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 Adapting Water Management to Climate 
Change – a technical and social Challenge
Prof. Dr.-Ing. Holger Schüttrumpf, RWTH Aachen University, Germany

The water-management sector faces major, pro-
found challenges. Heavy rainfall and floods, 
droughts and low-water events are affecting not 

only Germany but also other regions in Europe and the 
world with ever increasing frequency. For many years 
our main focus has been on flood events. Prominent 
examples in this context include the floods on the riv-
ers Rhine, Elbe, Danube and Oder in 1993, 1995, 1997, 
2002, 2010, 2013 and 2016. However, particularly in 
recent years, we have seen that low-water events and 
droughts can cause considerable economic and ecologi-
cal damage. In this context, the years 2018 and 2019 
are particularly worth mentioning. Anthropogenic cli-
mate change is likely to reinforce the trend toward more 
frequent extreme events, both low-water and flooding. 
Many trends are already clearly discernible, but on the 
other hand there are still considerable uncertainties due 
to the superimposition of natural processes by other an-
thropogenic measures from water management, agricul-
ture, industry and land use, and the variability of natural 
processes. 

Water Management is complex

Today’s water-management sector has evolved over 
many decades and is an established system of numerous, 
highly complex interrelationships with many depend-
encies. Important components of water management 
are in particular drinking-water supply, sewage disposal, 
flood protection, hydroelectricity, irrigation and drain-
age, the use of major rivers as modes of transport, and 
the use of surface and underground water by industry, 
municipalities, agriculture and nature. Because of the 
complexity of this system and the numerous interac-
tions and dependencies, it is impossible to adapt water 
management to climate change in the short term.

As an example of the complex challenges facing the 
water-management sector when adapting to climate 

change, I would like to mention 
the management of dams. Dams 
are structures with a working life 
that can reach several centuries. 
Many dams in Germany have now 
reached an age of well over 100 
years. For example, at the time of 
its completion in 1905, the Urft-
tal dam in the Eifel was the largest 
dam in Europe. Despite changes 
in boundary conditions, its func-
tionality and stability are still 
guaranteed, even after more than 
100 years. It is clear that adapting 
a dam built in 1900 and its cur-
rent management to the situation 
in 2100 is a major challenge. 

Adaptation to Climate 
Change must start today

The major challenges of climate 
change are linked to the two con-
cepts of adaptation and mitiga-
tion. Whereas mitigation essentially focuses on aspects 
of reducing greenhouse gases that are harmful to the cli-
mate, adaptation focuses on adapting our environment 
to climate change and its consequences.

Adaptation of the water-management sector to cli-
mate change is not exclusively an issue for future gen-
erations; despite the uncertainties outlined above, it 
must be started consistently today, and then continued 
on an ongoing basis. Greater variability of natural con-
ditions with more frequent and more severe extreme 
low-water and flooding events must be considered, 
possibly also in a chronological sequence of scenarios 
that still seem unrealistic to us today. Well-known 
catchwords in this context are ‘no-regret’ or ‘resilient’ 
measures and solutions. Both terms call for us to adapt 
water management to climate change in a way which 
works not only today, but which also takes adequate 
account of future situations, conditions, and scenarios 
without disadvantages for present and future genera-
tions. This requires long-term, interdisciplinary, sus-
tainable thinking from all those involved, as well as ad-
aptation or restructuring of the existing infrastructure. 
It must be taken into account here that the response 
times for any adaptation of the water-management sys-
tem are comparatively long. 
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Carbon dioxide from industrial flue gases associ-
ated with steel making, cement production and 
the chemical industry can be separated out and 
stored in deep geological formations. This article 
discusses the potential processes and their associ-
ated costs.
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Commercial Scale Carbon Dioxide Capture for 
the Storgae in the deep Underground and  
Enhanced Oil Recovery (EOR)
Dipl.-Ing. Torsten Buddenberg and Dr. Ing. habil. Christian Bergins, Mitsubishi Power Europe GmbH, Duisburg, Germany

Introduction

The industrial separation of carbon dioxide is a process 
that has been around for 100 years and was in fact first 
practised in about 1920. The first applications were used 
for cleaning natural and process gas and were based on 
amine scrubbing [1]. However today this is not the only 
technique available for removing carbon dioxide from 
flue or process gases [2]. The quoted technical report 
by the International Organisation for Standardisation 
(ISO) classifies the currently recognised processes into 
post-combustion capture, pre-combustion capture and 
oxyfuel combustion, where:

 ▶ Post-combustion capture involves the capture of 
CO2 from the flue gas stream using downstream 
CO2-separation technology.

 ▶ Pre-combustion capture entails the capture of 
CO2 from combustible gases, for example by acid 
gas scrubbing in natural gas processing.

 ▶ Oxyfuel combustion involves combustion with 
pure oxygen (and possibly re-circulated flue gases) 
to produce a CO2-rich flow with cryogenic process-
ing of the CO2.

All these three process paths require CO2 separation 
stages that can be categorised as shown in Fig. 1. How-
ever not all the capture methods referred-to have the 
same technical relevance. It would appear that as far as 
carbon separation on an industrial scale is concerned 
chemical absorption tends to be the preferred tech-
nique, this being used for both pre- and post-combus-
tion systems. The relevant literature also indicates that 

Fig. 1: Different types of CO2 separation process [2]

acceptance of this technology only applies to carbon 
dioxide emissions that cannot be eliminated, either 
now or in the years to come, by using renewable energy 
sources [3]. This especially relates to those industries, 
such as steel making and cement manufacturing, cur-
rently supplying products that will certainly still be 
needed after 2050. Moreover, carbon capture and stor-
age (CCS) will not only contribute to the avoidance of 
carbon dioxide emissions but will in fact create nega-
tive emissions if, for example, biomass fuel combustors 
are operated with CCS systems [4]. However, these 
installations are very expensive and few projects of this 
kind are anticipated in the current decade up to 2030. 
Most of those that have been set up to date have in-
volved enhanced oil recovery (EOR) from natural oil 
deposits. In this process CO2 is used to force the oil 
out of the rock pores. A few schemes of this kind are 
aimed entirely at avoiding CO2 emission costs, such as 
the Sleipner Project in Norway. This operation, which 
has been running since 1996, stores CO2 in an offshore 
saline aquifer and has gathered a significant body of 
long-term experience with CO2 storage that would 
otherwise not be available.
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process the scrubbing fluid absorbs the CO2 chemically 
by carbamate bonding. When this stage has been com-
pleted the CO2 rich fluid passes over a cross-flow heat 
exchanger that recycles waste heat to the CO2 desorber. 
The latter has an evaporator built into its sump that uses 
process steam to provide heat to the system. In this way 
the carbon dioxide is released and passed through the 
ejector head before being cooled and delivered to the 
compression unit. Now the CO2 lean scrubbing fluid 
can be returned to the system for recirculation.

Part of the scrubbing fluid is used up during the 
aforementioned process. Some is broken down by the 
stress of the heat exchange process and some is attacked 
by flue-gas byproducts such as oxygen, NOx and SOx. 
While this does entail a small rate of consumption, 
with KS-1 solvent costing in the region of 10 €/kg this 
only represents a small fraction of the overall cost of the 
carbon separation process, which is dominated by the 
consumption of steam, electricity, cooling water and 
personnel and investment costs. The key technical data 
are compiled in Table 1. Logic dictates that many of 
the parameters of the CO2 scrubbing process, such as 
investment costs for example, cannot be scaled linearly 
but are in fact also dependent on the CO2 concentra-
tion of the carbon dioxide in the flue gas. The amount 
of cooling energy required for the flue gas will in turn be 
determined to a large degree by the water content and 
by the original waste-gas temperature.

While approximative values can be given for the 
most important consumption items, such as steam and 
electricity, these would only apply to installations rated 
at more than 500 t/day and without a carbon dioxide 
compression system. The relationship between the con-
sumption of steam and electricity and the CO2 con-
centration is logarithmic (Fig. 3). This correlation has 
already been analysed for CO2 concentration levels of 
over 3 %. A CO2 concentration of 3 % is roughly equiva-
lent to the CO2 content of the flue gas from a gas com-
bustion system with a high air-fuel ratio, as is the case in 
gas turbines. For lower concentration levels pilot plant 
tests are needed in order to obtain reliable information. 
Tests of this kind can be part of a programme run by 
plant manufacturers.

The KM CDR process has been in commercial op-
eration since 1991 and more than a dozen reference 
plants are now in service in different industrial sectors, 
with fertiliser manufacturing being the predominant ap-
plication. In 2017 a CO2 separation plant was commis-
sioned as part of the Texas-based Petra Nova CCS pro-
ject, which is the world’s largest carbon capture system 
with a production rate of 4,760  t/day at 90 % carbon 
separation (Fig. 4). The CO2 is captured from the flue 
gases emitted by an existing coal-fired power station. Up 
until 2020 the CO2 produced at the plant was used for 
the enhanced recovery of oil from a nearby oil field. The 
plant was temporarily mothballed the same year as the 
oil price at the time no longer justified the extended op-
eration with CO2 production (along with the associated 
carbon capture costs). Any resumption of operations 

Fig. 2: Diagram showing the different  stages in the KM CDR process [6, 7, 8]

Table 1: Key technical data for an industrial-scale KM CDR CO2 separation 
plant

Consumption medium Consumption Unit

Electricity for CO2 separation (plant size) 75/45 (small to large) kWh/t CO2

Electricity for CO2 Kompression (30 to 200 bar[a]) 75 to 305 kWh/t CO2

Process steam (3 bar[a]; 1 to 25 % CO2 in flue gas) 1.4 to 0.9 t/t CO2

Cooling energy for flue gas (10 to 30 % H20) 250 to 730 kWh/t CO2

Cooling energy for the process 810 kWh/t CO2

Cooling energy for compression (30 to 200 bar[a]) 60 to 250 kWh/t CO2

NaOH brine (45 %) at (SOx 5 bis 200 mg/Nm³ flue gas) 5 to 500 g/t CO2

KS-1™ solvent scrubber 200 to 500 g/t CO2

CO2 purity >99.9 %

CO2 separation rate 80 to 99.5 %

Spec. investment for full-scale plant producing 
4,800 t CO2 /day

approx. 55 to 65 T EUR/t CO2 / day

Spec. investment for small-scale plant producing 
200 t CO2/day

approx. 150 to 200 T EUR/t CO2 / day

Manpower requirements for an operating regime of 
8,760 hours/year

10/15 persons

Amine-based Separation: the KM CDR 
Process

Amine scrubbing is one of the most versatile and now 
most widely used methods for commercial-scale CO2 
removal [5]. The KM CDR process developed by Mit-
subishi Heavy Industries (MHI) is one example from 
this particular group of chemical absorption methods. 
This process will now be used as an example to explain 
the technology in greater detail [6, 7, 8]. 

The diagram in Fig.  2 shows the different stages 
involved in the KM CDR process. The incoming flue 
gas is first cooled to 35 to 40 °C, as the actual separation 
process works best in this temperature range. The gas is 
then fed through the absorber by countercurrent contact 
with the scrubbing fluid, which in this case is an aque-
ous solution of a doped and sterically hindered amine 
solvent with the product designation KS-1. During this 
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will largely depend on a revival of oil price levels. Some 
clarification will also have to be given as to what is to be 
done with the carbon dioxide after separation.

Options for the large-scale Storage  
of Carbon Dioxide in deep geological 
Formations

Most of the CO2 capture plants built by MHI supply 
industry directly with CO2 as a feedstock. The two 
main consumers are the urea manufacturing industry, 
where CO2 is required for enriching the synthesis gas 
in order to obtain optimal stoichiometric settings, and 
the methanol production industry, where CO2 is also 
added to the synthesis gas in order to increase the yield. 
Other possible future uses, which in the broadest sense 
fall under the category of power-to-X methods, will be 
discussed in a follow-up article.

With plans now being laid to keep carbon dioxide 
out of the world’s carbon cycle, dedicated storage fa-
cilities will be needed to achieve this. Deep geological 
formations are the obvious option when it comes to 
providing the repositories needed for the huge storage 
volumes involved. Underground caverns are only suit-
able for a limited amount of intermediate storage and 
so are not relevant in this case.

Storage in deep geological formations is a complex 
operation whose details are beyond the scope of this pa-
per. For an in-depth examination of this subject read-
ers are advised to refer to the bibliographical literature 
[5, 9, 10, 11, 12, 13, 14, 15]. Areas suitable for under-
ground storage include deep coal seams, saline aquifers 
and decommissioned gas and oil deposits, the latter op-
tion also providing limited possibilities for enhanced 
gas and oil recovery (Fig. 5). It should be noted, how-
ever, that using CO2 for enhanced oil and gas recovery 
(EOR, EGR) is not a CO2-negative process. This means 

Fig. 3: Approximate calculation of electricity and  
steam consumption for CO2 separation

Fig. 4: The Petra Nova Project in Texas (USA) with a carbon  
capture rate of 4,760 t/day

that less CO2 is stored below ground than is released 
during the combustion of the fuel that is additionally 
recovered. So if CO2 reduction is in fact to take place 
in the atmosphere the oil and gas fields being used for 
carbon storage will have to continue to be operated for 
this purpose even after the enhanced recovery process 
has ended.

The situation is somewhat different when deep-
level coal seams are being used for storage. In the case 
of enhanced coal-seam gas recovery it is often possible 
to store carbon in much higher quantities than is gener-
ated with the release of methane. The CO2 is securely 
fixed in the coal and to this effect  carbon storage in coal 
seams also represents the CO2-negative extraction of a 
natural resource. The ‘ratio’ here can be put at between 
2.5 and 4, which means that as much as four times more 

Fig. 5: Options for storing CO2 in deep geological 
formations
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ison as presented clearly illustrates the ‘economy of scale’ 
effect associated with increasing output. This essentially 
means that it is not possible to quote fixed specific costs 
when referring to CO2 capture. The same also applies to 
transport costs and storage costs, which are also given 
in Table  3 as an added comparison factor. These will 
also vary according to the scale of the operation. The ex-
ample presented in Table 3 is based on a saline aquifer 
connected by a pipeline. Here the transport and storage 
costs will of course vary considerably according to the 
storage site and the length of the transport route.

The cost of operating an industrial-scale plant is rel-
atively low when compared with other CO2 avoidance 
costs, such as those associated with the use of ethanol in 
the current fuel mix for the mobility sector (E5/E10). 
In the motor-fuel sector in general the carbon avoidance 
costs can now amount to more than 150 €/t CO2.

