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The corona crisis and climate change have created 
a new set of challenges. Political support for eco-
nomic activity, both in Germany and in the EU in 
general, is now quite deliberately focussed on cli-
mate and environmental protection. Water-based 
hydraulics have a contribution to make towards 
the implementation of these policy objectives.

Hydraulics • Drive technology • Sustainability • 
Environmental protection • Policy making • 
Occupational safety

On the Potential and Sustainability  
of water-based Hydraulics
Univ.-Prof. Dr.-Ing. Katharina Schmitz, ifas – Institute for Fluid Power Drives and Systems,  
RWTH Aachen University, Aachen, Germany

Our societies have now reached a turning point 
where we are increasingly compelled to ad-
dress the issues of environmental protection 

and sustainability. Many sectors of industry are hav-
ing a fundamental rethink in terms of eco-friendly 
processes, renewable energies and more sustainable 
materials. 

This development also affects hydraulics as a drive 
technology, and therefore efforts are being made to 
replace the mineral oil currently used as standard with 
more environmentally friendly and sustainable alterna-
tives. 

However, our highly competitive industries tend 
to struggle when it comes to bearing higher invest-
ment and operating costs solely to fund environmental 
protection initiatives. Whereas in the consumer goods 
sector price increases can be justified by good market-
ing and a sustainable image, in many other industries, 
it takes statutory requirements or incentives to achieve 
the same result.  

First Steps towards statutory Regula-
tions on greater environmental Protec-
tion in the Hydraulics Industry

Efforts have already been made in this area and initial 
steps have been taken towards legislation that will pro-
vide for a greater level of environmental protection. For 
example, the use of environmentally friendly hydraulic 
oils for forestry machines is regulated by certificates 
and has been prescribed for a number of years. Other 
sectors are expected to follow suit in the near future 
and, in spite of the economic obstacles, this will enable 
eco-friendly fluids to be comprehensively introduced 
nationwide.
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Water-based Hydraulics only making 
Progress in a few Sectors

Due to the high power density of hydraulic systems, the 
medium mineral oil has become widely established in 
hydraulics. The technical advantages of mineral oil over 
other fluids, such as water for example, meant that dur-
ing the 20th century the hydraulics industry tended to 
focus predominantly on oil-based hydraulics when it 
came to system and component development and also 
research. New and less environmentally hazardous oils 
were developed, while the water-based hydraulics – the 
origin of power transmission by fluids – has barely been 
further developed.

Advantages: fire resistant, environmen-
tally sustainable, non toxic

Water-based hydraulic fluids are currently predomi-
nantly used in areas exposed to fire hazards, where a 
high level of safety is required with regard to flammabil-
ity. Aspects of the environmental compatibility of the 
basic medium water have often been neglected in the 



6 A Word on ...

GeoResources Journal 3 | 2020 Schmitz:
On the Potential and Sustainability  of water-based Hydraulicswww.georesources.net

Summary: water-based Hydraulics  
offer a promising Solution

With regard to the promising topics of sustainability 
and environmental protection, water-based hydraulics 
is a promising field. The establishment of water hydrau-
lics in the future is conceivable in other areas besides the 
current fields of applications such as mining.

University Professor Dr.-Ing.  
Katharina Schmitz
is full professor and director of ifas (Institute for 
Fluid Power Drives and Systems) at RWTH Aachen 
University since 2018. After graduating in mechani-
cal engineering at RWTH Aachen University, she was 
a researcher at ifas for five years and completed her 
doctorate in 2015 with a thesis on ‘One dimensional 
hydraulic system simulation of multiphase fluids’. 
After, she worked in the private business sector as 
technical director before she returned to RWTH 
Aachen University.

Contact: 
www.ifas.rwth-aachen.de
post@ifas.rwth-aachen.de
+49-241-8047711

past. However, as well as the advantages of non-flam-
mability another good reason for continuing to develop 
water-based hydraulics and for ensuring a wider distri-
bution of this technology is that these fluids are non-
toxic. Other advantages of clear water are its high global 
distribution, good availability and low costs. These are 
the qualities that have led to water being widely used in 
areas such as foodstuffs and pharmaceuticals as well as 
in descaling systems and in the mining industry.  

