Transport and Oceans) 
providing technical support to national tunnelling projects, in con-
junctions with e.g. Standard NFP11-300 Execution of earthworks, 
Classification of materials useable in the construction of embankments 
and road infrastructure form layers and the SETRA’s technical guide 
(CEREMA, 2021). Legally binding regulations, in particular disposal 
classes as stated in Table 6 and its associated threshold limits for 
chemical pollutants will become significantly important as mineable 
resources get dramatically less in future. A thorough review of European 
legislation for excavated material can be taken from Haas et al. (2020b). 

In France, waste can be classified implicitly under certain conditions, 
which allow the transformation of waste into a resource. Excavated 
material removed from a French or Swiss construction site, whether 
polluted or not, takes on the status of waste. In this case, the operator of 
the excavation is responsible for the excavated material. Then, legal 

treatment methods apply in accordance with Article L. 541-1 of the 
Environment Code as follows: (1) reducing production and harmfulness, 
(2) use of excavated material on site, (3) material recovery (particularly 
in development or via the backfilling of quarries) and (4) elimination. 
This complies with chemical and mineralogical laboratory analyses and 
associated pollutants, which are currently identified for FCC as part of its 
extensive laboratory analyses. 

6. Conclusions 

Subsurface infrastructure projects pave the way to potential re-
sources via sophisticated concepts on how to valorise, respectively use 
excavated material reaching an increasing level of environmental sig-
nificance. A common goal of subsurface projects is to maximize the use 
of excavated material, produce sustainable products and minimize 
landfilling as one of the low-quality application scenarios. The status of 
waste is a tool to control environmental impacts, and valorisation is 
strongly encouraged. 

Based on an extensive review of subsurface case studies, potential 
application scenarios of FCC’s proposed excavated material were eval-
uated in this study. Apart from concrete production being one of the 
options, an improved rock characterisation and subsequent applications 
of excavated material are in line with on-line analyses mounted on TBMs 
and stored in a dedicated database. FCC aims towards the development 
of a material management concept succeeding an extensive sampling 
and testing procedure. Close collaborations with the authorities of the 
two countries impacted by the FCC construction, France and 
Switzerland, have been established with national and cantonal author-
ities to ensure adequate legislation review years before start of 
construction. 

The management and remediation of excavated material from sub-
surface projects need to be further optimised in future. This is particu-
larly crucial for a common database, which should summarize all 
relevant construction and excavation analyses. FCC’s proposed 90-100 
km subsurface infrastrucutre exhibits an example of early-stage in-
vestigations, an extensive set of performed laboratory analyses for rock 
characterisation, trans-national project management and communica-
tion among the project owner and its associated collaborating partners 
and governmental authorities. This paper has outlined both technical, i. 
e. geological and environmental limiting factors that might impact 
efficient application concepts. 

The upcoming decade will be used to conduct geological site in-
vestigations to create a thorough material management plan in accor-
dance with French and Swiss authorities and improve FCC’s geological 
subsurface model, which will feature results from preceding laboratory 

Table 6 
Swiss and French disposal classes with associated chemical pollutant thresholds (status 2021). Hydrocarbon (HC) pollution substantially influenced the environmental 
impact assessment related to the HL-LHC project. ISDI  =  inert waste, ISDND  =  non-inert non-hazardous waste, ISDD  =  dangerous waste. *Approximate industry 
prices based on High-Luminosity LHC project as of year 2018. *E+ often treated individually for each construction site dependant on highest concentrations of 
pollutants. **Standardised leaching test to be applied after NF EN 12457-2. Values refer to dry substances only, according to the Ordinance on the Limitation and 
Disposal of Waste (OLED), RO 2015 5699 of December 4, 2015 as of January 1, 2019, the Order of February 15, 2016 on non-hazardous waste storage facilities, JORF 
n◦0069 of March 22, 2016, text n◦3 and Order of December 12, 2014 on the conditions of admission of inert waste in facilities falling under headings 2515, 2516, 2517 
and in inert waste storage facilities falling under heading 2760 of the nomenclature of classified facilities, JORF n◦0289 of December 14, 2014 page 21032, text n◦11.  