Outlook

The storage of CO2 in deep geological formations is 
now being seriously discussed again in political circles 
and some 18 industrial projects of this type are currently 
at the development stage in different parts of Europe 
(Fig.  6). The Norwegian Government, for example, 
has just approved state funding for its Northern Lights 
CCS project [17, 18]. This indicates that the idea of 
putting CO2 into geological storage deep below ground 
is gathering momentum again and that this is set to be 
part of our future. And the ongoing debate on CCU 
(carbon capture and usage) is also part of the mix. In 
fact this very topic will be covered by one of the articles 
appearing in the next issue of GeoResources Journal.
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Table 2: KM CDR process for CO2 separation – cost comparison between 
small and large-sized plants

Cost item

Cost [EUR/t CO2]

for small-sized plant 
rated at 200 t/day

for large-sized plant rated 
at 4,800 t/day

Scrubbing agent (8.0 EUR/kg) 2.64 € 2.40 €

Electricity (55 EUR/MWh) 10.16 € 9.45€

Steam (1t steam/t CO2) 14.00 € 14.00 €

Chemicals (NaOH, WWT) 0.50 € 0.50 €

CAPEX costs 25 years at 6 % IRR 51.70 € 12.22 €

Maintenance 1.5 % CAPEX 0.78 € 0.18 €

Manpower (10-15 persons) 11.72 € 0.70 €

Other costs 0.50 € 0.24 €

Overall costs per t CO2 92.00 € 39.70 €

Table 3: KM CDR process for CO2 separation – cost comparison between 
small and large-sized plants, inclusive of transport and storage

Cost item Cost [EUR/t CO2]

for small-sized plant 
rated at 200 t/day

for large-sized plant rated 
at 4,800 t/day

Separation costs per t CO2 92.00 € 39.70 €

Transport per t CO2 acc. to ZEP 3.50 € 1.50 €

Storage per t CO2 acc. to ZEP 12.00 € 4.00 €

Overall costs per t CO2 107.50 € 45.20 €

CO2 can be stored than is emitted with the methane 
yield.

Each of these storage methods has an excellent long-
term safety profile. In some instances this has already 
been well documented over a period of years, as in the 
case of the Sleipner project where a saline aquifer has 
been used as a CCS facility since 1996. The deep un-
derground storage of CO2 – especially from immanent 
sources – therefore represents a potent solution whose 
application is essentially a question of social acceptance 
and, naturally, attainable economic viability.

Economic Viability of Carbon Capture 
with Storage

In the years ahead the application of CCS technology 
will depend to a large degree on its economic viability 
in comparison with other methods and corresponding 
studies have been under way in this area for some con-
siderable time, with the ZEP (European Zero Emissions 
Platform) for example having conducted an intensive 
analysis of the subject in the period from 2007 to 2011 
[16]. 

Table 2 presents two cases where KM CDR could 
be used: one relates to a plant with a recovery rate of 
around 200 t CO2/day and the other comprises a large-
scale installation rated at 4,800 t CO2/day. The compar-



Geotechnics/enerGy 11

GeoResources Journal 4 | 2020Buddenberg and Bergins:
Commercial Scale Carbon Dioxide Capture for the Storage in the deep Underground and Enhanced Oil Recovery (EOR) www.georesources.net

[6] Hirata, T.; Kishimoto, S.; Inui, M.: MHI’s Commercial 
Experiences with CO2 Capture and Recent R&D Ac-
tivities. Mitsubishi Heavy Industries Technical Review 
Vol. 55, No. 1 (March 2018)

[7] Iijima, M.; Nagayasu, T.; Kamijyo, T.: Large-scale Car-
bon Dioxide Capture Demonstration Project at a Coal-
fired Power Plant in the USA. Mitsubishi Heavy Indus-
tries Technical Review Vol. 49, No. 1 (March 2012)

[8] Hirata, T.; Tsujiuchi, T.; Kamijo, T.; Near-Zero Emis-
sion Coal-fired Power Plant using Advanced KM CDR 
Process™.14th International Conference on Greenhouse 
Gas Control Technologies, GHGT-14, 21st -25th Octo-
ber 2018, Melbourne, Australia

[9] Global Storage Resource Assessment – 2019 Update, 
10365GLOB-Rep-01-01, June 2020

[10] Metz, B.; Davidson, O.; Coninck, H. d.; Loos, M.; 
Meyer, L.: IPCC Special Report on Carbon Dioxide 
Capture and Storage. ISBN-13 978-0-521-68551-1, 
Cambridge University Press, 2005

[11] Enhanced coal bed methane recovery: Worldwide 
application and CO2 sequestration potential; IEA/
CON/97/27, June 1998

[12] Whittacker, S.: CO2 EOR and Carbon Storage with 
Case Examples from Weyburn Field. ENERGY FLAG-
SHIP, Steve Whittaker| Group Leader – Reservoir 
Dynamics, CCOP CCS-M Workshop C2W1, Kuala 
Lumpur, Malaysia; June 3, 2015 

[13] Wallace, M.; Leewen, T. V.; Kuuskraa, V.: Improving Do-
mestic Energy Security and Lowering CO2 Emissions 
with “Next Generation” CO2-Enhanced Oil Recovery 
(CO2-EOR), June 20, 2011, DOE/NETL-2011/1504

[14] Khan, C.; Amin, R.; Madden, G.: Carbon dioxide injec-
tion for enhanced gas recovery and storage (reservoir 
simulation). Egyptian Journal of Petroleum, 6 August 
2012

[15] Furrea, A.-K.; Eiken, O.; Alnes, H.: 20 years of moni-
toring CO2-injection at Sleipner. 13th International 

Fig. 6: European CCS projects
Source: IOGP, International Association of Oil and Gas Producers

Conference on Greenhouse Gas Control Technologies, 
GHGT-13, 14-18, November 2016, Lausanne, Switzer-
land

[16] ZEP Zero emissions Platform: The Costs of CO2 Cap-
ture, Transport and Storage; Post-demonstration CCS 
in the EU; Advisory Council of the European Technol-
ogy platform for Zero Emission fossil Fuel Power Plants; 
June 2011, incl. Sub-Reports

[17] Equinor, Norske Shell and Total E&P Norge: Northern 
Lights – A European CO2 transport and storage net-
work. Online: https://northernlightsccs.com

[18] Norway‘s Government: The Government launches 
‘Longship’ for carbon capture and storage in Norway. 
https://www.regjeringen.no/en/aktuelt/the-govern-
ment-launches-longship-for-carbon-capture-and-stor-
age-in-norway/id2765288/

Dipl.-Ing.  
Torsten Buddenberg
GeBeWe GmbH, 
 Oberhausen (Germany).

Contact: 
t_buddenberg@email.de

Dr.-Ing.  
Christian Bergins
works for the New Products 
department of Mitsubishi 
Power Europe, Duisburg 
(Germany).

Contact: 
c_bergins@eu.mhps.com



12 Geotechnics/Product neWs

GeoResources Journal 4 | 2020 Naue GmbH & Co. KG:
High-strength Geogrids for Flood Protection and other Applications – efficient and environmentally friendlywww.georesources.net

Due to extreme weather events, the need for soil 
reinforcement steadily increases. High-strength 
geogrids enable savings for complex earthworks.
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High-strength Geogrids for Flood  Protection 
and other  Applications – efficient and 
 environmentally friendly 
Naue GmbH & Co. KG, Espelkamp, Germany

Embankments have to be reinforced, subsoils stabilised, 
or sinkholes bridged. Due to extreme weather events, 
the need for soil reinforcement steadily increases. High-
strength geogrids can make such work much easier. Ge-
ogrids enable time savings of more than 40 % for com-
plex earthworks.

Flood Protection – Reconstruction of the 
Oder Dyke with high-strength Geogrids

The Oder dykes in the Uckermark in Germany showed 
numerous breaches as a result of flood events. An exist-
ing dyke had to be reconstructed. With high-strength 
geogrids [1], safe life in the dyke area is possible again.

In the summer of 1997, the largest known flood oc-
curred along the German-Polish border river Oder. The 
flood situation lasted several weeks. The water flooded 
around 5,500 hectares of agricultural land and residential 
area with about 400 houses as a result of multiple dyke 
failures. Several thousand people had to be evacuated.

The dykes suffered several damages due to this flood 
in 1997 and subsequent smaller flood events. These 
damages were caused by weak points in the dyke geom-

Fig. 1: Oder dyke in the Uckermark – installation  
of a high-strength geogrid as basal reinforcement

Fig. 2: Oder dyke in the Uckermark – geogrid  installation  
perpendicular to the dyke axis by using a spreader bar

etry and problems in the foundation soil. To withstand 
future flood events, an existing dyke was reconstructed 
over a length of 3 km [2]. Soil investigations below the 
old dyke revealed relatively deep soft layers of peat, or-
ganic silt and clay.

To ensure sufficient stability of the new dyke, a high-
strength geogrid was installed as basal reinforcement 
(Fig.  1). Laid geogrids made of high tenacity polyes-
ter filaments with an extruded polyethylene protective 
coating and welded junctions have been used. This ge-
ogrid combines high tensile strengths and low creep 
tendency with extreme robustness and resistance. The 
individual geogrid panels were installed with their main 
stress direction perpendicular to the dyke axis by using a 
spreader bar (Fig. 2). Adjacent panels were overlapped 
by 50 cm transverse to the direction of installation. 
Over the entire length of the dyke a total of approx. 
63,000 m² of the high-strength geogrid was installed.

The old dyke was partially removed and recon-
structed as a so-called ‘3-zone dyke’. On the slope, fac-
ing the water-side, a geosynthetic clay liner (GTD) was 
installed as a sealing system. Due to its high robustness 
and long-term tensile strength, the geogrid contributes 
substantially to the flood control measures along the 
German-Polish border.

Application of Geogrids reducing 
 Earthworks significantly

With weak and compressible soils, earthworks are often 
a long process. The fill has to be installed in stages, and 
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Waiting times for consolidation processes can be 
omitted.

 ▶ Safe protection against sinkholes and mining 
voids: The geogrids are installed below embank-
ments or fill layers to limit the number of surface 
deformations caused by subsidence (Fig.  4). Thus, 
geogrids reduce the risk of accidents and increase 
safety.

Conclusion

The effects of climate change present a major challenge 
and also require investment in the water infrastructure. 
High-strength geogrids can help to adapt and expand 
water management infrastructure in a resilient, sustain-
able and time- and cost-saving manner as shown for the 
Oder dykes in the Uckermark. High-strength geogrids 
are also suited for load transfer platforms over piles and 
protection against sinkholes and mining voids.
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High-strength Geogrids for geotechnical 
Applications in Earthworks
The high-strength geogrid Secugrid® HS was developed specifically 
for geotechnical applications in earthworks where tensile strengths 
of more than 400 kN/m are required. The laid geogrids are made of 
high tenacity polyester filaments with an extruded polyethylene 
protective coating and welded junctions. They combine high tensile 
strengths and low creep tendency with extreme robustness and re-
sistance even under permanent loads.

Secugrid® HS [1] is very robust against high stresses during 
the installation phase and almost retains its initial strength. In 
field trials, a strength reduction of less than 3 % was determined 
for Secugrid® HS 1200/100 R6 when installed below crushed stone 
(d85 < 35 mm).

Civil engineers and designers receive support in design and 
construction. NAUE also advises civil engineers and designers on 
design, selection and application of geogrids. Services include, for 
example, stability calculations, installation drawings and imple-
mentation planning.

Fig. 3: Load transfer platform over piles with high-strength  
geogrid

Fig. 4: Bridging of a sinkhole with high-strength geogrid

NAUE GmbH & Co. KG
has decades of experience in the development, 
production and application of geosynthetics.
Contact: 
info@naue.com

the soft soil may need to be relieved by a deep founda-
tion. These measures usually take a lot of time and in-
crease costs. High-strength geogrids simplify and re-
duce earthworks:

 ▶ More than 40 % time savings for embankments on 
soft soil: High-tensile strengths of the geogrids of 
up to 1,200 kN/m increase the long-term stability 
of embankments (Figs. 1+2). The geogrids relieve 
the soft soil and stabilise the embankment structure. 
Differential settlements are mitigated, and larger fill 
heights reduce the construction time.

 ▶ Up to 30 % fewer piles: The design of reinforced 
load transfer platforms over piles is used to improve 
embankment stability and to prevent settlements 
(Fig.  3). The high strength of the geogrids allows 
larger pile spacing, and fewer piles are required. 
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In 2019 and 2020, the WSL Institute for Snow and 
Avalanche Research SLF and Geobrugg AG con-
ducted tests at the Flüela Pass to investigate the 
effects of realistic impacts of test blocks on rock-
fall barriers.
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Rockfall Tests under realistic Conditions  
in the Swiss Alps
Manuel Eicher, Geobrugg AG, Romanshorn, Switzerland

In a research project of the WSL Institute for Snow 
and Avalanche Research SLF together with its indus-
try partner Geobrugg AG, various field tests are being 
carried out under realistic conditions in the Swiss Alps 
since 2019 – including in October 2020 (Fig. 1).

Beginnings of Rockfall Barrier Testing

The first rockfall barrier tests were carried out as early 
as the end of the 1980s and the beginning of the 1990s, 
although at that time the ‘natural variant’ was still used 
in some cases: The rocks were rolled down a slope into a 
barrier so as to hit the barrier. Depending on the terrain, 
the test blocks repeatedly changed track, bounced, and 
consequently hit the net somewhere in an uncontrolled 
manner.

Fig. 1: Realistic rockfall protection test in the Swiss Alps, October 2020

Fig. 2: Sequence of events in a rockfall protection test on 8 October 2020 with a 3.2 t disc as the test body

Although these tests provided valuable fundamental 
insights into the performance of such systems, it soon 
became clear that their significance was limited. Because 
too many different parameters were involved, they did 
not allow for comparisons between the different protec-
tion systems.

Standardized Tests for Comparison and 
Quality Assurance

The logical consequence was to develop a test method 
which allowed a real comparison of the different sys-
tems based on predefined, controllable parameters. 
A method was agreed upon which is still established 
today, in which a barrier is tested by being struck in 
the midfield (MEL, Maximum Energy Level), or by 
two successive strikes into the midfield (SEL, Service 
Energy Level). Switzerland adopted the European as-
sessment procedure ETAG 027 (from mid-2018 EAD 
DP 14-34-0059-01.06). In Switzerland, only rockfall 
protection nets of high quality are allowed to be used. 
The Swiss Federal Office for the Environment has 
published a guide to the quality assessment of rockfall 
protection nets and their foundations, which, among 
other things, deals with the technical requirements 
for rockfall protection nets with regard to MEL  
tests [1].
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Additional realistic Tests for Research 
and Development 

Over the past decades, flexible rockfall barriers with 
high-tensile steel wire nets have established themselves 
worldwide as an efficient and reliable protective meas-
ure. At the same time, the energy-absorption capacities 
have increased from 1,500 to 10,000 kJ [2]. With such 
high energies and in some cases higher structures, the 
question inevitably arises again as to the effect of ‘natu-
ral’ impacts, i. e. impacts from boulders that strike the 
net at any point, possibly also rotating as they do so.

In an Innosuisse-sponsored research project of the 
WSL Institute for Snow and Avalanche Research SLF 
together with the industry partner Geobrugg AG, the 
influences of different load cases have been determined 
in various field tests since 2019 (Fig. 2). To this end, an 
extensive series of field tests is being carried out on natural 
terrain at the Swiss Flüela Pass in the canton of Grisons, 
in which rocks of different shapes and sizes (Fig. 3) are 
projected into a rockfall barrier. A WSL report on the 
initial results from 2019 has already been published [3]. 
Both the test blocks and the barrier are equipped with 
various sensors to measure the loading on different ele-
ments of the protection system (Fig. 4). For example, the 
tests are investigating the way in which strikes at different 
impact positions, the rotation of the test blocks, and dif-
ferent impact velocities affect the behaviour of the barrier. 