Increased Research Activity

Research and development in water-based hydraulics 
have enjoyed a resurgence in recent years and work is 
pressing steadily ahead in this field to develop new types 
of materials and fluids. One of the key objectives here is 
to achieve the same kind of pressure ranges with water-
based hydraulics that are currently attainable with oil-
based hydraulic compact drives. This work is focusing in 
particular on replacing the clear-water hydraulic drives, 
which in many cases are oil lubricated, with compact, 
self-lubricated drive systems.  

For fluids, the development of innovative additives 
and thickeners plays a decisive role. In this context, at-
tempts are made to use environmentally friendly and 
bio-based products for fluid formulation by using clear 
water. 

YOUR MACHINES
OUR HYDRAULIC LIQUIDS

Fluid-Competence GmbH
info@fl uid-competence.de
fl uid-competence.de

SYSTEM PROTECTION
ENVIRONMENTAL PROTECTION
HEALTH PROTECTION
FIRE PROTECTION

APPLICATIONS: SURFACE AND UNDERGROUND MINING, STEEL MAKING, 
CHEMICAL INDUSTRY, PAPER INDUSTRY, WATER INDUSTRY, WASTE MANAGEMENT, 

AGRICULTURE AND FORESTRY, CONSTRUCTION SECTOR, LOGISTICS

https://www.fluid-competence.de/


Tunnelling/Mining/CoMpAny neWs 7

GeoResources Journal 3 | 2020CFH GmbH:
The CFH Group – Pooling technical Know-how and Reinforcing its global Presence with an expanding Range of Services www.georesources.net

The CFH Group – Pooling technical Know-how 
and Reinforcing its global Presence with an 
 expanding Range of Services
CFH GmbH, Gladbeck, Germany

Based at Gladbeck in north-west Germany the CFH 
Group supplies a range of ventilation equipment for 
clients in the mining and tunnelling industries and in 
other sectors, including metallurgy, recycling, sand and 
gravel, foodstuffs and many others (Figs. 1+2).

When CFT Compact Filter Technic celebrated 
its 20th anniversary in July 2019 nobody could in any 
way have predicted that the following year would bring 
a large-scale lockdown and worldwide restrictions on 
travel. Nevertheless, the crisis came – bringing the risk 
of infection, lockdown, global travel restrictions, sup-
ply-chain problems and many other implications. The 
corona crisis has posed a major challenge for the CFH 
Group as indeed it has done for many globally active 
mid-sized companies. Despite everything the Group 
has remained active and continues to develop its future 
work operations and business activities in all aspects of 
air technology, focusing in particular on dust extrac-
tion, gas purification, ventilation and air heating and 
cooling. And there is already news of new developments 
in the pipeline.

Greater Pooling of Ventilation Expertise 
and related Services 

The supply and circulation of ventilating air plays a key 
role in mining and redevelopment work – and is essen-

Fig. 1: Shaft ventilation plant

Operating from its Gladbeck HQ the CFH group 
of companies continues to pursue an active de-
velopment path even in these crisis-hit times, 
pooling its technical expertise in air technology, 
working towards a stronger global presence and 
expanding its service portfolio.

Tunnelling • Mining • Ventilation • Know-how • 
Global • Subsidiaries • Market presence • Service 

Fig. 2: Tunnel ventilation system during tunnel refurbishment

tial for carrying out mechanised roadheading, drilling 
and blasting and tunnel stabilisation work. For projects 
of this kind the CFH Group can provide ventilation 
equipment in the form of radial and axial fans, along 
with silencers and other accessories. The axial fans pro-
duced by CFH portfolio company Korfmann Lufttech-
nik have impellers measuring 300 to over 3,700 mm in 
diameter. All the fans undergo careful inspection prior 
to dispatch and each unit is fully approved for use in 
the national and international mining and tunnelling 
sector. 