Country Disposal class Prices* per ton (CHF for CH, EUR for 
FR) 

HCC5-C10 (mg/ 
kg) 

HCC10-C40 (mg/ 
kg) 

Crtotal (mg/ 
kg) 

Cr(VI) (mg/ 
kg) 

Ni (mg/ 
kg) 

Switzerland A 25 <1 <50 <50 – <50  
B 60 1–10 50–500 50–500 – 50–500  
E 150 10–100 500–5000 500–1000 <0.5 –  
E+ 200* >100 >5000 – >0.5 –    

Total organic carbon mg/kg    
France Aménagement (BRGM guideline 

2000)   
<90 – <60  

ISDI 3 <500 <0.5** – <0.4  
ISDND 60 50000 10-70** – 10–40  
ISDD 140 60000 >70** – >40  
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analyses. Potential application of excavated material might arise from 
gravel and sandy material and perhaps used for concrete production. It is 
important to analyse individual scenarios in more detail, i.e. to check 
concrete applicability and its associated problems with alcali aggregate 
reactions, frost resistance or high sulphate concentrations as well as the 
use of geopolymers. 

Future research goals to be presented in separate studies consist of 
the derivation of a detailed stratigraphic understanding of FCC’s 
geological formations in the Geneva Basin. This also includes evaluation 
and potential correlations among performed laboratory analyses. In 
addition, associated geophysical well-log data would enable the iden-
tification of sandy and shaly layers, calculations of rock strength pa-
rameters and elastic properties during site investigations, to be linked to 
potential application scenarios. 
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Barjhoux, P., Barna, D., Barnaföldi, G.G., Barnes, M.J., Barr, A., Barranco García, J., 
da Costa, J., Bartmann, W., Baryshevsky, V., Barzi, E., Bass, S.A., Bastianin, A., 
Baudouy, B., Bauer, F., Bauer, M., Baumgartner, T., Bautista-Guzmán, I., 
Bayindir, C., Beaudette, F., Bedeschi, F., Béguin, M., Bellafont, I., Bellagamba, L., 
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Basistunnels, pp. 43–50. 

Becker, L., Golser, J., Kraiger, H., Stieber, B., 1997. Recycling and deposition of 
excavation material. Felsbau 15, 108–110. 

Benedikt, M., Blondel, A., Janot, P., Mangano, M., Zimmermann, F., 2020. Future 
circular colliders succeeding the LHC. Nat. Phys. 16, 402–407. https://doi.org/ 
10.1038/s41567-020-0856-2. 

Bergmeister, K., 2007. Alpenquerende Tunnel Projektübersicht und 
Materialbewirtschaftung beim Brenner Basistunnel. Beton- Stahlbetonbau 102, 
19–23. https://doi.org/10.1002/best.200600529. 

Bergmeister, K., 2013. Vorerkundung und Baufortschritt beim Brenner Basistunnel. 
Beton- Stahlbetonbau 108, 35–42. https://doi.org/10.1002/best.201380006. 

Blengini, G., Garbarino, E., 2010. Resources and waste management in Turin (Italy): the 
role of recycled aggregates in the sustainable supply mix. J. Clean. Prod. 18, 
1021–1030. https://doi.org/10.1016/j.jclepro.2010.01.027. 

Bruning, O., Klein, M., Myers, S., Osborne, J., Rossi, L., Waaijer, C., Zimmermann, F., 
2013. Civil engineering feasibility studies for future ring colliders at cern. IPAC 2013 
Proc. 4th Int. Part. Accel. Conf. 969–971. 

Büchi, E., Thalmann, C., 1995. Wiederverwertung von TBM-Ausbruchmaterial. Einfluss 
des Schneidrollenabstands. TBM Know-how zum Projekt NEAT. In: Atlas Copco- 
Robbins Symposium, 16. März. Lucerne, Switzerland, p. 9. 

Bufalini, M., Dati, G., Rocca, M., Scevaroli, R., 2017. The Mont cenis base tunnel. 
Geomech. Tunnelbau 10, 246–255. https://doi.org/10.1002/geot.201700009. 

Bundesministerium Klimaschutz Umwelt Energie Mobilität Innovation und Technologie, 
2017. Bundesabfallwirtschaftsplan. BMK [WWW document]. https://www.bmlrt.gv. 
at/umwelt/abfall-ressourcen/bundes-abfallwirtschaftsplan/BAWP2017-Final.html. 
(Accessed 6 May 2020). 

Bundesministerium Landwirtschaft Regionen und Tourismus, 2008. Deponieverordnung 
2008 [WWW document]. BMK. https://www.ris.bka.gv. 
at/GeltendeFassung/Bundesnormen/20005653/DVO 2008%2C Fassung vom 19.02 
.2020.pdf. (Accessed 19 February 2020). 

Bundesverband, Natursteineindustrie, 1993. Bauen mit Splittbeton. Bundesverband 
Naturstein-Industrie e.V., Bonn.  

Burdin, J., 2015. L’utilisation de granulats provenant de la transformation des matériaux 
d’excavation des tunnels pour la fabrication des betons. AFGC, 18 et 19 Mars, p. 12. 