In addition, the test blocks are also equipped with 
sensors that measure the rotation and acceleration of 
the rock during its fall and on its impact with the bar-
rier. In combination with high-resolution drone record-
ings and video recordings from different viewing angles, 

Fig. 3: Different test bodies

Fig. 4: Rockfall-protection system with measuring devices on the support and guy ropes (a), on the retaining ropes (b) and at the base of 
the support (c)

the trajectories and velocities of the individual blocks 
can be reconstructed in detail (Fig. 5), enabling the re-
searchers to gain further insights into the interaction of 
all parameters.  

Implications to Date

The evaluation of the data has shown that additional 
tests can now be carried out to supplement the man-
datory tests. They were already under consideration 
in the 1990s, but were simply not feasible at that time 
due to the considerably poorer state of development of 
sensor and computer technology. The aim of the SLF 
is to further refine the rockfall-simulation models. For 
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Geobrugg as part of the BRUGG Group
Geobrugg, based in Romanshorn, Switzerland, is 
an independent group of companies within the 
BRUGG Group and specializes in the processing 
of high-tensile steel wire for protection systems. 
These protect against natural hazards such as 
rockfall, landslides, debris flows or avalanches, and 
ensure safety in mining and tunnel construction 
as well as on motorsport racetracks. More than 65 
years of experience and close cooperation with re-
search institutes and universities make Geobrugg 
a pioneer and leading expert in these segments.
https://www.geobrugg.com

WSL Institute for Snow and Avalanche 
Research SLF
The WSL Institute for Snow and Avalanche Re-
search SLF in Davos, Switzerland, is part of the 
Swiss Federal Research Institute WSL under the 
auspices of the ETH (Swiss Federal Institute of 
Technology). Its tasks are research into and scien-
tific services concerning snow, avalanches, other 
alpine natural hazards, permafrost and mountain 
ecosystems. Its best-known service is the ava-
lanche bulletin.
https://www.slf.ch/de

Fig. 5: Vertical image capture of the impact into the 
barrier during a field test

Geobrugg, the focus is on continuing to optimize the 
barriers to cater for rockfalls as they occur under natural 
conditions by using tests already carried out on the test 
site and the new, more realistic tests.
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The redevelopment of the Emscher river system 
in Essen, Germany, called for a  microtunnel to be 
driven beneath a Deutsche Bahn line. This paper 
outlines the planning and internal approval pro-
cesses associated with the operation, which in-
volved tunnelling beneath an active rail track, and 
describes the monitoring technology that was the 
key to the successful completion of the Leither 
Bach Qmax link project.

Tunnelling • Geotechnics • Railway tracks • 
Pipe jacking • Approval • Safety • Monitoring

Driving a DN 2600 Microtunnel under an active 
Rail Track: the Leither Bach Qmax Link Project
Laura Hoffmann, M. Sc., and Dipl.-Ing. (FH) Dennis Edelhoff, MBA, IMM Maidl & Maidl Consulting Engineers, Bochum, Germany
Dipl.-Ing. Guido Klein-Hitpaß and Dipl.-Ing. Boris Peirick, Epping Rohrvortrieb, Bocholt, Germany

Background

The maintenance and development of the existing sew-
erage network regularly calls for the construction of 
new sewer tunnels, an operation that has to be carried 
out using trenchless technology because of infrastruc-
tural constraints and the need to generate as little sur-
face disruption as possible. As well as crossing under 
streets, bridges and even buildings these microtunnels 
frequently have to be driven below Deutsche Bahn 
railway lines. Planning and executing subsurface track 
crossings of this kind means abiding by a set of strict 
requirements aimed at ensuring operational safety and 
maximum track availability at all times. However, these 
tunnelling operations often have to be carried out under 
a track closure arrangement that is designed to rule out 
the possibility of a serious accident occurring. A great 
deal of coordination and construction effort is needed 
to undertake tunnelling work of this kind within the 
time provided by the temporary track shutdown and 
there is always a risk of schedules not being met because 
of component failure or the presence of obstacles along 
the tunnel route. 

This paper presents how extensive coordination and 
collaboration with everyone involved on the construc-
tion and engineering side, combined with additional 
quality assurance measures that were introduced as the 
operation progressed, played a large part in the success-
ful excavation of a track underpass tunnel that was origi-
nally scheduled for completion within a train-free time 
window (Fig. 1).

Pipe Jacking beneath Rail Tracks

Basic Principles

Pipe jacking in this case involved a controllable, manned 
operation for larger diameter pipes (> ~ 1,400 mm) in 
which the cutting head and the attached string of pipes 
are both pushed forward simultaneously from a start 
shaft or pressure shaft. During this operation the annu-
lar space between the drivage pipe and the soil is kept 
permanently supported and lubricated, with a benton-
ite suspension generally being used for this purpose. The 
pipe string is therefore constantly in motion until the 
boring machine reaches the target shaft or reception pit. 
The annulus is only filled with hydraulically bound ma-
terial when the pipe string has reached its end position.

Projects of this kind normally use an open cover 

Fig. 1: Microtunnel for the Leither Bach Qmax link project showing the air lock 
and pipe string
Source: IMM Maidl & Maidl Beratende Ingenieure GmbH & Co. KG

shield, either with or without compressed-air support, 
or a boring machine with cutting ring and fluid support, 
and the system that is chosen will ultimately depend on 
the composition of the ground and the groundwater 
conditions. While pipe jacking can be carried out with a 
tunnel boring machine with earth pressure support, this 
particular technique is rarely used.
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 ▶ The crossing is to be positioned at a sufficient dis-
tance (> 5.0 m) from the mast foundations for the 
overhead lines.

 ▶ An object-specific soil survey is to be prepared con-
taining a risk assessment and an estimation of any 
likely surface subsidence.

The trackside protection measures designated by 
Deutsche Bahn include an extensive programme of 
measurements, e. g. for rail tracks, masts and abutments, 
along with track tamping and alignment operations, the 
introduction of slow-speed sections and the provision 
of temporary bridges. Various tunnel-related protection 
measures are also required, these to be proposed by the 
pipeline operator as a function of the type of operation 
being planned. These include the use of engineering 
technology designed to produce minimum ground set-
tlement, secondary grouting of the annulus and a con-
tinuous feed regime.

Object-specific Requirements for the 
Intra-company Permit (UiG)

If the proposed crossing deviates from the provisions 
laid down in the DB Netz directives the Deutsche Bahn 
special services department will draft object-specific 
regulations that are then summarised in the form of a 
technical statement. This Technical Statement then 
becomes an integral part of the Intra-company Permit 
(German term: Unternehmensinterne Genehmigung 
(abbreviation: UiG)).

As part of the risk management process the assess-
ments deemed necessary under the CSM (Common 
Safety Method) system, in accordance with Article  6 
(3(a)) of Directive 2004/49/EC and Ril 451.0100 [5], 
are also required for the granting of a UiG. The impact 
assessment of the safety-relevant alterations that will re-
sult from the crossing is of paramount importance here.

If the CSM process finds that fundamental safety-
relevant requirements cannot be met by the proposed 
crossing DB Netz will refer the matter to the services 
of the German Federal Railway Authority (EBA). This 
body will then give its approval for the planned cross-
ing in the form of an ‘individual permit’ (German term: 
Zustimmung im Einzelfall (abbreviation: ZiE)), while 
at the same time stipulating certain ancillary conditions.

This authorisation, or permit to operate, can take 
several months to obtain. The filing of applications for 
a UiG, and the submission of all the documentation 
required, should therefore be factored into the project 
schedule as early as possible. Further information on 
this can be obtained at [6, 7].

The Leither Bach Microtunnel

Project Conditions

The Emscher transformation scheme, as planned by the 
Emschergenossenschaft (Emscher River Management 

Deutsche Bahn Regulations

Any request by third parties to establish a pipe or ca-
ble route across Deutsche Bahn rail tracks and installa-
tions, and to carry out future maintenance work on this 
structure, requires a licensing and crossing agreement to 
be drawn up between rail infrastructure managers DB 
Netz AG and the other party in question, which usually 
means the pipeline or cable system operator. To this ef-
fect the third party has to submit an application to DB 
Netz.

When drawing up plans for track crossing works of 
this kind, and before the actual application is submit-
ted, there is an extensive set of DB Netz rules and regu-
lations to be observed, many of which are interlinked or 
have references to other regulations and codes of prac-
tice. One of the most important regulations that apply 
in the case of proposed crossings beneath railway tracks 
is Directive (Ril) no. 836 ‘Earthworks design, construc-
tion and maintenance’ [1]. This set of rules is supple-
mented by the following codes of practice, according to 
the type of medium being carried in the pipes and/or 
cables:

 ▶ Ril 877: Gas and water pipe crossings directive [2]
 ▶ Ril 878: Power line crossings directive [3]
 ▶ Ril 879: Telecommunications crossings directive [4]

The primary objective of the provisions contained in 
the various regulations is essentially to ensure that op-
erational safety and track availability is maintained at all 
times at the section of track being crossed. In the case of 
pipe jacking and microtunnelling operations DB Netz 
prescribes the following:

 ▶ A minimum depth of cover is to be maintained: 
hB  ≥ 2 x Da (hB = soil cover, Da = external diameter 
of pipe).

 ▶ The crossing is to be positioned in an area that is free 
of rail joints and switch points.

 ▶ The crossing is to be positioned at right angles to the 
rail tracks and is to run in a straight line.

Fig. 2: View of track section LBQ-S_.009 to LBQ-S_.008
Source: Own visualisation according to Google Earth
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Association), is basically aimed at restructuring the 
sewage disposal and combined sewage treatment sys-
tems and improving the ecological status of the region’s 
streams and watercourses. This operation also set out to 
separate the flows of sewage and natural runoff in the 
Leither Bach catchment area, this to be achieved in part 
by constructing a sewage channel and combined sewage 
treatment plant. 

Part of this separation circuit comprises a new 
DN 2600 channel, the Qmax link in Essen-Kray, whose 
route will run in a straight line along the section be-
ing described in this paper (Fig. 2) from the thrust pit 
(LBQ-S_.009) to Rotthauser Street and then on to the 
reception pit (LBQ-S_.008) south of disused railway 
track 2505. At this point it then crosses the railway 
tracks at an angle of about 75°.

The section in question was driven by pipe jacking 
company Epping Rohrvortrieb GmbH + Co KG using 
an open shield with compressed air support. The mi-
crotunnel was lined with a steel-concrete pipe with an 
internal diameter of 2,600 mm and an external diameter 
of 3,120 mm (pipe wall thickness = 26 cm). This was 
installed under a depth of cover hÜ (top edge of pipe to 
bottom edge of sleeper) of about 14.5 m over a jacking 
length of some 165 m, 63 m of which was in the track 
zone (Fig. 3).

The trackage in question contained three track axes: 
two of these comprised line number 2168 from Essen-
Kray North to Gelsenkirchen, while the third was the 
disused line number 2505 that is destined to be part of 
the future Ruhr RS1 high-speed cycleway. The tunnel 
route also crosses beneath a rail turnout and two mast 
foundations for overhead line equipment.

Intra-company Permit (UiG)

In the explanatory report accompanying the application 
the predefined tunnel route was comprehensively based 
on the track crossing permit, with particular allowance 

Fig. 3: Longitudinal profile of the track section incl. depiction of the ideal slope line for track number 2168
Source: Epping Rohrvortrieb GmbH +Co KG

being made for local constraint points. The following 
factors played a key role in the choice of routing:

 ▶ Restrictions created by existing pipes and cables and 
by bridge abutments

 ▶ The space required for the thrust pit and reception 
pit, particularly with regard to existing buildings

 ▶ Availability of routes for the construction traffic to 
access and leave the site.

The requirement specified in Ril  836 [1] and Ril  877 
[2] that the crossing should be at right angles to the 
track could not be met by this particular route layout 
as it provided for a crossing angle of about 75°. The tun-
nel was also to run below a track turnout, which con-
stituted another departure from the two sets of regula-
tions. Furthermore, the minimum distance of 5.0 m to 
the mast foundations of the overhead line equipment, as 
prescribed in Ril 836 [1] and/or Ril 877 [2], could not 
be complied with because the proposed tunnel was to 
cross beneath the said mast foundations at a distance of 
< 5.0 m. These non-conformances meant that an intra-
company permit (UiG) had to be applied for. 

In spite of this failure to conform to requirements 
Deutsche Bahn concluded that in view of the location 
involved there was no alternative to the proposed tun-
nel route and consequently a UiG was granted subject 
to object-specific provisions and constraints. One of the 
conditions imposed by the UiG was that during the tun-
nelling phase the entire section of track was to be closed 
down until all the casing pipes had been installed in that 
part of the tunnel lying within the influence zone of the 
load stress from the rolling stock.

Extension of the current UiG

A track shutdown essentially provides the greatest level 
of safety in the event of unforeseen events occurring 
suddenly during the tunnelling operation. Closing the 
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Subject to an extension of the existing requirements 
specified in the UiG permit, particularly in respect of 
the measuring regime and the quality management con-
cept that was to be adopted, Deutsche Bahn then agreed 
that the tunnel drivage could go ahead without any in-
terruption to rail services provided that a slow-speed 
zone was introduced supplementary to the existing per-
mit. The slow-speed section of 20 km/h was to be put in 
place for a period of five days. 

Measuring and Monitoring Concept for the 
Deutsche Bahn Track System

A key requirement of the permit extension was that 
special measuring arrangements were to be introduced 
for the tracks and switches located within the influence 
zone of the tunnel crossing. These were also to include 
the detection of any ground settlement during the pe-
riod following the completion of the drivage.

In order to conform to this requirement a dedicated 
measuring programme was subsequently developed for 
monitoring the rail tracks and overhead line masts in 
the target area. This combined set-up, which comprised 
a tachymetric monitoring system operating in conjunc-
tion with tilt sensors, was designed for detecting any 
distortion or settlement of the track bed. The proposed 
measuring programme was subsequently approved for 
use by the superstructure management. 

The monitoring system laid down a set of warning, 
alarm and threshold limits for both the rail tracks and 
the overhead line masts. In accordance with the geo-
technical explanatory report these values were devised 
for unavoidable settlements of 2 to 3 cm resulting from 

line also means that less measurement and monitoring 
would be needed because of the longer measurement 
intervals. However, as the application requires a con-
siderable lead time the actual tunnel drivage operation 
would have to be undertaken very precisely within a 
predefined time window and with no buffer time avail-
able it would not be possible to make up for unsched-
uled delays.

In addition to this, as experience has shown, the 
presence of a large overburden ratio combined with 
finely grained soil means that any ground subsidence or 
settlement would only commence after the end of the 
track closure period, a factor that would made it diffi-
cult to narrow down the time window.

In this particular case the depth of cover was in the 
region of 14.5 m. This was a favourable overburden ra-
tio  for the creation of a ground arch, the depth of cover 
being more than four times the diameter of the tunnel 
excavation. At the same time, however, it had to be as-
sumed that surface subsidence would only develop after 
the boring machine had vacated the pressure zone that 
would be created by the load stress from the rail traffic 
above.

Given these organisational and time-related de-
pendencies the parties involved took the view that 
imposing a track shutdown would not be conducive 
to achieving the desired results. It was subsequently de-
cided, in collaboration with the operations coordinator 
and superstructure manager and in consultation with 
the Deutsche Bahn permit issuing department, that an 
application would be made to set up a restricted-speed 
section rather than continue to plan for a complete track 
shutdown, the success of which could not be assured. 