On 1st October 2020 the CFH Group increased 
its stake in Korfmann Lufttechnik to 100 %. As from 
1st January 2021 all sales and marketing activities relat-
ing to ventilation equipment are to be handled by CFT 
Compact Filter Technic, thereby further strengthening 
the successful partnership that has already existed be-
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created CFH (Shanxi) Technology Co. Ltd, with its 
head office at Taiyuan in China, commenced trading 
at the beginning of the year, while CFH Airtechnic 
Australia Pty Ltd, which also started up in early 2020, 
operates out of Sydney, Australia, a country where the 
CFH Group has already successfully completed many 
projects. Finally, with CFT Sibir already established in 
Novokuznetsk, Russian operations have now been ex-
panded with the launching of the new Moscow-based 
000 CFH RUS company, which has now begun trad-
ing in the important Russian and Belarusian markets 
for mining and tunnelling equipment as well as for the 
general industry. These three subsidiaries can each sup-
ply the entire product portfolio of the CFH Group and 
fully support the  Group’s service commitments. CFH 
Australia is also set up to provide local repair facilities 
– and for example can refurbish dust extraction equip-
ment and fan systems (Fig. 3). 

Given the unforeseen restrictions that have been 
imposed on international travel these new subsidiary 
companies are making an important contribution to 
the Group’s ability to continue to serve its various mar-
kets.

Refurbished Mining and  
Tunnelling Machinery 

The Group subsidiary CST Customer Savings Technol-
ogy specialises in field-tested and reconditioned plant 
and equipment for companies and suppliers operating 
in the mining and  tunnelling sectors.  CST carries out 
complete overhauls on pre-used, high-quality dust ex-
traction units, fans, cooling plant, roadheaders, dinter-
loaders and others (Fig. 4).

An on-line catalogue was set up in mid-2020 to 
provide interested parties with an update on plant and 
machinery availability. The company’s fully refurbished 
equipment is basically equivalent in performance to 
new items of the same type. As well as requiring a much 
lower capital outlay pre-used equipment also offers an-
other important advantage: it is available at much short-
er notice than its brand-new equivalent. 

Outlook

Standing still means going backwards! But the CFH 
Group is moving forwards and is setting a course for the 
future. 

CFH GmbH
Engineering, Products and Services for dedusting, 
ventilation, cooling and heating of air for health, 
safety and the environment
Breathe the difference

Contact:
www.cfh-group.info

Fig. 3: CFH Australia – equipment repair facility

Fig. 4: Boom-type roadheader refurbished by CST

tween the two companies. CFT has been exclusively 
producing fans and silencers for Korfmann since 2001 
and both companies have been successfully involved in a 
number of joint projects – with a special focus on main 
ventilation equipment for the mining industry.

New international Agencies

The CFH Group has now strengthened its presence in 
China, Australia and Russia and in so doing has con-
solidated its existing position on the market. The newly 
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● Air pressure supply
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engineering
● Special civil engineering

● Shot concrete
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protection
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The use of renewable energies and a successful 
energy turnaround require suitable storage facili-
ties to compensate for time differences between 
the generation and the use of energy. Pit Thermal 
Energy Storages are a proven solution for district 
heating. Their sealing poses particular challenges, 
and these are explained in this article.

Geotechnics • Storage pits • Sealing • 
Renewable  energies • Geosynthetics

Pit Thermal Energy Storages (PTES)  
with innovative Sealing for a  
successful Energy Turnaround
Dipl.-Ing. Thomas Labda and Dipl.-Ing. Catrin Tarnowski, GSE Lining Technology GmbH – a Solmax Company, Hamburg, Germany

1 Motivation

The development of PTES (Pit Thermal Energy Storag-
es) began more than 30 years ago in Denmark, Sweden 
and Germany. At that time, the objective was to utilise 
heat-storage systems to increase the solar share of solar-
thermal district heating to over 50 %, thus reducing the 
costs of heat supply [1]. The current goal of such stor-
age systems is to establish large and efficient seasonal 
or multifunctional storage systems as economically as 
possible. These are then used to supply entire residential 
areas or districts with green district heating from renew-
able or climate-neutral heat sources.

The Solmax Group, headquartered in Canada and 
active internationally, manufactures innovative geosyn-
thetic sealing products for environmental protection. 
With its own installation teams, such as those of GSE 
Lining Technology GmbH, Hamburg, Germany, it car-
ries out sealing of Pit Thermal Energy Storages world-
wide (Fig. 1). In this way, the Group contributes to the 
energy turnaround and to climate protection. 

