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

Adapting water management to climate change
is a major challenge that must begin today. It will
comprehensively occupy coming generations and
it requires innovative technical, economic, social,
and environmentally compatible measures and
solutions.
A Word on ... • Climate adaptation •
Water management • Nature conservation •
Innovation • Cost efficiency

T

he water-management sector faces major, profound 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 rivers 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 ecological damage. In this context, the years 2018 and 2019
are particularly worth mentioning. Anthropogenic climate 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 anthropogenic measures from water management, agriculture, 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 dependencies. Important components of water management
are in particular drinking-water supply, sewage disposal,
flood protection, hydroelectricity, irrigation and drainage, 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 interactions 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 Urfttal dam in the Eifel was the largest
dam in Europe. Despite changes
in boundary conditions, its functionality and stability are still
guaranteed, even after more than
100 years. It is clear that adapting
a dam built in 1900 and its current 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 concepts of adaptation and mitigation. Whereas mitigation essentially focuses on aspects
of reducing greenhouse gases that are harmful to the climate, adaptation focuses on adapting our environment
to climate change and its consequences.
Adaptation of the water-management sector to climate change is not exclusively an issue for future generations; despite the uncertainties outlined above, it
must be started consistently today, and then continued
on an ongoing basis. Greater variability of natural conditions 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 generations. This requires long-term, interdisciplinary, sustainable thinking from all those involved, as well as adaptation or restructuring of the existing infrastructure.
It must be taken into account here that the response
times for any adaptation of the water-management system are comparatively long.
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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 processing of the CO2.
All these three process paths require CO2 separation
stages that can be categorised as shown in Fig. 1. However 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 technique, this being used for both pre- and post-combustion systems. The relevant literature also indicates that

Carbon dioxide from industrial flue gases associated 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 associated costs.
Geotechnics • Energy • CSS • Underground •
Carbon dioxide • Environment • Cost

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, currently supplying products that will certainly still be
needed after 2050. Moreover, carbon capture and storage (CCS) will not only contribute to the avoidance of
carbon dioxide emissions but will in fact create negative 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 involved 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.

Fig. 1: Different types of CO2 separation process [2]
Buddenberg and Bergins:
Commercial Scale Carbon Dioxide Capture for the Storage in the deep Underground and Enhanced Oil Recovery (EOR)
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Fig. 2: Diagram showing the different stages in the KM CDR process [6, 7, 8]

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 Mitsubishi 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 aqueous solution of a doped and sterically hindered amine
solvent with the product designation KS-1. During this
Table 1:

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

Consumption medium
Electricity for CO2 separation (plant size)
Electricity for CO2 Kompression (30 to 200 bar[a])

Consumption

Unit

75/45 (small to large)

kWh/t CO2

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
Cooling energy for compression (30 to 200 bar[a])
NaOH brine (45 %) at (SOx 5 bis 200 mg/Nm³ flue gas)
KS-1™ solvent scrubber
CO2 purity
CO2 separation rate
Spec. investment for full-scale plant producing
4,800 t CO2 /day
Spec. investment for small-scale plant producing
200 t CO2/day
Manpower requirements for an operating regime of
8,760 hours/year
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kWh/t CO2

60 to 250

kWh/t CO2

5 to 500

g/t CO2

200 to 500

g/t CO2

>99.9

%

80 to 99.5

%

approx. 55 to 65

T EUR/t CO2 / day

approx. 150 to 200

T EUR/t CO2 / day

10/15

persons

process the scrubbing fluid absorbs the CO2 chemically
by carbamate bonding. When this stage has been completed 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 concentration 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 consumption of steam and electricity and the CO2 concentration is logarithmic (Fig. 3). This correlation has
already been analysed for CO2 concentration levels of
over 3 %. A CO2 concentration of 3 % is roughly equivalent to the CO2 content of the flue gas from a gas combustion 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 operation since 1991 and more than a dozen reference
plants are now in service in different industrial sectors,
with fertiliser manufacturing being the predominant application. In 2017 a CO2 separation plant was commissioned as part of the Texas-based Petra Nova CCS project, 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 operation with CO2 production (along with the associated
carbon capture costs). Any resumption of operations