Fig. 4: Pipe string in start shaft
Source: IMM Maidl & Maidl Beratende 
Ingenieure GmbH & Co. KG

Fig. 5: Jacking pipes being lifted into place in the start shaft
Source: IMM Maidl & Maidl Beratende Ingenieure GmbH & Co. KG
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the tunnel overcut. A web portal, which could be ac-
cessed by everyone involved in the project, was set up 
for continuous monitoring purposes. If warning limits 
were reached the portal would notify all the relevant 
individuals directly by SMS or e-mail so that a decision 
could be taken on the need for countermeasures, such 
as track closures.

The monitoring array comprised 42 prisms and 21 
inclinometers per track set at intervals of about 3.0 m. 
A further prism was installed at each of the overhead 
line masts. The measuring regime commenced five days 
before tunnelling work started beneath the track and 
in liaison with the superstructure management it was 
agreed that monitoring would continue for some three 
weeks following the completion of the works. A meas-
uring interval of 15 minutes was chosen for the sensor 
units, though this could be reduced to 10 minutes if 
necessary.

Execution of the Tunnel Works

The drivage was able to follow the ideal slope line 
right from the outset and was completed as planned 
between 28.09. and 02.10.2020 and within the spe-
cially arranged five-day period with trains running 
continuously through the slow-speed restriction zone. 
The operation was supervised by the contractor’s site 
management personnel, with a railway construction in-
spector in constant attendance. The completed tunnel 
measured 78.79 m in length and was driven at an aver-
age rate of advance of about 16.0 m/day. The images at 
Figs. 4 and 5 show the construction work under way in 
the start shaft at Kellinghaus/Rotthauser street.

As geotechnical reports had predicted, the drivage 
zone comprised marl and marlstone material and was 
influenced by groundwater, which meant that com-
pressed air at about 0.6 bar had to applied continuously 
throughout the drivage phase. The machine operator 
did not report any significant overbreaks during the ex-
cavation phase and nothing of this kind was identified 
in the video footage taken of the operation. Slight varia-
tions in the mass balance could be attributed to general 
inaccuracies in the weight assessment, which could have 
been caused by a discrepancy between the theoretical 
and the actual density of the marl or the accuracy of the 
weighing process itself.

When the boring machine had reached reception 
pit LBQ-S_.008 (Fig.  6), and after the entire string 
of pipes had been placed in its final position, the an-
nulus was filled as planned and the machine was re-
trieved. After filling-in work had been completed at the 
railroad embankment track tamping operations were 
carried out within a pre-defined timeframe that had 
been agreed with the rail operators. The speed-restric-
tion zone was then lifted, as planned, at 05.00 hrs on 
03.10.2020.

As had been expected, after the boring machine had 
reached its end point the track monitoring regime be-
gan to detect higher amounts of settlement than had 

Fig. 6: Boring machine breaks through into  
the target shaft
Source: IMM Maidl & Maidl Beratende Ingenieure  
GmbH & Co. KG
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[3] DB Netz AG: Richtlinie 878 „Stromleitungskreuzungs-
richtlinien“. 01/2016

[4] DB Netz AG: Richtlinie 879 „Telekommunikations-
kreuzungsrichtlinien“. 01/2016
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organisatorisches und technisches Risikomanagement 
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HDD unter DB-Bahngleisen. 32. Oldenburger Rohrlei-
tungsforum 2018

[7] Edelhoff, D.; Knief, J.; Peter, C. (2017): Planung und Ausfüh-
rung von Rohrvortrieben unter Bahnanlagen – allgemein und 
bei Großrohrschirmen am Dortmunder Hbf. GeoResources 
Zeitschrift (1-2017), S. 20–28. Online: https://www.geore-
sources.net/download/GeoResources-Zeitschrift-1-2017.pdf

been recorded during the actual crossing phase. This 
confirmed that a complete shutdown of the train line 
because of the potential risk of surface subsidence dur-
ing the excavation stage would have been of no benefit 
or would have had to be imposed for a longer period of 
time. As the post-works measurement programme had 
not been concluded at the time of the editorial deadline 
it is still too early to predict an end-date for these ongo-
ing subsidence measurements. However, the measured 
levels of distortion are basically in the non-critical range 
for Deutsche Bahn track systems.

Conclusions

In view of the numerous constraints involved it is not al-
ways  possible to comply with the provisions contained 
in the relevant body of regulations when planning and 
constructing crossings beneath Deutsche Bahn track 
systems. Nevertheless, where deviations from the regu-
lations exist engineering projects of this kind can usu-
ally be facilitated by laying down various object-specific 
requirements within the context of an intra-company 
permit (UiG) and by implementing a number of com-
pensatory measures.

The Leither Bach Qmax link project is an impressive 
example of how object-related agreements could be 
reached collectively by taking railway-specific rules and 
regulations into consideration at an early stage and by 
ensuring that Deutsche Bahn was fully included in this 
process with significant benefits for all concerned. 
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The 37 km long tunnel for the Mineral Transport 
System (MTS) of Woodsmith Mine in the United 
Kingdom is under construction. Information on 
the mine, the tunnel, the geology, the TBM and 
the status of construction works are given.
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Tunnel for the 37 km long Mineral Transport 
 System of the World´s largest Polyhalite Mine
Dipl.-Ing. Roland Herr, International Freelance Journalist, Wetzlar/Germany, Bangkok/Thailand

The world´s largest known resource of polyhalite min-
erals is located in northern England at the east coast 
close to Whitby and to unearth the mineral, a 37  km 
long tunnel for the transport system is under construc-
tion from the coast to the Woodsmith polyhalite mine 
(Fig,  1). With the extended order of another 24  km 
of mechanised tunnelling and the construction of the 
37  km long underground material transport system 
(MTS) for the Woodsmith polyhalite mine in the UK, 
Strabag SE started the construction for the tunnel with 
a first 6  m diameter single-shield Herrenknecht rock 
TBM in June 2019. 

The polyhalite resource is located 1,500 m deep be-
neath the North York Moors National Park and once 
the shafts are completed, the mineral will be excavated 
by mechanical means, lifted via a 1,550 m deep shaft to 
an underground cavern and transported via the MTS to 
Wilton [1, 2]. The tunnel construction proceeds 13 km 
from the portal in Wilton (Teesside, Northwest of the 
mine) sloping 3.5 to 0.9 % downwards to the interme-
diate shaft with a first long cavern at Lockwood Beck 
and continues 24 km to the transportation shaft at the 
end of the tunnel arriving at a second large cavern, the 
Woodsmith mine. A second TBM will be launched in 
2022 starting from the Woodsmith mine, but the sup-
plier has not yet been defined.

The construction of the tunnel started at Wilton 
with a 300  m long open cut area into a 100  m long 
shotcrete lined (SCL) tunnel. Originally the SCL tun-
nel was supposed to be 800  m long but the distance 
could be shortened to 100 m due to slightly better than 
anticipated rock conditions. The SCL tunnel was com-
pleted in April 2019. In June 2019 the TBM reached 
the rock face to begin full face excavation in the Redcar 
Mudstone, the main geology. About 10 km of the first 
13  km long tunnel were excavated by early October 
2020.

Geology

Geological data, geophysical borehole surveys and seis-
mic traverses, surface mapping, as well as 12 boreholes 

Fig. 1: Overview of the Woodsmith Mine project 
including MTS tunnel – map (above) and 
 cross-section (below)
Source: Sirius Minerals PLC

Fig. 2: Geology and geotechnical conditions for the TBM drive
Source: STRABAG SE

along the tunnel alignment, existed (Fig. 2). Also, data 
from historical and recent mining activities were avail-
able. Additional to these data, fault sensors at the TBM, 
shape arrays and triaxial nodes to detect movements, 
probe drilling ahead of the TBM in certain areas, in-si-
tu stress measurements as well as face scanning are used 
during tunnelling.
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lar gap allows the connexity of the shield, any potential 
squeezing and rock blocking interaction with the shield. 
The lining design is a high strength lining design with 3 
main segment types. The strongest segment is designed 
to take the overburden pressure as well as the up to 
29 bar hydrostatic pressure. It is reinforced with a steel 
cage up to 125 kg/m³ and a concrete grade C50/60.

It is a single track logistic with movable and fixed 
California crossings. After completion of the tunnel, 
only small modifications of the maintenance railway 
system are needed to make it permanent. The perma-
nent tunnel fit-out includes the Mineral Transport 
Conveyor belt system (MTS) divided into two systems, 
a 24 km and a 13 km long conveyor belt (Fig. 4).

TBM Performance

The TBM excavation started in June 2019 and due to 
the strict selection process of the TBM, the advance 
rate is very high. Strabag maintained a good and con-
sistent daily advance rate with the best excavation day 
at 52.65 m in 24 h and the best month with 1,012 m in 
October 2020. Due to this high performance, the pro-
ject was 145 days and 2.5 km ahead of the programme 
in November 2020. Nevertheless, some main downtime 
had to be managed caused by some probe drillings in the 
fault zones, technical stops for cable and conveyor belt 
extensions as well as clogging of the cutterhead.
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Fig. 3: Cross-section of the TBM tunnel
Source: STRABAG SE

Fig. 4: Cross-section of the completed tunnel
Source: STRABAG SE

Details of the single-shield Rock TBM

The 1,775 ton single-shield Herrenknecht rock TBM 
S-1175 works with an installed cutterhead power of 
2,100 kW (6 x 350 kW). The cutterhead drive torque is 
3,281 kNm at 5.81 rpm and the maximum is 4,758 kNm 
at breakout. The cutterhead rpm is up to 9 and the over-
all installed power of the TBM is 2,900 kW. The thrust 
is between nominal 62,068 and 73,890 kN. The erector 
rotates +/- 200 ° with 6 ° of freedom.

The excavated diameter of the tunnel is 6.0 m, with 
an external lining diameter of 5.6 m and an internal lin-
ing diameter of 4.9 m (Fig. 3). The lining is built with 
5+1 segments as a universal large key type ring. The 
length of the segments is 1.5  m. The segment lining 
thickness is 35 cm with a 20 cm wide annular gap with 
overcut. Due to the 370 m overburden, this large annu-
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The metro station BKC in Mumbai, India, will be the largest underground 
station on the Asian continent and an important hub for the passengers. 
Peri supplied formwork and scaffolding solutions for the construction of 
this station. 
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Bandra Kurla Complex (BKC): Formwork  
and Scaffolding Solution for Asia’s largest 
 Underground Station in Mumbai, India
Tanja Häuptle, Peri GmbH Formwork Scaffolding Engineering, Weißenborn, Germany

The Bandra Kurla Complex (BKC) is an underground 
station on the Mumbai Metro, a rapid transit system that 
is currently under construction. The rapid transit system 
in the Indian metropolis will serve the city of Mumbai 
itself as well as its entire metropolitan area in the federal 
state of Maharashtra. By supplying comprehensive form-
work and scaffolding solutions (Fig.  1), Peri has been 
providing assistance since construction began on the ma-
jor project in April 2019 so that the BKC can be com-
pleted within the demanding construction time-scale.

The Bandra Kurla Complex (BKC) is located on 
the section of the 33.5-kilometre-long Colaba-Bandra-
SEEPZ line (also known as line  3) that connects the 
Cuffe Parade business district in the extreme south of 
the city to the Santacruz Electronics Export Processing 
Zone (SEEPZ) and the Aarey in the north [1]. Upon 
completion, the BKC will act as an extremely important 
hub for passengers looking to change swiftly to line 2. 
Special feature: the BKC will be the largest under-
ground station on the Asian continent.

A complex Underground Construction

The 475-m-long and 30-m-wide underground station 
consists of two subterranean levels. The first level is 
8.40 m high, ending with a 750-mm-thick slab. The sec-
ond level is 5.50 m high and ends with a 1,200-mm-thick 
floor. Since all loads acting on the slabs are transferred di-
rectly into the columns, approximately 1,450-mm-thick 
drop panels were used between the columns and the slabs.

Concreting the retaining walls was the first challenge 
that the construction team faced due to the fact that it 
was impossible to absorb the horizontal fresh concrete 
pressure on the wall formwork using formwork ties on ac-
count of the subterranean position up against the ground 
earth. What was required was a single-sided formwork 
solution that could also cover the surface of the 24.00-m-
long and 4.50-m-high concreting sections at a single pour.

Constructing Retaining Walls at a Depth 
of around 16 Metres

Peri came up with a special-purpose solution that en-
sured that the retaining walls could be constructed 
in only a single cast and in the sectional dimensions 
required: the single-sided SCS Climbing System in 
combination with the Liwa Panel Formwork (Fig.  2). 
With the aid of the SCS Climbing System for non-tied 
wall formwork (Fig. 3), it was possible to transfer the 
loads resulting from the fresh concrete pressure through 

Fig. 1: Peri delivered around 480 t of formwork and scaffolding material to 
the client’s construction site.
Source of the photos: PERI GmbH

Fig. 2: Single shield formwork solution for concreting the retaining walls
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Fig. 3: With the aid of the SCS Climbing System for non-tied wall formwork 
the loads from the fresh concrete pressure could be transferred into 
the previous concreting section.

Fig. 4: The columns were formed in a straightforward manner without any 
special-purpose components thanks to the integrated perforated 
strips.

Fig. 5: VT 20K Formwork Girders were used to support the slab formwork.

climbing ties and into the previous concreting section 
via the brackets. In this way, it was possible to stick to 
the demanding concreting cycle of only 25 to 30 days 
that had been stipulated.

The Liwa Panel Formwork was also used at the con-
struction site in Mumbai for the construction of the 
8.40-m-high columns (Fig.  4). This system formwork 
stands out not only due to its low weight but also on ac-
count of its integrated perforated strip. This allowed the 
construction site team to use the elements in a multi-
purpose manner. For example, it was possible to form 
the columns in a single operation and without the use of 
any special-purpose components. Opting for the Liwa 
system instead of a conventional formwork system re-
sulted in valuable time savings and a significant reduc-
tion in personnel costs.

Modular Scaffold System as a  
height-adaptable Table Support

The construction site team came up against another 
challenge when it came to constructing the 750-mm-
thick slab area and the 1,200-mm-thick roof floor cov-
ering 24 m x 32 m single pour plan area. The solution 
came in the form of the height-adaptable table support 
Peri Up Flex Shoring Tower Plus. With the aid of stand-
ards and horizontal ledgers of the modular scaffold Peri 
Up Flex and a few additional components, it was pos-
sible to erect shoring that was ideally suited to slab ta-
bles. It was also possible to adjust the positions of the 
standards so that they were perfectly equipped to deal 
with the loads to be transferred, with each standard be-
ing able to absorb a maximum load of 40 kN.

To form the slabs, Table Module VT Slab Table was 
used in combination with VT 20K Formwork Girders, 
which stand out due to their high coast-effectiveness 
(Fig. 5). The large-scale formwork areas of the slab ta-
bles were moved quickly and easily by crane and mov-
able trolley. The slab tables were pre-assembled at site, 
meaning they were ready for use in no time at all, thus 
contributing to the smooth execution of the time-criti-
cal construction schedule.

Comprehensive on-site Support

Thus far, Peri has delivered around 480 t of formwork and 
scaffolding material to the client’s construction site. The 
planning and construction engineers from Peri have also 
been on hand to support and train the construction site 
team throughout the entire process in an effort to ensure 
that the major construction project is completed within 
the scheduled construction period of 14 months. The Ban-
dra Kurla Complex is scheduled for completion in 2020.
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The old mining shafts are abandoned now – but 
not forgotten. In fact quite the reverse, for they 
still have to be monitored on a regular basis. This 
is a time consuming and costly business. The so-
lution: digitise the monitoring regime. The Sigfox 
0G network is now able to connect things to the 
internet in a way that would have been impossible 
before because the process was either too energy 
intensive or too expensive. Other underground 
applications have already been put into practice, 
including systems for the Antwerp water supply 
network in Belgium and for the logistics services 
at a tunnel construction site. 