After a brief introduction to climate-compatible 
heat supply, this article describes the basic structure of 
Pit Thermal Energy Storages with their sealing. It then 
details the essential requirements for the realisation of 
the storage pits and the particular challenges for the 
sealing products and the construction work, including 
quality assurance. Practical experience from Solmax 
Group projects is also described. The article concludes 
with an outlook on the future. 

2 Climate-friendly Heat Supply

The heating sector consumes almost twice as much en-
ergy as the electricity sector. It is thus particularly im-
portant for the successful implementation of the energy 
turnaround. For a successful turnaround in heating, 
suitable heat-storage systems are required to bridge the 
time difference between energy generation and its con-
sumption.

Pit Thermal Energy Storages, fed with heat gener-
ated in a climate-friendly manner (Table 1) is a proven 
solution. Very large quantities of renewable or climate-
neutral heat can be stored in a PTES. This storage ena-
bles a more flexible use of renewable sources of heat, and 
thus also contributes to stabilising the price of heating. 

Fig. 1: Sealing work for a Pit Thermal Energy Storage
Source: Gram Fjernvarme

Table 1: Possible applications for PTES (Pit Thermal Energy Storages) [1]

Energy source Function of the pit thermal energy storage

Solar thermal Storage of solar thermal energy in summer for supply to district-heating 
networks in winter

Industrial waste heat Storage of industrial-waste heat, e. g. from waste-incineration plants or 
power stations, according to availability and provision when required 

CHP (Combined Heat and 
Power) plants Storage of excess heat from CHP plants

Power-to-heat plants Storage of excess electricity from renewable energy as heat after power-
to-heat conversion

Smart district-heating 
systems

Combining the storage of heat from solar thermal, geothermal, heat 
pump, CHP and power-to-heat systems using smart systems
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The pit is sealed with high-temperature-resistant 
geo membranes and a floating cover, as shown in Fig. 3, 
is installed. The lower face of the floating cover also con-
sists of a high-temperature-resistant geomembrane, on 
which appropriate protection and drainage layers are 
provided for the insulation layer required on the up-
per surface, which is exposed to the air. The insulation 
layer, which minimises heat loss to the atmosphere, has 
a significant influence on the final efficiency of the pit. 
Additional protection and drainage layers are arranged 
on top of the thermal insulation and sealed with UV-
resistant PE geomembranes.

Additional elements are used to control physical 
and operational impacts. Such elements include ventila-
tion and exhaust outlets, and insulated inspection and 
access shafts. Ballasting pipes are used as a temporary aid 
to installation and in the long term, together with the 
pump shafts, serve to drain off surface water. 

The Pit Thermal Energy Storage is a closed system. 
The water it contains is separated from that used on the 
generator/user side. In a separate circuit, heat exchang-
ers either feed thermal energy into the PTES, or they 
extract thermal energy from it and transfer this energy 
to the district-heating network. The entire feeding and 
extraction process is regulated by a control system.

The PTES intake and outlet consist of at least two 
pipes with diffusers at their ends. The diffusers serve to 

Fig. 2: System sketch of a PTES (Pit Thermal Energy  Storage)

Fig. 3: Structure of the pit lining to the base and at the sides (left) and the airside floating cover (right)

As an example, heat generated by the sun in the 
summer months can be stored in a PTES until the main 
heating season in the winter months. Heat from indus-
trial waste can also be collected throughout the year 
and fed into district-heating networks in the months 
in which it is required. In combined heat and power 
(CHP) plants, fluctuations in heat demand can be 
evened out by heat storage, thereby uncoupling the gen-
eration of electricity from that of heat.

3  Design Principles for Pit Thermal 
 Energy Storage Systems

PTES usually take the shape of an inverted truncated 
pyramid. Their basic structure is illustrated in Fig.  2. 
Treated water is used as the storage medium, as water 
generally has a good temperature stratification and a 
high specific heat capacity. 

The side slopes and the bed of the storage are lined 
with suitable geosynthetics for protection and erosion 
control, as shown on the left of Fig. 3. These protect the 
geomembranes from possible mechanical damage caused 
by the soil. Until now, thermal insulation against the soil 
has generally not proved to be economical. However, the 
cost and benefit of thermal insulation, and thus its eco-
nomic efficiency, must be assessed in each individual case 
using the respective boundary conditions.
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reduce the flow speeds during filling and emptying in 
order to prevent mixing of the thermal layering of the 
water. To achieve this, they are arranged at different lev-
els in the pit.