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

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 facilities 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 suitable 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 paper. For an in-depth examination of this subject readers are advised to refer to the bibliographical literature
[5, 9, 10, 11, 12, 13, 14, 15]. Areas suitable for underground storage include deep coal seams, saline aquifers
and decommissioned gas and oil deposits, the latter option also providing limited possibilities for enhanced
gas and oil recovery (Fig. 5). It should be noted, however, that using CO2 for enhanced oil and gas recovery
(EOR, EGR) is not a CO2-negative process. This means

9

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 deeplevel 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 generated 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

Buddenberg and Bergins:
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CO2 can be stored than is emitted with the methane
yield.
Each of these storage methods has an excellent longterm 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 underground 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 considerable 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 largescale installation rated at 4,800 t CO2/day. The comparTable 2:

KM CDR process for CO2 separation – cost comparison between
small and large-sized plants

Cost [EUR/t CO2]
Cost item

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 €

0.50 €

0.50 €

Chemicals (NaOH, WWT)
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 €

0.50 €

0.24 €

92.00 €

39.70 €

Other costs
Overall costs per t CO2

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 example 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 relatively 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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High-strength Geogrids for Flood Protection
and other Applications – efficient and
environmentally friendly
Naue GmbH & Co. KG, Espelkamp, Germany

Due to extreme weather events, the need for soil
reinforcement steadily increases. High-strength
geogrids enable savings for complex earthworks.
Geotechnics • Climate change • Sustainability •
Reinforcement • Geogrids • Earthworks •
Savings

Embankments have to be reinforced, subsoils stabilised,
or sinkholes bridged. Due to extreme weather events,
the need for soil reinforcement steadily increases. Highstrength geogrids can make such work much easier. Geogrids enable time savings of more than 40 % for complex 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 existing 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 occurred 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
GeoResources Journal 4 | 2020
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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, organic silt and clay.
To ensure sufficient stability of the new dyke, a highstrength geogrid was installed as basal reinforcement
(Fig. 1). Laid geogrids made of high tenacity polyester filaments with an extruded polyethylene protective
coating and welded junctions have been used. This geogrid 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 reconstructed as a so-called ‘3-zone dyke’. On the slope, facing 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

Fig. 2: Oder dyke in the Uckermark – geogrid installation
perpendicular to the dyke axis by using a spreader bar
Naue GmbH & Co. KG:
High-strength Geogrids for Flood Protection and other Applications – efficient and environmentally friendly
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Fig. 3: Load transfer platform over piles with high-strength
geogrid

the soft soil may need to be relieved by a deep foundation. These measures usually take a lot of time and increase costs. High-strength geogrids simplify and reduce 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.

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 resistance 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 implementation planning.

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

Waiting times for consolidation processes can be
omitted.
▶▶ Safe protection against sinkholes and mining
voids: The geogrids are installed below embankments 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, sustainable 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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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 industry 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

In 2019 and 2020, the WSL Institute for Snow and
Avalanche Research SLF and Geobrugg AG conducted tests at the Flüela Pass to investigate the
effects of realistic impacts of test blocks on rockfall barriers.
Geotechnics • Slope stabilisation • Tests •
Rockfall protection • Switzerland

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 protection 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 systems 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 assessment 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].

Fig. 2: Sequence of events in a rockfall protection test on 8 October 2020 with a 3.2 t disc as the test body
GeoResources Journal 4 | 2020
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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 measure. 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 ‘natural’ 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 elements 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 different 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 barrier. In combination with high-resolution drone recordings and video recordings from different viewing angles,

Fig. 3: Different test bodies

the trajectories and velocities of the individual blocks
can be reconstructed in detail (Fig. 5), enabling the researchers 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 mandatory 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

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)
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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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Fig. 5: Vertical image capture of the impact into the
barrier during a field test
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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 sewerage network regularly calls for the construction of
new sewer tunnels, an operation that has to be carried
out using trenchless technology because of infrastructural constraints and the need to generate as little surface 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 construction and engineering side, combined with additional
quality assurance measures that were introduced as the
operation progressed, played a large part in the successful excavation of a track underpass tunnel that was originally scheduled for completion within a train-free time
window (Fig. 1).