Mining • Post-mining • Digitisation • 
Monitoring

0G network-based Digitisation for  
Monitoring post-closure Mine Entrances  
and other Applications
Dipl.-Ing. Frank Wollnik, RAG Aktiengesellschaft, Essen, Germany
Prof. Dr.-Ing. Bernd vom Berg, Technical University of Applied Sciences Georg Agricola, Bochum, Germany
Klaus Hoffmann, Sigfox Germany GmbH, Grassbrunn, Germany

The cessation of coal production in Germany marked 
the conclusion of a major chapter in the country’s indus-
trial history – but it did not spell the end of operations 
at the RAG company:

 ▶ In fact: The company has now assumed responsibil-
ity for various duties associated with the post-min-
ing era, one of these being the regular monitoring of 
disused mine shafts, surface openings and passages. 

 ▶ A massive undertaking: The former RAG coalfields 
of Saarland, Ibbenbüren and the southern Ruhr ba-
sin contain roughly 7,300 abandoned mine open-
ings that in some cases are hundreds of years old. In 
2007 RAG developed a monitoring system in order 
to evaluate and minimize risks posed by these struc-
tures. This risk management leads to a prioritiza-
tion order, according to which roughly 35 sites per 
year are remediated to establish sustainable safety. 
The monitoring is still heavily reliant on manpower 
since roughly 6,000 on-site inspections are carried 
out each year. These inspections cost an inordinate 
amount of time and therefore money, so that a more 
efficient method had to be found. 

 ▶ The concept: In order to improve the process for 
monitoring such a large number of mining legacies 
of this kind an innovative system has to be devel-
oped and put in place that provides for the continu-
ous real-time monitoring of disused mine openings 
and the digital storage of all the associated measure-
ment data. 

Modular System designed for  
a harsh Environment

The development work was taken on by the Research 
Center of Post-Mining and the Departments of Electri-
cal Engineering/Information Technology and Indus-
trial Engineering at the Technical University of Ap-
plied Sciences Georg Agricola. The Research Center of 
Post-Mining teamed up with RAG to design and build 
a suitable, continuous monitoring system featuring the 
latest sensory and transmission technology and this will 
eventually go into volume production with industrial 
partners (Fig. 1). The basic objective of these Mineber-
ry Systems is to provide self-sufficient modular solutions 
for practically any type of abandoned mining structure. 
In order to achieve this the engineering team not only 

Fig. 1: Sigfox monitoring team on assignment to an 
RAG filled shaft site

incorporated proven technology but also exploited 
the opportunities arising from new IoT solutions. The 
components being installed in the target shaft not only 
had to withstand the arduous outdoor environment but 
also had to meet explosion protection standards. It was 
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stored and, in the event of an alarm, sent to a predefined 
message chain.

Digitisation of a suspended Weight  
System for Monitoring Shaft Collapses

Fig. 2 shows the equipment set-up for the digital moni-
toring of possible shaft collapses using a Sigfox system. 
Two weights of about 1 kg, which are connected by 
steel ropes to pull-cable switches SZS1 and SZS2, are 
positioned on the shaft column of the filled mine shaft 

Fig. 2: Layout of the Sigfox monitoring system

Fig. 3: Blankenheim shaft 
showing shaft cover, 
monitoring station and 
solar panel

Fig. 4: Blankenheim shaft showing shaft cover with pull-cable switches and 
steel ropes

also important to ensure that all the systems and their 
components were designed for durability and high cost-
efficiency. 

The resulting solution was both smart and con-
vincing. The smallest system in the current range, for 
example, comprises sensor units, a solar generator and 
a microcontroller and uses the Sigfox 0G network to 
transmit data directly to a cloud store. In the simplest 
case the sensors are used for monitoring the vertical 
movement of the column of fill inside an abandoned 
mine shaft. The data collected in this way are then auto-
matically displayed in the relevant cloud, where they are 
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(Figs. 3 and 4). This provides for a staggered alarm sys-
tem, as the steel ropes on the fill column have different 
lengths of feed loop, e. g. 60  cm for SZS1 and 80  cm 
for SZS2. In the normal situation the weights and the 
coiled feed loops will be resting on the shaft column.

If the shaft column subsides the feed loops will un-
coil and when the vertical height of sag exceeds 60 cm 
the first rope will become taut and as a result will trig-
ger pull-cable switch SZS1. This event will be recorded 
at the monitoring station (Fig. 5) and a warning signal 
will immediately be sent by e-mail and/or SMS to the 
control centre or to a select group of individuals. A 
decision can then be taken as to the kind of response 
required, e. g. action to stabilise the shaft or shaft col-
umn. If the shaft column subsides further pull switch 
SZS2 will be activated when the amount of settlement 
exceeds 80  cm. This triggers another immediate alert 
from the monitoring station and this is interpreted by 
the response centre as the highest level of alarm message 
or hazard alert, which means that immediate measures 
are required to stabilise the shaft or shaft column. This 
particular activation system with two switch points was 
chosen to enable the receiver to distinguish between a 
slowly developing subsidence movement at the fill col-
umn and a spontaneous and much larger collapse.

In order to keep a check on the basic functioning 
of the monitoring station cyclical sign-of-life signals are 
transmitted to the central control point at fixed inter-
vals, e. g. every 15 minutes, along with a record of the 
current pull-cable switch status. However, when plan-
ning the actual installation of a surveillance system for 
filled-in shafts, i. e. a complete monitoring unit with 
monitoring station, sensor system and auxiliary compo-
nents, there is one crucial aspect that has to be borne in 
mind, namely that the risk of CH4 (methane) gas emis-
sions is always present, though this will depend on the 
type of shaft in question and on the conditions prevail-
ing in the shaft itself and in the immediate vicinity of 
the structure. All monitoring systems set up for opera-
tions of this kind must therefore comply with explosion 
protection regulations. 

The new monitoring system is also capable of even 
more than this, for if still images of the current situa-
tion at the site are needed along with the measurement 
data there is an optional Raspberry Pi system available 
for this very task. This uses an infrared camera to take 
pictures day and night so that a visual assessment can 
be made of the situation on the ground. This new so-
lution for monitoring abandoned mining structures is 
currently being trialled at a number of sites.

Self-sufficient Operation

Another advantage is that the shaft monitoring system 
is solar powered and so is completely self-sufficient in 
operation, while its modular design makes it suitable 
for practically any kind of abandoned mining structure. 
The recorded data are stored in the Sigfox cloud via 
the global Sigfox network and from there they can be 

Fig. 5: Switch cabinet with monitoring station

retrieved and displayed on a user PC, laptop, tablet or 
smartphone. 

The decision to use the Sigfox 0G network for data 
transmission was based on a number of factors. For one, 
this system can transmit data over extremely long dis-
tances at very low power levels and as such can be used 
both above and below ground. The 0G network also 
has worldwide coverage and currently operates in some 
72 countries. It can therefore be used on a transbound-
ary basis. In Germany it already has nearly 90% cover-
age (as at September 2020) and so can operate almost 
anywhere in the country. What is especially beneficial 
is that this network is open to the public and unlike al-
ternative privately-based LPWAN networks (LPWAN 
Low Power Wide Area Network) users do not have to 
build and maintain it themselves. This effort and the 
costs associated with it therefore do not apply when us-
ing the 0G network.

Small Data Units, big Benefits

The 0G network has other advantages too when it 
comes to cost. As only small amounts of data are be-
ing sent out the transmission costs are low. Moreover, 
licence-free frequency bands are used for transmission, 
so operators do not have to pass on to customers the 
costs arising from the acquisition of 3G/4G/5G mobile 
radio frequencies, while the transboundary availability 
of the network worldwide means no roaming fees. This 
is a real advantage for all companies with cross-border 
operations. And there is another practical benefit in 
that there is no need for SIM card management simply 
because SIM cards are not required. This too helps to 
reduce the administrative charges. However, the most 
crucial factor is the system’s power-saving operation and 
the low maintenance costs that this entails. As 0G sen-
sors can often run for years without the need for a bat-
tery change, or can even be powered by a solar cell, as 
in the case presented here (Fig. 3), there are no service 
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costs arising from battery changeovers. In short: 0G is 
an extremely cost-efficient, long-lasting and mainte-
nance-free solution for those seeking a remote monitor-
ing system for cloud-based storage. 

0G Digitisation for widespread  
Application

The 0G network is also suitable for applications other 
than the digitised monitoring of shaft entrances and 
surface openings. Systems of this kind have already been 
set up in the equally radio-challenging underground en-
vironment of the Antwerp water supply network in Bel-
gium. However, this extensive subsurface installation 
does require a series of repeaters to be positioned every 
3 or 5 km along the route. 0G also provides smart solu-
tions for the tunnelling industry and has collaborated 
with Condat, an international specialist in industrial 
lubricants, in developing a digitised system for record-
ing sealant consumption rates at tunnel construction 
sites. A Sigfox 0G-based sensor fitted to the sealant con-
tainers transmits regular messages detailing the closed 
or open status and the location of the container drums. 
The system can also be used for digital shaft monitoring 
duties where it can immediately report any unauthor-
ised opening of a shaft cover, for example, and in this 
way provide a high degree of protection from theft and 
vandalism. 
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Drilling and Blasting  
(as digital Conference in German Language) 

3. und 4. February 2021 
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Clausthal University of Technology 
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Conclusion

The 0G network offers a reliable and cost-effective solu-
tion for digitised and automated monitoring duties in 
subsurface environments.

https://www.bergbau.tu-clausthal.de/veranstaltungen/bus-2021-glueckauf/?georesources


MininG/tunnellinG 31

GeoResources Journal 4 | 2020Radl, Mitra, Clausen, Paus and Wilke:
In-situ Detection of loose Rock www.georesources.net

Any successful performing scaling depends on 
the accurate identification of loose rock. The Scale 
Sense project aims to integrate sensors into a scal-
ing machine in order to assist the equipment op-
erator with this task. This will contribute making 
scaling a safer and more efficient process.

Mining • Rock • Monitoring • Sensor • Safety

In-situ Detection of loose Rock
Alexandra Radl M.Sc., Rudrajit Mitra, PhD and Univ.-Prof. Dr.-Ing. Elisabeth Clausen, Institute for Advanced Mining Technologies 
(AMT), RWTH Aachen University, Aachen, Germany
Dipl.-Ing. Franz-Josef Paus and Dipl.-Ing. Bergbau, Dipl. Wirt.-Ing. (FH) Oliver Wilke, Hermann Paus Maschinenfabrik GmbH,  
Emsbüren,  Germany

Introduction

In conventional underground mining, scaling is an 
important process after blasting. The blasting process 
can generate loose rock that has to be removed from 
the roof in a controlled manner to create a safe working 
environment. This ensures that no mine worker is subse-
quently exposed to unsafe working conditions and pre-
vents equipment from being damaged by rock falls [1].

Before operations can be resumed the roof has to be 
examined and some areas may have to be scaled to pro-
vide a safe working environment. Visual and acoustic 
checks are carried out to identify areas of loose rock. Cur-
rently, an experienced miner strikes the roof with a scaling 
bar. By means of this sound-based process an individual 
can identify loose rock and can then decide whether scal-
ing has to be undertaken at that particular place or not. 
The presence of loose rock produces a hollow sound 
while rock that is not loose creates a solid sound [2]. Per-
forming the scaling process safely and correctly calls for 
years of experience. When a mineworker identifies loose 
rock he then has to decide on the next course of action. 
Controlled scaling can be carried out with a minimum 
level of risk. To this effect the area in question first has to 
be secured or in the worst case completely shut down to 
avoid a hazardous event. This latter measure is not desir-
able from an economic viewpoint [1].

The following section describes different ways in 
which scaling can be performed. Then the Scale Sense 
project is discussed. Scale Sense (Fig. 1), which focuses 
on the in-situ detection of loose rock, was launched in 
May 2020 and is a collaborative initiative between the 
Institute for Advanced Mining Technologies (AMT) 
at the RWTH Aachen University and Hermann Paus 
Maschinenfabrik GmbH. The project aims to develop a 
scaler with integrated sensor technologies for the detec-
tion of loose rock. Simultaneously, it will be document-
ed as automatically as possible where the scaling process 
has already taken place. Areas that have already under-
gone scaling will also be automatically documented as 
part of the process.  

While the project is designed for conventional un-
derground mining the results may also benefit to the 
tunnelling industry, where scaling is also an important 
safety procedure after blasting.

Scaling Methods

The different methods of scaling are described in de-
tail below. In the majority of cases this operation is still 
carried out manually, although equipment such as drill 
jumbos and machinery specially developed for the scal-

Fig. 1: The Scale Sense Project

ing process can also be used. Factors associated with the 
geological conditions of the deposit and operational 
parameters, such as the size of the mine, the geometry 
of the drifts requiring scaling and the degree of mecha-
nisation in place, can all affect the choice of a particular 
scaling method. Scaling is essential in order to create 
a safe working environment after blasting. This means 
identifying and removing all areas of loose rock. The 
aim is to focus on the target rock, rather than seeking to 
excavate large quantities of material, as this would be an 
inefficient and costly approach. Such a procedure could 
also result in further damage to the roof strata and the 
formation of new instabilities.

Manual Scaling

As indicated above, manual scaling involves an experi-
enced mineworker tapping against the roof with a scal-
ing bar in order to identify loose rock. When scaling is 
required the scaling bar is then used to remove the loose 
material in a controlled manner. The manual scaling 
process is highly dangerous and falls of loose rock can 
result in serious injury and even death. A correct work-
ing procedure and appropriate protective clothing are 
therefore vital. Especially at larger heights (> 3.5 m), it 
is generally very difficult to reach the roof using a scaling 



32 MininG/tunnellinG

GeoResources Journal 4 | 2020 Radl, Mitra, Clausen, Paus and Wilke:
In-situ Detection of loose Rockwww.georesources.net

(29 % of the cases). The weight of the bar depends on 
the type of material it is made up with, i. e. a fibreglass 
or steel bar. A 1.8 m long steel bar, for example, weighs 
about 6  kg [3–5]. The frequency of these incidents is 
shown in Fig. 2. 

Scaling by existing Machines other than 
Scalers

Especially at large heights, it is of advantage to use ma-
chines instead of manually performing the scaling process. 
For example, existing drill jumbos are used. However, 
since drill jumbos are not designed for the scaling process 
there are some limitations on their use for this purpose. If 
drill jumbos are used for scaling, the power of the drifter 
and the boom hydraulics are used to generate large impact 
forces to remove the rock. Furthermore, the background 
noise of the machine prevents the miner from hearing the 
sound of the loose rock, so often no efforts are made to 
identify loose rock before carrying out the scaling pro-
cess. It is also possible that all the loose rock is not fully 
removed, since drill jumbos are not designed for scaling. 
Thus, it is not possible to guarantee, that no miner is ex-
posed to an unsafe environment during subsequent work 
or that equipment is damaged by rock fall. In addition, the 
use of drill jumbos for scaling regularly leads to damage of 
the booms of the drill jumbos [1].