Burdin, J., Monin, N., 2009. The management of excavated materials from the Lyon- 
Turin rail link project. Geomech. Tunnelbau 2, 652–662. https://doi.org/10.1002/ 
geot.200900048. 

Burdin, J., Monin, N., Thalmann, C., 2017. L’utilisation des matériaux extraits des 
ouvrages souterrains, Entreprend. ed. DOSSIER - MATEX. 

Cabello Eras, J., Sagastume, A., Capote, D., Hens, L., Vandecasteele, C., 2013. Improving 
the environmental performance of an earthwork project using cleaner production 
strategies. J. Clean. Prod. 47, 368–376. https://doi.org/10.1016/j. 
jclepro.2012.11.026. 

CEREMA, 2021. Technical guide [WWW document]. https://www.cerema.fr/fr/centre 
-ressources/boutique/technical-guide-pot-bearings. (Accessed 1 July 2021). 

M. Haas et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0959-6526(21)02267-8/sref1
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref1
https://doi.org/10.1140/epjst/e2019-900045-4
https://doi.org/10.1016/j.jclepro.2018.03.085
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref81
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref81
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref5
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref5
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref5
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref4
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref4
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref6
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref6
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref7
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref7
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref7
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref7
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref9
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref9
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref9
https://doi.org/10.7551/mitpress/8720.001.0001
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref11
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref11
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref12
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref12
https://doi.org/10.1038/s41567-020-0856-2
https://doi.org/10.1038/s41567-020-0856-2
https://doi.org/10.1002/best.200600529
https://doi.org/10.1002/best.201380006
https://doi.org/10.1016/j.jclepro.2010.01.027
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref17
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref17
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref17
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref18
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref18
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref18
https://doi.org/10.1002/geot.201700009
https://www.bmlrt.gv.at/umwelt/abfall-ressourcen/bundes-abfallwirtschaftsplan/BAWP2017-Final.html
https://www.bmlrt.gv.at/umwelt/abfall-ressourcen/bundes-abfallwirtschaftsplan/BAWP2017-Final.html
https://www.ris.bka.gv.at/GeltendeFassung/Bundesnormen/20005653/DVO%202008%2C%20Fassung%20vom%2019.02.2020.pdf
https://www.ris.bka.gv.at/GeltendeFassung/Bundesnormen/20005653/DVO%202008%2C%20Fassung%20vom%2019.02.2020.pdf
https://www.ris.bka.gv.at/GeltendeFassung/Bundesnormen/20005653/DVO%202008%2C%20Fassung%20vom%2019.02.2020.pdf
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref22
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref22
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref23
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref23
https://doi.org/10.1002/geot.200900048
https://doi.org/10.1002/geot.200900048
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref25
http://refhub.elsevier.com/S0959-6526(21)02267-8/sref25
https://doi.org/10.1016/j.jclepro.2012.11.026
https://doi.org/10.1016/j.jclepro.2012.11.026
https://www.cerema.fr/fr/centre-ressources/boutique/technical-guide-pot-bearings
https://www.cerema.fr/fr/centre-ressources/boutique/technical-guide-pot-bearings


Journal of Cleaner Production 315 (2021) 128049

16

Stephen, S.O.M., 2020. Presentation of the Project Lyon-Turin Ferroviaire. TELT. 
Swiss Confederation, 1983. Federal act on the protection of the environment [WWW 

document]. https://www.admin.ch/opc/en/classified-compilation/19830267/2018 
01010000/814.01.pdf. (Accessed 24 February 2020). 

Swiss Confederation, 1989. Convention de Bâle sur le contrôle des mouvements 
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Ritzén, S., Sandström, G.Ö., 2017. Barriers to the circular economy – integration of 
perspectives and domains. Procedia CIRP 64, 7–12. https://doi.org/10.1016/J. 
PROCIR.2017.03.005. 

Robben, C., Wotruba, H., 2019. Sensor-based Ore sorting technology in mining—past, 
present and future. Minerals 9, 523. https://doi.org/10.3390/min9090523. 

Robinson, G., Kapo, K., 2004. A GIS analysis of suitability for construction aggregate 
recycling sites using regional transportation network and population density 
features. Resour. Conserv. Recycl. 42, 351–365. https://doi.org/10.1016/j. 
resconrec.2004.04.009. 

Rodríguez, G., Alegre, F.J., Martínez, G., 2007. The contribution of environmental 
management systems to the management of construction and demolition waste: the 
case of the Autonomous Community of Madrid (Spain). Resour. Conserv. Recycl. 50, 
334–349. https://doi.org/10.1016/J.RESCONREC.2006.06.008. 
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