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 processes associated with the operation, which involved 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

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 annular space between the drivage pipe and the soil is kept
permanently supported and lubricated, with a bentonite 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 material 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 distance (> 5.0 m) from the mast foundations for the
overhead lines.
▶▶ An object-specific soil survey is to be prepared containing a risk assessment and an estimation of any
likely surface subsidence.

Fig. 2: View of track section LBQ-S_.009 to LBQ-S_.008
Source: Own visualisation according to Google Earth

Deutsche Bahn Regulations
Any request by third parties to establish a pipe or cable route across Deutsche Bahn rail tracks and installations, 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 effect 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 submitted, there is an extensive set of DB Netz rules and regulations to be observed, many of which are interlinked or
have references to other regulations and codes of practice. One of the most important regulations that apply
in the case of proposed crossings beneath railway tracks
is Directive (Ril) no. 836 ‘Earthworks design, construction and maintenance’ [1]. This set of rules is supplemented 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 operational 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.
GeoResources Journal 4 | 2020
www.georesources.net

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 settlement, secondary grouting of the annulus and a continuous 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 assessments 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 result from the crossing is of paramount importance here.
If the CSM process finds that fundamental safetyrelevant 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 crossing 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
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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

Association), is basically aimed at restructuring the
sewage disposal and combined sewage treatment systems 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 being 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 microtunnel 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 EssenKray 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.

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

Intra-company Permit (UiG)

Extension of the current UiG

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

A track shutdown essentially provides the greatest level
of safety in the event of unforeseen events occurring
suddenly during the tunnelling operation. Closing the

▶▶ 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 tunnel was also to run below a track turnout, which constituted another departure from the two sets of regulations. 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 intracompany 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 tunnel 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 tunnelling 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.
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line also means that less measurement and monitoring
would be needed because of the longer measurement
intervals. However, as the application requires a considerable lead time the actual tunnel drivage operation
would have to be undertaken very precisely within a
predefined time window and with no buffer time available it would not be possible to make up for unscheduled 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 difficult 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 ratio 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 assumed 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 dependencies the parties involved took the view that
imposing a track shutdown would not be conducive
to achieving the desired results. It was subsequently decided, 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
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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 concept that was to be adopted, Deutsche Bahn then agreed
that the tunnel drivage could go ahead without any interruption to rail services provided that a slow-speed
zone was introduced supplementary to the existing permit. 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 period 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 conjunction 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 geotechnical explanatory report these values were devised
for unavoidable settlements of 2 to 3 cm resulting from

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 accessed 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 measuring 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 specially 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 inspector in constant attendance. The completed tunnel
measured 78.79 m in length and was driven at an average 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 compressed 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 excavation phase and nothing of this kind was identified
in the video footage taken of the operation. Slight variations 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 annulus was filled as planned and the machine was retrieved. 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-restriction 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 began 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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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 during 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 ongoing 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 always 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 regulations exist engineering projects of this kind can usually be facilitated by laying down various object-specific
requirements within the context of an intra-company
permit (UiG) and by implementing a number of compensatory 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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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 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.
Tunnelling • Mining • TBM • Status •
United Kingdom

The world´s largest known resource of polyhalite minerals 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 construction 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 beneath 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 intermediate 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 supplier 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 tunnel 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 completed 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.

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

along the tunnel alignment, existed (Fig. 2). Also, data
from historical and recent mining activities were available. 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-situ stress measurements as well as face scanning are used
during tunnelling.

Geology
Geological data, geophysical borehole surveys and seismic traverses, surface mapping, as well as 12 boreholes

Fig. 2: Geology and geotechnical conditions for the TBM drive
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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 permanent 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
Fig. 3: Cross-section of the TBM 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 overall 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 lining 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-

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 consistent 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 project 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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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 formwork and scaffolding solutions (Fig. 1), Peri has been
providing assistance since construction began on the major project in April 2019 so that the BKC can be completed within the demanding construction time-scale.
The Bandra Kurla Complex (BKC) is located on
the section of the 33.5-kilometre-long Colaba-BandraSEEPZ 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 underground station on the Asian continent.