Scaling by  Machines designed specifically 
for the Purpose

The use of robust machines specifically designed for 
scaling is more suitable for this process. This is because 
a scaler includes a larger range of motion for the boom. 
Nevertheless, often larger and heavy machines are used, 
which intend to remove as much rock as possible. The 
use of small-sized or medium-sized scalers offers the 
opportunity to perform the scaling process more selec-
tively. 

Table  1 summarises the advantages and disadvan-
tages of the presented scaling methods.

Prerequisite for successful Scaling

The ability to detect loose rock is the basic prerequisite 
for a successful scaling operation. While manual scaling 
is generally effective at identifying areas of loose mate-
rial, this process will nevertheless be heavily dependent 
on the mineworker’s experience and awareness. It is also 
a highly dangerous task, as the worker in question can 
never be sufficiently protected against falling rock.

When machines are used for scaling work there is 
generally little or no attempt made to detect loose rock 
and either too much or too little material is removed. 
This is not desirable either from a safety viewpoint or 
from an economic perspective.

It becomes clear that the complete and correct 
detection of loose rock is essential for a safe and eco-
nomically successful scaling process. The use of suitable 

Table 1: Advantages and disadvantages of the presented scaling methods

Method Advantages Disadvantages

Manual scaling  ▶ Easier to detect loose rock
 ▶ Low acquisition costs

 ▶  Less protection against falling 
rock

 ▶  Decision whether to scale 
or not, depends on human 
 decisions and thus on the 
 experience of the miner 

 ▶  Difficult/impossible at great 
heights

Scaling b y existing 
 machines other  
than Scalers

 ▶  No additional investments for 
further machinery

 ▶   Partial protection against 
 falling rock

 ▶  Use at larger heights possible

 ▶  Not designed for scaling and 
this can result in damage of 
the boom

 ▶  Can result in incomplete scaling
 ▶  Difficult to identify loose rock

Scaling by machines 
designed specifically 
for the purpose

 ▶  Robust equipment that can 
protect the miner against  
falling rock

 ▶ Constructed for scaling
 ▶  Use at greater heights possible
 ▶ Time and cost saving 

 ▶  Large and heavy scalers not 
made for selective scaling

 ▶  Detection of loose rock is 
 difficult

Fig. 2: Percentage of incidents directly related to the manual scaling process 
according to [3]

bar. In such cases work platforms can be used to reduce 
the distance to the roof. When employing platforms it 
is important from a safety viewpoint to pay attention to 
the nature of the ground and to provide sufficient light-
ing [1]. The weight of the scaling bar is another factor to 
be taken into consideration. 

The US National Institute for Occupational Safety 
& Health (NIOSH) publishes mining-related informa-
tion on accidents, injuries, fatalities, employment, etc. 
collected by the Mine Safety & Health Administra-
tion (MSHA). In the two years 2017 and 2018 they 
reported more than 30 incidents related to manual scal-
ing. These included injuries to the head, finger, shoulder 
and neck caused by falling rock (32 % of these incidents 
were directly related to the manual scaling process) and 
injuries caused by the scaling bar itself after the tool 
was struck by falling material (13 % of all reported in-
cidents). These events also include cases where a work 
platform was being used. Furthermore, since manual 
scaling is a tough task workers often feel pain in their 
back, shoulders, neck or wrist while scaling, something 
that may have to do with the weight of the scaling bar 



MininG/tunnellinG 33

GeoResources Journal 4 | 2020Radl, Mitra, Clausen, Paus and Wilke:
In-situ Detection of loose Rock www.georesources.net

sensor technologies for detecting loose rock can be of 
enormous advantage. Sensors can provide for an objec-
tive evaluation of the roof conditions, even when scalers 
are deployed, and in this way can be a valuable tool for 
the identification of loose rock. Sensor-based methods 
can therefore contribute to a safe and efficient scaling 
process.

Suitable sensor technologies give the opportunity 
to imitate and complement the miner’s activities for 
identifying loose rock, i. e. by using visual and audi-
tory recognition. The application of long wave infra-
red thermography (LWIR) as an imaging technique 
and acoustic methods, for example, have already been 
investigated. The use of LWIR cameras is possible be-
cause the heat flow in the rock is interrupted if there is 
a crack or cavity. This in turn results in temperature dif-
ferences between the loose material and the solid rock. 
If this temperature difference can be detected then 
areas of weakness can also be identified because of the 
air gap that is present. Microphones are used to mimic 
the mineworker’s hearing in order to decide whether 
loose rock is present or not. Furthermore, there are ap-
proaches for combining both methods [6, 7]. 

The Scale Sense Project

Till date, there are no approaches to integrate suitable 
sensor technologies into a scaler for detecting loose 
rock and monitoring the scaling process. Consequently, 
the mineworker has to accomplish the different tasks 
– firstly the detection of loose rock and secondly the 
scaling process. The miner has to carry out this proce-
dure continuously. This procedure is time intensive and 
leads to a higher probability that there are breakouts in 
the roof. Even if sensor technologies for detecting loose 
rock are integrated into the manual scaling process the 
mineworker still has to enter hazardous areas.

Therefore, the aim of the Scale Sense Project is to 
develop a sensor-based system to support the mine-
worker in detecting loose rock during the scaling pro-
cess. This system will be integrated into the scaler in 
order to achieve the following advantages:

 ▶ Using mechanised scalers will eliminate the need for 
manual work.

 ▶ The introduction of sensor technologies will sup-
port the machine operator in detecting loose rock 
and carrying out the scaling process.

In this project, a medium sized scaler will be used in or-
der to enable selective scaling. This is desirable especially 
from an economic point of view.

The identification of loose rock, and consequently 
the decision on whether it has to be removed, would 
no longer depend on the miner’s subjective decision. 
This will contribute to increasing safety in underground 
mines. Furthermore, monitoring the scaling process will 
make it more efficient and therefore offers economic ad-
vantages. 

Within the project, preliminary tests will be per-
formed in the laboratory to investigate the impact of 
selected mechanical parameters on the scaling process 
along with recording the sensor data. The knowledge 
gained from these tests will be used for developing an al-
gorithm for detecting loose rock within the scaling pro-
cess and monitoring the scaling process. Furthermore, 
the sensors have to be integrated into a scaler and a unit 
has to be developed to visualize the result of the detec-
tion of loose rock to the mineworker in order to support 
him during the scaling process. Finally, the functionality 
of the developed system will be demonstrated under real 
mining conditions.

The Paus Scaler

Paus launched the first Scaler 852, in Chile some twenty 
years ago. The main objective was to achieve as much 
sensitivity as possible during the scaling process in order 
to enable selective scaling. Another key factor for the 
successful launch of the Paus Scaler was the manoeuvra-
bility of the machine. The success of the Paus Scaler led 
to the development of a versatile, small  and articulated 
unit that is now operating at more than 500 sites world-
wide. With its sensitive and selective scaling the Paus 
Scaler prevents injuries to the protective vault of the gal-
lery and the unwanted caving from rock into the drifts. 
A natural protective vault is formed for each horseshoe 
shaped profile. If too much energy is directed into this 
natural protection a massive rockfall occurs. If instead 
sensitive and selective scaling is performed, this results 
in a safety area free from primary and secondary cracks.

The Paus Scaler, with its telescopic, swivelling boom, 
is designed for high-performance, selective scaling and 
has a coverage of approximate 60 m². It can be operated 
in galleries with a maximum height of 8  m. The ma-
chine is also equipped with a dust suppression system 
and an automatic lubrication system for machine and 
hammer. To avoid machine downtimes due to hydraulic 
oil pollution the machine has been built with two sepa-
rate hydraulic circuits: one for the hammer and one for 
the working and drive hydraulics. Safety is of course the 
main factor and this is why Paus scalers are designed to 
meet the highest safety standards like ROPS (roll-over 
protective structures) and FOPS (falling-object protec-
tive structures).

Over the last 20 years Paus scalers have proven 
their effectiveness in rough terrain conditions and have 
shown that they can operate at altitudes of as much as 
5,000 masl. Paus has recently released the new P-Scale 
8-T model that incorporates all the lessons learned 
from the last 20 years and offers the customer enhanced 
machine safety and higher productivity, along with a 
number of new design features. The new P-Scale 8-T 
machine is depicted in Figs. 3 and 4.

The integration of dedicated sensor technologies 
into the scaler, which is the aim of the Scale Sense pro-
ject, will enable these machines to deliver increased lev-
els of safety and productivity.
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ity coefficient ε. This coefficient describes the radiation 
of heat, according to the Stefan-Boltzmann Law, 
of a real body compared to an ideal black body, whose 
ε = 1. Its value depends on the material and surface 
properties of the object [9]. The application of LWIR 
cameras in underground mining is possible because the 
natural own radiation of an object is used. This means 
that no additional sources of light are needed and dark 
or poorly lit environments can also be displayed. Be-
cause of the wavelength the application is also largely 
unaffected by dust. As LWIR cameras are regularly 
used in military applications there are a number of ro-
bust  designs available [10]. At AMT, LWIR cameras 
are housed in a robust housing to protect them from 
the harsh mining environment (Fig. 5).

LWIR cameras are suitable for identifying loose 
rock because the heat flow in the rock is interrupted if a 
crack or cavity is present. This interruption leads to tem-
perature differences between the loose material and the 
solid rock [6]. If this temperature gradient is sufficiently 
large loose rock can be detected. The temperature gradi-
ent will depend not only on the rock but also on the 
sensitivity of the measurement equipment. The project 
will therefore seek to establish just how large the tem-
perature gradient has to be.

AE Sensors

When an object is exposed to stress, this results in 
changes inside the object, such as local plastic deforma-
tions or the initiation and growth of (micro)cracks.  This 
creates transient elastic waves that propagate in materi-
als and surrounding fluids. These waves called ‘acoustic 
emissions’, are of high frequency and can be analysed in 
order to obtain information about the changes in the 
body [11, 12]. Before the acoustic emission signals can 
be analysed they have to be acquired and pre-processed. 
Firstly, an AE sensor acquires the AE wave. Secondly, 
the signal is pre-amplified, before the signal passes an 
analog-to-digital converter (ADC) for converting it 
into a digital signal. Finally, the digital signal is trans-
mitted to the evaluation unit [13]. Fig. 6 schematically 
shows the setup of the entire AE measurement chain.

Fig. 3: P-Scale 8-T model 

Fig. 4: P-Scale 8-T model (in close-up)

Sensor Technologies

For developing a sensor-based system for the detection 
of loose rock the selection and application of suitable 
sensor technologies is essential. Sensor technologies are 
imitating and possibly even improving the mineworker’s 
tasks for detecting loose rock, i. e. by visual and auditory 
perception, and are therefore considered to be suitable. 
The following sensors will be used: 

 ▶ LWIR cameras for supporting visual perception
 ▶ Acoustic Emission Sensors (AE sensors) for sup-

porting auditory perception

LWIR

LWIR is a contactless method to measure the surface 
temperature of a body. Every object whose surface tem-
perature is above 0 K emits thermal radiation [8]. The 
radiation depends on the temperature and the emissiv-

Fig. 5: Robust enclosures for LWIR cameras at the AMT

Fig. 6: Setup of an AE measurement chain
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The application of the AE technology for monitor-
ing the fracturing processes, for example in concrete 
[14], has already been investigated. This demonstrates 
the potential for using the AE technology for the detec-
tion of loose rock. 

Compared to microphones, AE uses a high-fre-
quency part of the frequency spectrum, so the sensor 
data is not affected by machine and ambient noise. 

Data Fusion

As scaling is a safety-relevant process any system that is 
developed for this purpose must be guaranteed as highly 
reliable in operation. One way to increase this reliability 
is to develop a redundant system using the principles of 
data fusion. 

As shown schematically in Fig. 7 the term ‘data fu-
sion’ describes the process of combining, correlating 
and connecting the data provided by a single source or 
by several sources. In this way an improved assessment 
of the status or identity of an object as well as a compre-
hensive and immediate evaluation of situations, threats 
and their significance can be obtained [15]. 

With this definition it becomes clear, why the appli-
cation of data fusion in the scaling process is promising. 
By applying the principles of data fusion, the system will 
be more robust in case of failures. Furthermore, the reli-
ability of the system can be increased [16]. In this way, 
the miner can be supported safely and reliably by using 
sensor technologies. 

Summary

In underground environment for conventional opera-
tions in mining, loose rock has to be removed in a con-
trolled manner after blasting. The purpose of scaling is 
to ensure that no worker is exposed to an unsafe envi-
ronment during subsequent work in the area and that 
machines are not damaged by falling rocks. 

For successful and efficient performance of the scal-
ing process, it is necessary to detect loose rock. Till date, 
the detection of loose rock is mainly carried out by an 
experienced miner. Using a scaling bar, the miner taps 
on the roof. Based on the resulting sound, a decision 
is made, if there is loose rock and if scaling is required 
or not. The decision depends on the miner’s experience 
and is highly subjective. 

Barring down the loose rock can be done manually 
using a scaling bar or mechanically using existing drill 
jumbos which are not designed for the scaling process. 
Scalers that have been specially designed for the scaling 
process are more suitable. Although the use of machin-
ery offers greater protection for the operator, it makes 
the selective detection of loose rock more difficult. 
That’s why often more rock, than actually necessary, 
is removed instead of removing loose rock selectively. 
This procedure is inefficient and causes additional costs. 
Furthermore, it can cause unexpected damage and new 
cracks in the rock. 

Fig. 7: Schematic description of the Data Fusion 
principle

The Scale Sense project aims to develop a sensor 
system for supporting the machine operator in detect-
ing loose rocks and performing the scaling process. The 
system will be integrated into a medium-sized scaler in 
order to avoid manual scaling and to enable a sensitive 
and selective scaling process. Both LWIR cameras and 
AE sensors will be used within the project. The project 
intends to increase safety in underground mining. Fur-
thermore, monitoring the scaling process will contrib-
ute in making the process more efficient and thus also 
offer economic advantages. 
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The closure of collieries is followed by a post-
mining phase that is usually characterised by ris-
ing mine water levels. In Europe the coal mining 
industry has been undergoing structural change 
for many years and this process continues to this 
day. This paper presents some of the experiences 
acquired by the THGA in producing a research 
project on mine water rebounds in the European 
coalfield regions whose findings will serve as a 
reference for future measures aimed at long-term, 
environmentally sustainable groundwater man-
agement.

Mining • Post mining • Mine Water • Hard coal • 
Groundwater management • Case studies • 
Europe

Mine Water Rebound in a Post-closure 
 Environment – Background and practical 
 Experiences
Dr.-Ing. Sebastian Westermann, Dr. rer. nat. Bastian Reker, Prof. Dr.-Ing. Peter Goerke-Mallet and Prof. Dr. rer. nat. Christian Melchers, 
Technische Hochschule Georg Agricola - University (THGA), Research Center of Post-Mining, Bochum, Germany

1 Motivation

The final decommissioning of Germany’s last two active 
coal mines in 2018 marked the end of a continuous pro-
gramme of colliery closures that had been taking place 
not just in that country but all over Europe (Fig.  1). 
Following the cessation of all hard-coal production na-
tionwide plans have now been laid to ensure a carefully 
controlled rise in mine water levels in the three former 
coalfield areas of the Ruhr, Saar and Ibbenbüren [1, 2, 
3]. This project provided an opportunity to evaluate the 
practical experience that had been acquired with rising 
water levels and the Europe-wide relevance of this topic 
then saw the scope of the study extended to include the 
measures and observations being carried out in other 
European countries [4, 5].