4  Essential Requirements for Pit  Thermal 
Energy Storages

The construction of a large Pit Thermal Energy Storage 
requires areas of sufficient size (Fig.  4). The locations 
should be as close as possible to the heat generators and 
the district-heating networks. The subsoil conditions 
and the groundwater situation must be determined at 
potential sites. The soil surrounding the pit must be 
capable of absorbing the design loads and should allow 
the steepest possible side slopes, and thus large storage 
volumes with a minimum surface area. In addition, the 
soil and groundwater conditions should also keep to a 
minimum the heat loss from the pit to the soil. If the pit 
is integrated into the existing groundwater and if there 
is groundwater flow, additional constructional measures 
must be considered as regards efficiency and the con-
struction phase of the pit.

The high temperatures of the water – up to 95 °C 
– and the exposure of the cover to UV radiation over a 
long service life are significant challenges in the realisa-
tion of a Pit Thermal Energy Storage. Further to this, 
additional special construction, operational and physi-
cal requirements must also be addressed. Since the float-
ing cover is itself uncovered and therefore exposed to 
the sun and weather, these influences must be taken into 
account. In general terms, the floating cover is a particu-
larly sensitive part of the overall system. 

The components of the sealing systems to the base 
and at the sides, and the airside cover must fulfil the 
demanding requirements made of them and be both 
technically suitable and cost-effective. This applies in 
particular to the innovative high-temperature-resistant 
geomembranes and to the UV-resistant geomembranes, 
including all seams. In addition to the sheet sealing 
products, other system components, such as those re-
quired for ventilation or for the introduction and ex-
traction of heat, are very important. 

5 Geosynthetic Sealing Components 

To protect the geomembranes of the pit sealing, which 
is exposed to water, against subsoil deformations, a geo-
composite with a grid structure laminated with a non-
woven fabric is used. This protection layer can be indi-
vidually designed for the respective project conditions. 
The protection effectiveness can be verified in accord-
ance with established regulations, e. g. DIN EN 13719 
[2], or project-specific according to GDA E3-9 [3].

The core element of the sealing, the PE geomem-
brane with resistance to high temperatures [4], is tested 
at the manufacturer’s plant for its resistance to ageing 
using not only mechanical and rheological short-term 
tests but also at regular intervals using leaching tests 

Fig. 4: Construction of a 200,000 m³ Pit Thermal Energy Storage System
Source: Vojens Fjernvarme

in accordance with DIN  EN  14415 [5] and oxidative 
ageing tests based on DIN  EN  14575 [6], i. e. with 
long-term tests. Particular attention is also paid to the 
high stress-cracking resistance required. The special 
raw material used here has been tested by the manu-
facturer in an internal pressure test on pipes according 
to DIN  EN  ISO  9080 [7]. In the production of the 
patented, relatively thin flexible geomembrane, an ad-
ditional patented stabiliser package is added to the raw 
material. 

To take into account the large number of factors 
influencing ageing (oxidation, influence of chemicals, 
leaching), various long-term tests were performed dur-
ing the product development stage, drawing on the ex-
perience of various laboratories in Europe and that of 
the raw-material manufacturer. On the one hand the 
products are exposed to the hot water, which promotes 
the leaching of stabilizers, and on the other hand oxy-
gen can diffuse into the geomembrane, since its polymer 
structure dilates under the influence of temperature. 
These effects are simulated and accelerated in the tests. 
Using Fourier Transform Infrared Spectroscopy (FTIR) 
analysis, the stressing can be verified over the thick-
ness of the geomembrane. Additional tests are planned 
which will give additional results. 

Other geosynthetic products, such as drainage and 
separation layers, are used in floating covers. These prod-
ucts too must function in the system in the long term. 
For this reason, particular attention is paid to durability 
under elevated temperatures and to the UV stability of 
the uppermost geomembrane exposed to the air. 

Technical information about the different products 
is available from the manufacturer’s website [8].