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.
Tunnelling • Underground station • India • Formwork • Scaffolding

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 second level is 5.50 m high and ends with a 1,200-mm-thick
floor. Since all loads acting on the slabs are transferred directly 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 account 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-mlong and 4.50-m-high concreting sections at a single pour.

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

Constructing Retaining Walls at a Depth
of around 16 Metres
Peri came up with a special-purpose solution that ensured 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. 2: Single shield formwork solution for concreting the retaining walls
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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 construction 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 account of its integrated perforated strip. This allowed the
construction site team to use the elements in a multipurpose 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 resulted in valuable time savings and a significant reduction in personnel costs.

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.

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-mmthick slab area and the 1,200-mm-thick roof floor covering 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 standards and horizontal ledgers of the modular scaffold Peri
Up Flex and a few additional components, it was possible to erect shoring that was ideally suited to slab tables. 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 being 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 tables were moved quickly and easily by crane and movable 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-critical 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 Bandra Kurla Complex is scheduled for completion in 2020.

Tanja Häuptle

Fig. 5: VT 20K Formwork Girders were used to support the slab formwork.
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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 industrial history – but it did not spell the end of operations
at the RAG company:
▶▶ In fact: The company has now assumed responsibility for various duties associated with the post-mining 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 basin contain roughly 7,300 abandoned mine openings 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 structures. This risk management leads to a prioritization 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 developed and put in place that provides for the continuous real-time monitoring of disused mine openings
and the digital storage of all the associated measurement data.

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 solution: 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

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

Modular System designed for
a harsh Environment
The development work was taken on by the Research
Center of Post-Mining and the Departments of Electrical Engineering/Information Technology and Industrial Engineering at the Technical University of Applied 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 Mineberry 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
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Fig. 2: Layout of the Sigfox monitoring system

also important to ensure that all the systems and their
components were designed for durability and high costefficiency.
The resulting solution was both smart and convincing. 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 automatically displayed in the relevant cloud, where they are

Fig. 3: Blankenheim shaft
showing shaft cover,
monitoring station and
solar panel
GeoResources Journal 4 | 2020
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Fig. 4:

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 monitoring 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

Blankenheim shaft showing shaft cover with pull-cable switches and
steel ropes
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(Figs. 3 and 4). This provides for a staggered alarm system, 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 uncoil and when the vertical height of sag exceeds 60 cm
the first rope will become taut and as a result will trigger 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 column. 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 column 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 intervals, e. g. every 15 minutes, along with a record of the
current pull-cable switch status. However, when planning the actual installation of a surveillance system for
filled-in shafts, i. e. a complete monitoring unit with
monitoring station, sensor system and auxiliary components, there is one crucial aspect that has to be borne in
mind, namely that the risk of CH4 (methane) gas emissions is always present, though this will depend on the
type of shaft in question and on the conditions prevailing in the shaft itself and in the immediate vicinity of
the structure. All monitoring systems set up for operations 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 situation 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 solution 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
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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 distances 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 transboundary basis. In Germany it already has nearly 90% coverage (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 alternative 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 using 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 being 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 sensors can often run for years without the need for a battery 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 maintenance-free solution for those seeking a remote monitoring system for cloud-based storage.

0G Digitisation for widespread
Application

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

Dipl.-Ing.
Frank Wollnik

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 environment of the Antwerp water supply network in Belgium. 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 solutions for the tunnelling industry and has collaborated
with Condat, an international specialist in industrial
lubricants, in developing a digitised system for recording sealant consumption rates at tunnel construction
sites. A Sigfox 0G-based sensor fitted to the sealant containers 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 unauthorised 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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In-situ Detection of loose Rock
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(AMT), RWTH Aachen University, Aachen, Germany
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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 subsequently exposed to unsafe working conditions and prevents 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 provide a safe working environment. Visual and acoustic
checks are carried out to identify areas of loose rock. Currently, 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 scaling 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]. Performing 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 desirable 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 detection of loose rock. Simultaneously, it will be documented as automatically as possible where the scaling process
has already taken place. Areas that have already undergone scaling will also be automatically documented as
part of the process.
While the project is designed for conventional underground 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 detail 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 scalRadl, Mitra, Clausen, Paus and Wilke:
In-situ Detection of loose Rock