The ending of hard-coal production marks the be-
ginning of a post-mining phase, often of many years 
duration, that is part of the mine life cycle. One of the 
crucial questions to be addressed during this phase con-
cerns the long-term and sustainable management of the 
mine water. Each of the former coalfield regions is to be 
provided with a water management regime that is to be 
largely self regulating and as similar as possible to that 
which existed prior to the industrial exploitation of the 
coal measures. The process that will involve a gradual 
rise in mine water levels is therefore to be sustainably 
managed from both an ecological and an economic 
viewpoint and any risks associated with it must also be 
countered by a suitable mine water management strat-
egy.

This paper seeks to show whether the experience 
that has been acquired over the years can be used for the 
proactive planning and assessment of future measures 
aimed at establishing a sustainable mine water manage-
ment policy.

2 Background

This is a summary of the report of the research project 
entitled ‘Evaluation of mine water rebound processes 
in the German coalfields of Ruhr, Saar, Ibbenbüren 
and the adjacent European countries’. [3]. The report 
is based on the practical experiences recorded in [4]. 
The central task was to carry out an assessment of the 
mine water rebound processes that have been underway 

Fig. 1: European coalfield regions and year of final closure  
[amended according to [1]]

in and around disused coal mines in former European 
hard-coal mining regions. To this effect staff from the 
THGA Research Center of Post-Mining spent three 
years compiling (hydro-)geological, mine-survey and 
other relevant data as well as analysing information col-
lected from various sources. 

The researchers made a number of visits to former 
coalfields in Germany, Poland, the Czech Republic, 
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underground mine workings, its specific climatic condi-
tions and the (hydro-)geological characteristics of the 
local rock strata [7]. These natural and anthropogeni-
cally created factors have a substantial impact on the 
manner in which mine water levels rise over time and in 
space.  Each case of mine water rebound therefore has to 
be assessed on a site-specific basis.

The benefits of mine water rebound, or more spe-
cifically of the resulting rise of the mine water level, are 
both economic and ecological in nature. One important 
outcome from this process is that the receiving water 
courses have a lower burden of mine water, the reason 
being that the amount of discharge is reduced (quanti-
tative improvement) while at the same time the hydro-
chemical composition of the mine water is upgraded 
(qualitative improvement). Further information on this 
can be found in [8, 9]. Another positive aspect of mine 
water rebound is that it can help increase the stability of 
the mine workings.

On the other hand a mine water rebound can also 
bring risks that could have a negative impact on the 
environment (Fig.  3). Mine water rebound can have 
various consequences, such as ground movements, the 
reactivation of discontinuities, seismic events, local and 
diffuse gas releases, surface destabilisation, damage to 
watercourses and alteration of the hydraulic and hy-
drochemical conditions of the groundwater and mine 
water. Just how pronounced these prove to be will es-
sentially depend on the geology of a colliery and on the 
anthropogenic changes that have been made to it.

4  Selected Case Examples of long-term 
Mine-water Management

4.1 UK Coalfields

In 2017 a team from the Research Center of Post-Min-
ing visited a number of selected coalfields around Brit-
ain. For a detailed description of the findings from these 
field trips, and of the results of literature searches, refer 
to [5, 10, 11, 12].

The closure of Kellingley colliery in the Yorkshire 
coalfield (Fig. 4) in 2015 marked the end of operations 
at the UK’s last remaining deep mine. This was the final 
step in a programme of colleries closures that had com-
menced some  decades before. 

Well before this, at the beginning of the 1970s, hard-
coal mining came to an end in the South Butterknowle 
part of the Durham coalfield (Fig. 4). This former min-
ing area is the only place in the whole of Europe where, 
according to the records, an aquifer has been adversely 
affected by a mine water rebound [9, 13]. In this par-
ticular case the hydraulic impoundment of the mine wa-
ter hydraulic head in the overlying aquifer allowed the 
higher mineralised mine water to flow into the ground-
water resulting in a continuous increase in the sulphate 
mass concentration in the aquifer. However there was 
no parallel increase in the mass concentration of iron, 
something that can be attributed to the neutralising ac-

Fig. 2: Mine water rebounds in former European hard-coal mining regions [5]

Fig. 3: Environmental risks posed by mine water rebound

France, the UK and Spain. These field trips, combined 
with an in-depth analysis of references and bodies of 
data, led to a deeper understanding of the regional fac-
tors involved. Exchanges with various decision makers 
and organisations representing industry, science and 
governmental authority provided valuable insights into 
the body of evidence that had been acquired and into 
the post-mining interrelationships. This paper will seek 
to examine some of the aspects associated with long-
term mine water management and the post-mining uti-
lisation of mine water. 

3 Technical Causes of Mine-water Uplift

The term ‘mine water rebound’ describes the rise in 
water level that occurs in mine workings. This can be 
attributed to a reduction in, or suspension of, water 
pumping operations (passive flooding) [6]. Active 
flooding, which refers to the admission of water from 
outside, has to date never been practised in the German 
hard-coal industry. 

An analysis of finished mine water rebounds has 
identified varying rates of rise over different periods of 
time (Fig. 2). This is caused by the complex nature of 
the mine site in terms of the geometrical layout of its 
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tion of the limestone (buffer effect) in the joint aquifer. 
The increase in the pH value allowed the dissolved iron 
to be precipitated on the parting surfaces as iron hy-
droxide, with the result that it was no longer discharged 
into the environment.

To the north of South Butterknowle lies the East of 
Wear mining district. Since the mines in this area closed 
in the 1990s the mine water rebound has been constant-
ly monitored at various points. The mine water concept 
that was put in place provided for the maintaining of 
several pumping stations where the water hydraulic 
head could be controlled. The permanent maintenance 
of a constant difference in pressure height of a few 
metres prevents the mine water from mixing with the 
groundwater [14]. This operation has been running for 
two decades and has successfully protected the ground-
water from any contamination. The higher mine water 
level has helped reduce the inflow rate of more highly 
mineralised mine water. Measurements taken of electri-
cal conductivity also indicate the formation of a density 
stratification between the groundwater and the mine 
water [14]. This meant that the relatively expensive ‘ac-
tive’ mine water treatment methods could be replaced 
by ‘passive’ installations. As well as providing added val-
ue for ecological diversity this type of water treatment 
system is also beneficial for the climate as the reduced 
consumption of electrical energy and additives makes 
for a significant saving in harmful carbon dioxide emis-
sions. A similar concept, whereby a slight difference in 
pressure height is maintained in conjunction with pas-
sive mine water treatment, has also been adopted in the 
former Lorraine coalfield in France [12].

The Yorkshire coalfield lies to the south of the Dur-
ham mining area and stretches along the eastern edge of 
the Pennine range. The mine water rebound at several 
interconnected collieries were the subject of a model-
ling exercise during the 1990s. Because of insufficient 
data on the connecting mine roadways it was decided 
to employ best, base and worst case scenarios in order 

Fig. 4: Location of the former UK coalfields of East 
Fife, Durham and Yorkshire

to obtain information on the potential dates when mine 
water was likely to leak out to the surface [15, 16]. In 
fact the modelling results had seriously underestimated 
the velocity at which the mine water was rising and af-
ter a number of measurements had been carried out at 
random in the early 2000s a continuous monitoring 
programme was set up in order to keep a check on mine 
water levels. This monitoring system is of particular im-
portance as mine gas is currently being extracted from 
the Maltby mine workings (Fig.  5). The gas recovery 
operation will cease as soon as the mine water rebound 

Fig. 5: The Yorkshire coalfield – plaque commemorating the 
former Maltby colliery
Photo: Bastian Reker

Fig. 6: Yorkshire coalfield – wetland area established for the pas-
sive treatment of mine water from the old Hope Pit colliery
The head frame of the visitor mine Caphouse in the background

Photo: Bastian Reker
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expected to run on an open-loop system. Setbacks have 
arisen, however, as a result of heavy iron deposits clog-
ging up the heat exchangers. 

In addition to schemes for tapping into the geother-
mal potential proposals are now also being examined for 
using mine workings as artificial drinking-water reser-
voirs [20, 21]. Such a concept could conceivably result 
in an improvement to public drinking water supplies, 
especially in arid regions where there are insufficient 
natural groundwater reserves. Smaller watercourses 
could also be topped up with mine water as a way of en-
suring a minimum rate of discharge, thereby helping to 
maintain and develop valuable ecosystems. 

5 Summary 

Sustainable mine water management is one of the most 
important challenges that the post-mining world has to 
face when collieries have closed. However, while mine 
water rebounds do present specific risks and problems, 
this process can also bring all kinds of benefits that may 
provide real opportunities for former coalfield regions. 
The key challenge for the future will be all about learn-
ing to identify and assess these opportunities as quickly 
as possible and then finding ways in which to imple-
ment them. The former European coalfield regions are 
already home to many successful examples of efficient 
and beneficial initiatives of this kind.

Mine water rebound is part of a common process 
that takes place after mining activities have ceased. In 
general, any mine water rebound in the mine workings, 
or within the deposits, is of significant benefit in the 
long term for the quality and quantity of the mine wa-
ter. Experiences from the former coalfields in Durham 
(UK) and Lorraine (France) confirm that even a slight 
difference in pressure head of a few metres between the 
mine water and the groundwater is sufficient to prevent 
any mixing of these two bodies of water, and therefore 
to avert any potential contamination of the groundwa-
ter. An improvement in mine water quality, together 
with a reduction in mine water quantity, often provide 
an opportunity to switch from active to passive water 
treatment methods. 

Careful predictive planning and the appreciation of 
all the site-specific conditions provide the foundation 
for an optimised and sustainable mine water rebound 
in keeping with economic, ecological and sociological 
demands. As water levels rise they must be kept un-
der observation by means of a continuous monitoring 
programme, whereby the concepts and plans initially 
drawn up may well have to be continuously revised and 
adapted to the prevailing conditions. Experiences from 
the former Yorkshire coalfield in the UK show that in-
complete planning can subsequently pose problems for 
water pumping and management systems of this kind. 

The former Asturias coalfield in northern Spain has 
adopted a somewhat different approach to the problem 
of mine water management. Plans are being laid here to 
use mine water in a sustainable way as a source of geo-

Fig. 7: Barredo colliery in Asturias, Spain – headframe for water pumping 
shaft (Mieres Campus buildings a few metres away)
Photo: Bastian Reker

in this area will finish. A study that was commissioned 
by the UK Coal Authority in 2015 aimed to develop an 
updated model of the mine water rebound for the new 
parameters that would apply after the closure of Maltby 
colliery. The results of this study will serve as a basis 
for the early implementation of appropriate measures 
designed to protect the groundwater and the environ-
ment. 

The former Hope Pit colliery lies to the north west 
of Maltby colliery. The mine water in this area has a high 
mass concentration of iron and is treated using a passive 
system. To achieve this the mine water is first fed over 
an aeration cascade and into an adjoining settling tank, 
where most of the dissolved iron is precipitated and 
collected (Fig.  6). From there the water is channelled 
through a series of interconnected, specially construct-
ed wetland zones before being discharged into a water-
course. A 10-kW plant has now been installed at this 
location in order to investigate the geothermal potential  
of this water source [17].

4.2  The Asturias Coalfield in northern 
Spain

In 2018 a team from the Research Center of Post-Min-
ing travelled to the former coal mining region of Asturi-
as in northern Spain. For a detailed description of their 
findings refer to [5, 18].

A major effort is now under way in the former Astu-
rias coalfield to set up a geothermal plant on the Mieres 
Campus, which is part of the University of Oviedo. This 
installation, which will be the largest of its kind in Eu-
rope [19], will power the air conditioning systems for 
the Mieres Campus building and for an adjacent hos-
pital. Output is rated at 2 x 362  kW for the Campus 
building and 3.5 MW for the hospital. The installation 
has been beset by problems created by the highly iron-
contaminated mine water that is pumped from the old 
Barredo mine workings (Fig. 7). This operation is still 
at the pilot project stage, with the smaller plant being 
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thermal energy and to convert the mine workings into 
artificial reservoirs for drinking water. Scientific studies 
are also under way to examine how mine water could 
be used to help maintain water levels in smaller water-
courses during dry spells, which is important for sup-
porting ecological stability.
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The 2nd International Conference on High-Per-
formance Mining was organised as a digital event 
in response to the coronavirus pandemic. Twenty 
speakers presented various aspects of the modern 
mining industry, with special arrangements put in 
place to facilitate international networking.

Mining • Conference • Occupational safety • 
Digitisation • Automation • Environment

2nd International Conference for High-Perfor-
mance Mining goes digital for the first time
Aarti-Mona Sörensen, M.A., Institute for Advanced Mining Technologies (AMT), RWTH Aachen University, Aachen Deutschland

The 2nd International Conference on High-Per-
formance Mining (HPM), which was organised by 
RWTH Aachen University’s Institute for Advanced 
Mining Technologies (AMT) in partnership with 
VDMA Mining, took place from November 16 to 19. 
The event attracted some 190 participants, who because 
of coronavirus restrictions were unable to travel to the 
Aachen venue but instead joined in via a virtual confer-
ence platform (Fig. 1).

The conference has traditionally provided a plat-
form where national and international mining compa-
nies, suppliers and research institutions – both scientific 
and applied – come together to promote innovation 
and cooperation. The conference takes place every two 
years and alternates with the Smart Mining Conference, 
which is also held in Aachen.

This year’s event had a digital format in which 20 
speakers in all from various countries took part in 16 
live presentations spread over four afternoon sessions. 
The speakers used benchmark projects and trendsetting 
solutions to illustrate the current and future opportuni-
ties that exist in today’s mining industry, centred around 
four core themes: South America Day, Autonomous 
Mine, Green Mine and People’s Mine. 

South America Day

The conference opened with a ‘South America Day’, 
which focused on regional themes, with various flagship 
projects presented from Chile and Peru, along with a 
virtual delegation of 21 company representatives. 

The Autonomous Mine

‘The Autonomous Mine’ session on day two of the con-
ference involved joint presentations by the K+S Group 
and the GHH  Group, and also by Boliden with Sand-
vik Mining and Rock Technology, that focused on two 
examples of how European mining companies are using 
digitialization and automation technology. Following 
on from this, several leading consultancy specialists – 
the Stantec Energy and Resources Operating Unit, the 
Stratalis Group and McKinsey & Company – gave their 
assessment of future prospects for advanced analytics 
and bottleneck analysis as tools for improving the deci-
sion-making process.

The Green Mine

‘The Green Mine’ session provided Vale Canada Lim-
ited and SRK Consulting Inc. with an opportunity to 

Fig. 1: Start screen welcoming participants to the first digital High-Perfor-
mance Mining Conference

present an example of how battery-powered under-
ground vehicles are being deployed in Canada, while the 
Canadian company Nouveau Monde Graphite Inc. de-
scribed the work now under way to develop the world’s 
first vertically integrated, all-electric opencast graphite 
mine. Anglo American Platinum Ltd then showcased 
several specific projects aimed at reducing CO2 emis-
sions, while the Canada Mining Innovation Council 
(CMIC) rounded off the day’s session by providing an 
insight into open innovation concepts and the impor-
tance of cooperation as a strategy for solving common 
challenges – underpinned by compelling examples.