Any successful performing scaling depends on
the accurate identification of loose rock. The Scale
Sense project aims to integrate sensors into a scaling machine in order to assist the equipment operator with this task. This will contribute making
scaling a safer and more efficient process.
Mining • Rock • Monitoring • Sensor • Safety

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 mechanisation 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 experienced mineworker tapping against the roof with a scaling 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 working 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
GeoResources Journal 4 | 2020
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(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

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 lighting [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 information on accidents, injuries, fatalities, employment, etc.
collected by the Mine Safety & Health Administration (MSHA). In the two years 2017 and 2018 they
reported more than 30 incidents related to manual scaling. 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 incidents). 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
Table 1:

Advantages and disadvantages of the presented scaling methods

Method

Advantages

Disadvantages

Manual scaling

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

▶▶ L ess 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 by existing
machines other
than Scalers

▶▶ N
 o additional investments for
further machinery
▶▶ Partial protection against
falling rock
▶▶ Use at larger heights possible

▶▶ N
 ot 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

▶▶ R obust equipment that can
protect the miner against
falling rock
▶▶ Constructed for scaling
▶▶ Use at greater heights possible
▶▶ Time and cost saving

▶▶ L arge and heavy scalers not
made for selective scaling
▶▶ Detection of loose rock is
difficult
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Especially at large heights, it is of advantage to use machines 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 process. 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 exposed 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 selectively.
Table 1 summarises the advantages and disadvantages 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 material, 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 economically successful scaling process. The use of suitable
Radl, Mitra, Clausen, Paus and Wilke:
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sensor technologies for detecting loose rock can be of
enormous advantage. Sensors can provide for an objective 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 auditory recognition. The application of long wave infrared thermography (LWIR) as an imaging technique
and acoustic methods, for example, have already been
investigated. The use of LWIR cameras is possible because the heat flow in the rock is interrupted if there is
a crack or cavity. This in turn results in temperature differences 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 approaches 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 procedure 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 mineworker in detecting loose rock during the scaling process. 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 support the machine operator in detecting loose rock
and carrying out the scaling process.
In this project, a medium sized scaler will be used in order 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 advantages.
Radl, Mitra, Clausen, Paus and Wilke:
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Within the project, preliminary tests will be performed 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 algorithm for detecting loose rock within the scaling process 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 detection 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 manoeuvrability 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 worldwide. With its sensitive and selective scaling the Paus
Scaler prevents injuries to the protective vault of the gallery 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 machine 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 separate 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 protective 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 project, will enable these machines to deliver increased levels of safety and productivity.
GeoResources Journal 4 | 2020
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Fig. 3: P-Scale 8-T model

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

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 supporting auditory perception

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

Fig. 6: Setup of an AE measurement chain
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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. Because 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 robust 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 temperature differences between the loose material and the
solid rock [6]. If this temperature gradient is sufficiently
large loose rock can be detected. The temperature gradient 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 temperature gradient has to be.

AE Sensors
When an object is exposed to stress, this results in
changes inside the object, such as local plastic deformations or the initiation and growth of (micro)cracks. This
creates transient elastic waves that propagate in materials 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 transmitted to the evaluation unit [13]. Fig. 6 schematically
shows the setup of the entire AE measurement chain.
Radl, Mitra, Clausen, Paus and Wilke:
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The application of the AE technology for monitoring the fracturing processes, for example in concrete
[14], has already been investigated. This demonstrates
the potential for using the AE technology for the detection of loose rock.
Compared to microphones, AE uses a high-frequency 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 fusion’ 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 comprehensive and immediate evaluation of situations, threats
and their significance can be obtained [15].
With this definition it becomes clear, why the application 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 reliability 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 operations in mining, loose rock has to be removed in a controlled manner after blasting. The purpose of scaling is
to ensure that no worker is exposed to an unsafe environment during subsequent work in the area and that
machines are not damaged by falling rocks.
For successful and efficient performance of the scaling 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 machinery 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.
Radl, Mitra, Clausen, Paus and Wilke:
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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 detecting 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. Furthermore, monitoring the scaling process will contribute in making the process more efficient and thus also
offer economic advantages.
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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 programme 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 nationwide 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 beginning 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 concerns 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 strategy.
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 management 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

The closure of collieries is followed by a postmining phase that is usually characterised by rising 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 management.
Mining • Post mining • Mine Water • Hard coal •
Groundwater management • Case studies •
Europe

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 collected from various sources.
The researchers made a number of visits to former
coalfields in Germany, Poland, the Czech Republic,
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Fig. 2: Mine water rebounds in former European hard-coal mining regions [5]

4 S
 elected Case Examples of long-term
Mine-water Management

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 factors 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 longterm mine water management and the post-mining utilisation 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
GeoResources Journal 4 | 2020
www.georesources.net

underground mine workings, its specific climatic conditions and the (hydro-)geological characteristics of the
local rock strata [7]. These natural and anthropogenically 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 specifically 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 (quantitative improvement) while at the same time the hydrochemical 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 hydrochemical conditions of the groundwater and mine
water. Just how pronounced these prove to be will essentially depend on the geology of a colliery and on the
anthropogenic changes that have been made to it.

4.1 UK Coalfields
In 2017 a team from the Research Center of Post-Mining visited a number of selected coalfields around Britain. 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 commenced some decades before.
Well before this, at the beginning of the 1970s, hardcoal mining came to an end in the South Butterknowle
part of the Durham coalfield (Fig. 4). This former mining 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 particular case the hydraulic impoundment of the mine water hydraulic head in the overlying aquifer allowed the
higher mineralised mine water to flow into the groundwater 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-
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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 hydroxide, 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 constantly 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 groundwater from any contamination. The higher mine water
level has helped reduce the inflow rate of more highly
mineralised mine water. Measurements taken of electrical conductivity also indicate the formation of a density
stratification between the groundwater and the mine
water [14]. This meant that the relatively expensive ‘active’ mine water treatment methods could be replaced
by ‘passive’ installations. As well as providing added value 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 emissions. A similar concept, whereby a slight difference in
pressure height is maintained in conjunction with passive mine water treatment, has also been adopted in the
former Lorraine coalfield in France [12].
The Yorkshire coalfield lies to the south of the Durham 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 modelling 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 after 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 importance 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 passive 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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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 environment.
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 constructed wetland zones before being discharged into a watercourse. 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 T he Asturias Coalfield in northern
Spain
In 2018 a team from the Research Center of Post-Mining travelled to the former coal mining region of Asturias in northern Spain. For a detailed description of their
findings refer to [5, 18].
A major effort is now under way in the former Asturias 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 Europe [19], will power the air conditioning systems for
the Mieres Campus building and for an adjacent hospital. 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 ironcontaminated 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

Fig. 7: Barredo colliery in Asturias, Spain – headframe for water pumping
shaft (Mieres Campus buildings a few metres away)
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 clogging up the heat exchangers.
In addition to schemes for tapping into the geothermal potential proposals are now also being examined for
using mine workings as artificial drinking-water reservoirs [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 ensuring 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 learning to identify and assess these opportunities as quickly
as possible and then finding ways in which to implement 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 water. 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 groundwater. 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 under 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 incomplete 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-
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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 watercourses during dry spells, which is important for supporting ecological stability.
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2nd International Conference for High-Performance 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-Performance 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 conference platform (Fig. 1).
The conference has traditionally provided a platform where national and international mining companies, 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 opportunities that exist in today’s mining industry, centred around
four core themes: South America Day, Autonomous
Mine, Green Mine and People’s Mine.

The 2nd International Conference on High-Performance 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

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 conference involved joint presentations by the K+S Group
and the GHH Group, and also by Boliden with Sandvik 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 decision-making process.