The People’s Mine

Pioneering thinker and strategy consultant George 
Hemingway started off the final day of the conference 
by fronting ‘The People’s Mine’ session with a presen-
tation outlining the crucial importance of trust as the 
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Aachen Institute for Advanced Mining Technologies, 
VDMA Mining and the GDMB Young Members’ 
Working Group. The winning team used the VDMA 
industry meeting as a backdrop to present its results to 
an audience of HPM and VDMA participants. Sandvik 
also arranged a virtual factory visit, while the AMT pro-
duced a virtual tour of the Institute that was specially 
laid on for the conference. The conference platform and 
its entire content will be available to all participants for 
a further six months and so will provide numerous op-
portunities for networking.

 Smart Mining Conference 2021

The next Smart Mining Conference will be held in No-
vember 2021. 

Aarti-Mona Sörensen, M.A.,
is on the scientific staff of the Institute for Advanced 
Mining Technologies (AMT), RWTH Aachen Univer-
sity, Aachen, Germany.
Contact: 
asoerensen@amt.rwth-aachen.de
www.amt.rwth-aachen.de

new cultural currency and the new competitive advan-
tage. Eldorado Gold Quebec followed on by teaming 
up with Nemesis Intelligence to give a practice-oriented 
presentation outlining new ways in which scanners can 
be used for environment monitoring applications. In-
spire Resources then closed the day with a presentation 
on new business models designed to make mining more 
attractive for social investors, with the focus on social 
value creation. 

Networking

The conference platform also provided all kinds of net-
working opportunities for participants as part of the 
online virtual event. These included a virtual exhibi-
tion and moderated discussion sessions during the cof-
fee breaks. The programme concluded with a number 
of virtual side events. This marked another conference 
first in the form of a student ‘Techathon’ in which stu-
dents from various universities – Freiberg University of 
Mining and Technology, Clausthal University of Tech-
nology, the University of Leoben and RWTH Aachen 
University – had to work in mixed teams on a problem 
that had been devised by the Hagerbach VSH Test 
Gallery. The Techathon was organised by the RWTH 

https://suedafrika.ahk.de/
mailto: info@germanchamber.co.za
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Major attention is now being focused on the open-
cast extraction of lignite deposits in the central 
European region, where large amounts of brown 
coal were left virgin by the underground mining 
operations of the 19th and 20th century. Analyses 
carried out at German and Czech opencast lignite 
mines have now produced a set of recommenda-
tions for special technologies for caved gob zones 
that would facilitate the extraction of lignite from 
historical seam operations. Advice was also pro-
vided on dealing with the legacies of the under-
ground mining industry and on planning effective 
site remediation measures.

Mining • Abandoned mines • Extraction • 
Lignite • Opencast Mining

Contribution to the selective Extraction of  
Lignite from Seam deposits targeted by  
prior Mining Operations
Dipl.-Ing. Maximilian Hertrampf, Halle (Saale), Germany
Prof. Dr. Carsten Drebenstedt, Institute of Mining and Special Engineering,  
Freiberg University of Mining and Technology, Freiberg, Germany

1 Background

Opencast mining operations, currently under way to 
extract the lignite deposits of central Europe, increas-
ingly encounter areas that were earlier worked by both 
surface and underground mining methods. The under-
ground mining practices of the 19th and 20th century, 
which were associated with high mineral losses, have 
left behind significant deposits of increasing value and 
importance to the opencast mining industry as a result 
of the growing demand for mineral resources [1–7].

In general terms, the old underground lignite work-
ings comprise former extraction areas (gob zones) and 
still unfilled development drifts (Fig. 1). The gob zones 
comprise a mixture of residual coal, burden and support 
material, as caving was extensively practised in those 
days. The caving of the extraction areas led to the disag-
gregation and subsidence of the overlying strata, along 
with the shifting of the roof layers [3, 7, 8].

The presence of anthropogenic material and the 
complex structure of the residual coal pose huge prob-
lems for the opencast mining operations, with profit-
ability being a case in point [3, 7, 8]. 

The abandoned openings of the old roadway net-
work, along with extraction chambers that in some cases 
have still not caved in, are at risk of collapse and so pose 
a danger to staff and equipment alike. The elimination 
of these openings will entail further efforts [3, 7, 8].

Studies conducted at German and Czech open-
cast lignite mines have now produced a set of recom- Fig. 1: Problems posed by former underground mining lignite operations
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follow the disturbed extraction areas and effectively allow 
switching from one dumping point to another when han-
dling different types of material. Rigid dump trucks are 
not recommended as their larger ground pressure means 
that they can more easily break into subsurface openings. 
The use of mobile belt conveyors and direct casting sys-
tems for burden material opens the door to additional 
conveying and haulage technologies [3, 5–7].

2.3 Coal Extraction at high Production Rates

When the caving areas are larger in size (panel working 
with caving) and high production rates are required, 
large equipment with a lower performance rating 
(< 4,500 bcm/h), such as bucket wheel excavators, are 
the preferred choice [3, 7]. Any encountered support 
material can be removed by deploying auxiliary equip-
ment at the working face. Timber material presents no 
problem, as this is easily cut by the bucket wheel excava-
tor using the huge digging force [3, 7].

The selective separation of caved material from vir-
gin coal can be managed either directly at the point of 
extraction using a fall cut or by extracting in blocks with 
a bucket wheel feed motion, or can be incorporated into 
the downstream handling process. Here the product is 
transferred to a face conveyor that subsequently uses a 
hydraulic chute to deliver the material either to a bur-
den belt or to a coal belt. The position of the chute is 
usually controlled by a sensor that operates on radio-
metric measurements [7].

The process of mining residual coal from old caving 
zones at high production rates is necessarily subject to 
quality deterioration, which results from contamina-
tion and dilution by mine support materials, backfill 
and burden, along with coal losses due to limited sepa-
ration grade.

2.4 Processing of gob Coal

In the next stage in the processing sequence the gob coal 
has to be relieved of any foreign substances, this includ-
ing anthropogenic materials such as timber, metal and 
brick [3, 5–7]:

 ▶ The ferrous material can be separated out using 
belt-mounted magnets or can be removed from the 
slopes in the early stages of the operation [3, 5–7].

 ▶ Two effective methods are available for separating 
the timber material [3, 5–7]: 

 ▷ Gravimetric separation using a timber separator 
system. This consists of a fast running conveyor 
belt that creates two trajectory parabolas. The 
heavy coal falls on to the next conveyor while the 
lighter timber is discharged over the top of the 
second belt. 

 ▷ Grading by mobile screen (Fig.  3). The screen 
can also remove bricks. A screen mesh width of 
80 mm x 80 mm has proved to be an effective so-
lution at Amsdorf opencast mine.

Fig. 2: Selective mining in former gob zones at Amsdorf opencast mine

mendations for special technologies that can be used in 
caved gob zones. Investigations into the legacies left by 
historical surface and underground mining at the cur-
rent Amsdorf opencast mine have provided additional 
points of reference, including concepts for the remedia-
tion of former mine sites [7]. 

2  Recommendations for Extraction 
 Technology for former caved Zones

2.1  Excavation of historical  
Underground Workings

The old underground caving zones can be exposed us-
ing standard equipment. Employing large excavating 
machines in deep cutting mode has proved to be an ef-
fective way to locate old mine roadways and waste areas. 
However, care is needed to ensure that there is suffi-
cient overlying ground left above the old openings. Pre-
liminary load bearing capacity calculations and regular 
ground level surveys are essential here. Vibrating rollers 
and hydraulic excavators can be deployed on the bench 
in order to test the subgrade conditions [3, 5–7].

It is possible to employ bucket wheel excavators in 
high cutting mode, when there is a recognised plane of 
separation between the overburden layer and the gob, 
and provided that the extraction chambers have com-
pletely collapsed and no surface cavings can take place 
[3, 7].

After the old mine workings have been exposed in 
this way they can be extracted and cleared [3, 5–7].

2.2 Highly selective Extraction

Because of the good separation grade and small selective 
digging thickness, small single-bucket excavators, and 
in particular backhoe machines with a 2 to 5 m3 shovel 
capacity, have proved effective for the selective extrac-
tion of residual coal from small-scale caving structures 
(Fig. 2) [3, 5–7]. As the machine driver has visual and 
tactile control of the operation it is possible to achieve a 
sufficiently precise separation into burden and gob coal. 
Any dilution of the gob coal can be compensated by 
adding virgin coal to the mix [7].

Articulated dump trucks are recommended for haul-
age duties in the caving zones. These vehicles can easily 
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The correctly sorted substances then have to be pro-
fessionally recycled or disposed of. Here priority 
consideration should be given to the use of uncon-
taminated materials for mining or other purposes [3, 
5–7].

2.5  Non-selective Excavation  
without Coal Recovery

If it is not economically or technically expedient to 
recover the residual coal, and the area simply has to be 
cleared, then the combined bulk of coal and burden can 
directly be excavated en masse [3, 7].

If high production volumes are required it is best to 
use multi-bucket excavators or to apply standard tech-
nology. Auxiliary equipment can also be employed to 
remove mine support material (Fig. 4) [3, 5–7].

2.6  Development Drifts and  
Drainage Roads

Occasional development drifts are less problematic to 
deal with than caved areas. However, as most of the old 
openings are still open they nevertheless constitute a 
hazard for staff and equipment [3, 7].

Mine roadways can generally be uncovered block 
by block using large equipment. They can then be se-
lectively exposed at a lower degree of separation grade1 
using auxiliary equipment, such as backhoe excava-
tors, and finally cleared off site. Any support material 
or backfill encountered can be loaded away by dump 
truck or removed using a direct casting combination 
system [3, 7].

3  Results of Investigations into  historical 
Mining Activities at Amsdorf Opencast 
Mine

3.1 Mine Roadway Parameters

Surveys carried out at Amsdorf opencast mine during 
the period 2016 to 2018 with a view to determining the 
characteristic parameters of exposed roadways essential-
ly served to confirm the information given in the rele-
vant body of literature. The resulting values and derived 
relationships could then be used to provide estimates of 
the cross-sectional areas and of the amount of support 
and backfill material produced during the removal pro-
cess (Table 1) [7].

It was also possible, on the basis of direct observa-
tions, to confirm one particular characteristic that is 
widely recognised in remediation mining, namely that 
sand backfill is not a positionally stable solution. As a 
result, a certain level of hydraulic translocation has to be 
expected in connection with this backfilling technique, 
which was practised up to the 1970s [7, 9–11].

1 The interfacial losses quadratically increase 
 with increasing separation grade.

Fig. 3: Mobile screen for separation of gob coal at 
Amsdorf opencast mine

Fig. 4: Roadway removal at the working face at 
Welzow-Süd opencast mine [8]

3.2 Surface Caving

Different models are available for assessing surface collapses 
and cave-ins and the impact that these events can have on 
individual working benches and at ground level. Previous 
surface collapses at Amsdorf opencast mine were inves-
tigated using the Fenk complex model [12, 13]. In order 
to undertake this procedure it is absolutely imperative to 
know the rock parameters of the individual beds. It has 
been found that the results of these calculations provide a 
very accurate picture of the real life situation [7].

The groundwater lowering process associated with 
opencast mining operations has a negative impact in that it 
promotes corrosion and decay of the support materials [7].

In order to ensure high safety levels right up at the 
working areas the calculations can be applied to planar‚ 
punching shear failure’ or to the finite element method 
(FEM) [7, 14–16].

3.3 Timber Condition

The old wood from the Amsdorf opencast mine that 
was found in the gob area comprised fast-growing 

Parameter

Porch set (timber) Arch (brickwork)

Single  
entry

Double 
entry

Single 
entry

Double 
entry

Roadway cross section [m²] 2.88 5.83 2.68 5.70

Support material [m³/m] 0.21 0.28 1.62 2.22

Table 1: Roadway cross sections and support material at Amsdorf mine
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ated an increased level of extra work. This added factor 
was defined as sorting time and was based on one com-
plete loading cycle of a dump truck [7].

Evaluating the data initially confirmed the usual val-
ues for cycle times given in the relevant literature, while 
a large margin of 0 to 198 seconds was established for 
the additional sorting time (Fig. 5). The fact that these 
values are fairly large in some individual cases can be 
explained by the amount of encountered support mate-
rial. Shorter cycle times are recorded in the upper gob 
zones, as here the overburden has simply caved in and 
the material being encountered primarily consists of 
burden and highly commingled caved material. In these 
areas the buredn is rarely separated from the coal during 
the extraction process. Larger selectivity is practised in 
the deeper lying zones and here larger quantities of use-
able gob coal can be recovered. This is usually a more 
time-consuming operation. An overall target value of 
60 seconds per cycle is recommended for the gob area 
as a whole [7].

4 Summary

Deposits in areas where mining has already been prac-
tised many years before presents huge technological 
challenges for the opencast mining industry. These can 
however be overcome by employing special techniques 
and equipment. Selective extraction, especially in highly 
disturbed areas, is a very useful technique when it comes 
to the effective exploitation of deposits with minimal 
coal losses. The lessons learned at Amsdorf opencast 
mine, combined with the various parameters identified 
from historical mining activities in this area, can pro-
vide valuable pointers for future projects of this kind. 
One of the first challenges presented by sites of this type 
is to produce a deposit model and the Amsdorf example 
[21] serves to explain how this process works.

Any project that sets out to mine an area comprising 
historically worked deposits has to make special provi-
sions for dealing with key aspects of the operation, such 
as mine planning, safety, performance, environmental 
protection and efficiency.
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Fig. 5: Sorting time per cycle at Amsdorf opencast 
mine

spruce with good growth conditions. Fungal infestation 
and surface mycelium were clearly visible in and around 
the pith area. There were also typical signs of white rot 
on the outer edges [17].

According to [18, 19] the onset of the collapse 
probably occurs ten years after the lowering of the 
groundwater level. On-site observations indicate that it 
was mainly the wooden lagging between the timber sets 
that tended to fail [7].

The investigations confirm that the timber was in a 
very good state of preservation after decades spent in an 
oxygen-free environment and that the rot only started 
after the groundwater levels were lowered [7].

3.4 Water Quality

Analyses of the trapped water flowing through the gob 
zones indicated an almost neutral pH value, in contrast 
to the acidic surface water normally encountered. Some 
other interesting findings included the increased sul-
phide concentrations, which contrasted with the lower 
sulphate concentration levels, and the associated white 
sulphur precipitations in the water. It must be assumed 
that microbial activity by sulphate-reducing microor-
ganisms had been taking place in the gob area under 
anaerobic conditions [20].

Calculations of the corrosion levels and degree of 
chemical attack on the concrete were undertaken using 
the measured hydrochemical parameters. It can be as-
sumed that iron supports will last for a long time if there 
is water seal. However, a much more problematic issue is 
the air-water exchange, as this promotes pinholing and 
pitting corrosion. The high sulphate values result in a 
moderate amount of chemical attack on the concrete 
elements and disintegrated sections of cement, for ex-
ample, can be seen on the supporting brickwork [7].

3.5 Shovel Cycle Times

A study was carried out of the shovel cycle times of the 
backhoe excavators operating in the old mining zones2  
at Amsdorf opencast mine. The anthropogenic material 
and the mixed accumulation of burden and coal gener-

2 Room-and-pillar caving with small chambers  
 up to 25 m²
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