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

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

present an example of how battery-powered underground vehicles are being deployed in Canada, while the
Canadian company Nouveau Monde Graphite Inc. described 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 emissions, while the Canada Mining Innovation Council
(CMIC) rounded off the day’s session by providing an
insight into open innovation concepts and the importance 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 presentation outlining the crucial importance of trust as the
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new cultural currency and the new competitive advantage. 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. Inspire 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 networking opportunities for participants as part of the
online virtual event. These included a virtual exhibition and moderated discussion sessions during the coffee 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 students from various universities – Freiberg University of
Mining and Technology, Clausthal University of Technology, 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
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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 produced 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 opportunities for networking.

Smart Mining Conference 2021
The next Smart Mining Conference will be held in November 2021.

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

Major attention is now being focused on the opencast 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 recommendations for special technologies for caved gob zones
that would facilitate the extraction of lignite from
historical seam operations. Advice was also provided on dealing with the legacies of the underground mining industry and on planning effective
site remediation measures.
Mining • Abandoned mines • Extraction •
Lignite • Opencast Mining

1 Background
Opencast mining operations, currently under way to
extract the lignite deposits of central Europe, increasingly encounter areas that were earlier worked by both
surface and underground mining methods. The underground 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 workings 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 disaggregation 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 problems for the opencast mining operations, with profitability being a case in point [3, 7, 8].
The abandoned openings of the old roadway network, 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 opencast 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 handling 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 systems for burden material opens the door to additional
conveying and haulage technologies [3, 5–7].

2.3 Coal Extraction at high Production Rates
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 current Amsdorf opencast mine have provided additional
points of reference, including concepts for the remediation of former mine sites [7].

2 R
 ecommendations for Extraction
Technology for former caved Zones
2.1 E xcavation of historical
Underground Workings
The old underground caving zones can be exposed using standard equipment. Employing large excavating
machines in deep cutting mode has proved to be an effective way to locate old mine roadways and waste areas.
However, care is needed to ensure that there is sufficient overlying ground left above the old openings. Preliminary 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 completely 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 extraction 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 haulage duties in the caving zones. These vehicles can easily
GeoResources Journal 4 | 2020
www.georesources.net

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 equipment at the working face. Timber material presents no
problem, as this is easily cut by the bucket wheel excavator using the huge digging force [3, 7].
The selective separation of caved material from virgin 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 burden belt or to a coal belt. The position of the chute is
usually controlled by a sensor that operates on radiometric 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 contamination and dilution by mine support materials, backfill
and burden, along with coal losses due to limited separation 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 including 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 solution at Amsdorf opencast mine.
Hertrampf and Drebenstedt:
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The correctly sorted substances then have to be professionally recycled or disposed of. Here priority
consideration should be given to the use of uncontaminated materials for mining or other purposes [3,
5–7].

2.5 N
 on-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 technology. Auxiliary equipment can also be employed to
remove mine support material (Fig. 4) [3, 5–7].

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

2.6 D
 evelopment 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 selectively exposed at a lower degree of separation grade1
using auxiliary equipment, such as backhoe excavators, 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 R
 esults 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 essentially served to confirm the information given in the relevant 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 process (Table 1) [7].
It was also possible, on the basis of direct observations, 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

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 investigated 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
Table 1:

The interfacial losses quadratically increase
with increasing separation grade.
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Roadway cross sections and support material at Amsdorf mine

Porch set (timber)

Arch (brickwork)

Parameter

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
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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 sulphide 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 microorganisms 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 assumed 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 example, 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 gener2

Room-and-pillar caving with small chambers
up to 25 m²
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ated an increased level of extra work. This added factor
was defined as sorting time and was based on one complete loading cycle of a dump truck [7].
Evaluating the data initially confirmed the usual values 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 material. 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 useable 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 practised 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 provide 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 provisions for dealing with key aspects of the operation, such
as mine planning, safety, performance, environmental
protection and efficiency.
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ANY MINERAL.

For more than 130 years we have safely and suc-

ANY GEOLOGY.
ANYWHERE.

cessfully sunk more than 500 shafts with a depth
of over 230,000 m.
We are a member of The Redpath Group, operating on all five continents and belonging to the
world market leaders in the field of mine contracting and construction.
We provide our customers with a complete range
of services from design and engineering to construction, maintenance, reconstruction and rehabilitation. Contact us with your shaft-related inquiries.
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