6  Quality Assurance during 
 Geomembrane Installation

When geomembrane layers are installed, it is particu-
larly important that the welding is carried out profes-
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ed amongst others using a peel test in accordance with 
DVS 2225-2 [10]. This ensures perfect jointing of the 
geomembranes under the given environmental condi-
tions and with the machines and parameters used. Only 
then does the actual site welding begin. 

The seams with their test channel are tested for 
tightness using compressed air. Extrusion-weld seams 
are tested for tightness using a vacuum or, if necessary, 
high voltage.

Finally, if possible, samples can be taken at the end 
of the seam, or final test welds can be performed, and 
both of these checked with regard to the seam dimen-
sions and in a peel test. This work is documented in 
welding and test reports and given to the client. This 
ensures complete quality assurance and it remains 
traceable which welder has carried out welds with 
which machine under which conditions. Systemic 
errors can thus be excluded. This type of quality as-
surance has also proven useful when installing PE ge-
omembranes in other sensitive applications, such as 
landfill or mining. 

7 Practical Experience

Geosynthetic sealing products from Solmax and GSE 
Lining Technology GmbH have been successfully used, 
for the sealing of Pit Thermal Energy Storages since 
2011 with a total volume of over 500,000 m³ (Table 2). 
Since 2014, installation teams of GSE Lining Technol-
ogy GmbH – a Solmax company – have also been carry-
ing out sealing work for such PTES themselves. Exten-
sive experience and knowledge was gained during the 
projects. In the following, examples of such experience 
are discussed. 

7.1  On the Installation of the Floating 
Cover

The water in the Pit Thermal Energy Storage remains 
permanently in the closed system of the pit. It must be 
carefully protected against contamination in order to 
protect the other equipment, such as pipelines, pumps 
and heat exchangers, from damage and corrosion during 
operation. Energy or heat is only fed into or extracted 
from the system via heat exchangers. Two fundamental-
ly different methods are used when installing the high-

Table 2: Sealing projects for Pit Thermal Energy Storages

Project Year of 
 construction

Storage 
volume Scope of services

Marstal, Denmark 2011-2012 75,000 m³ Supply

Dronninglund, Denmark 2013-2014 62,000 m³ Supply

Vojens, Denmark 2014-2015 200,000 m³ Supply and installation

Gram, Denmark 2014-2015 122,000 m³ Supply and installation

Toftlund, Denmark 2016-2017 85,000 m³ Supply and installation

Langkazi, Tibet 2018 15,000 m³ Supply and installation

Marstal, Denmark, cover only 2019 75,000 m³ Supply and installation

sionally. The installation of HDPE geomembranes is 
dealt with in many established regulations, such as those 
of the DVS (German Association for Welding and Re-
lated Processes), the IAGI (International Association 
for Geosynthetic Installers), ASTM International and 
CEN (European Committee for Standardization). 
DVS  2225-4 [9], which deals with the installation of 
landfill geomembranes, and sets the highest quality 
standards. In addition to the welding itself, quality as-
surance is described. Visual inspections, tests of the 
seam tightness, strength, and dimensions, all focus on 
the required longevity of the sealing. This is designed to 
ensure that no premature mechanical or oxidative dam-
age occurs and that the sealing system is installed free of 
stress. The high-temperature-resistant geomembrane is 
installed by the installation teams of GSE Lining Tech-
nology GmbH – a Solmax Company – in accordance 
with the provisions of DVS  2225-4, with the welding 
parameters being adapted to the special raw material 
used. 

In the standard procedure, the welds are produced 
using hot-wedge welding as a double-overlap weld with 
an internal test channel. It is important to arrange the 
geomembrane sheets in such a way that the number and 
the lengths of the welds are as small as possible. Con-
struction details such as connections to components, 
e. g. shafts and pipes, are made using hot-gas extrusion 
welding. Here, the practical skills of the specialist weld-
er are required. 

To ensure that the welding work is carried out pro-
fessionally, test welds are made before the start of the 
daily welding work. The seam strengths of these are test-

Fig. 5: Example of ballast pipes on the floating cover [1]
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temperature-resistant geomembrane layer of the float-
ing cover (Fig. 3) which is in contact with the water:

 ▶ Installation before the pit is filled with water 
 ▶ Installation after the pit is filled with water 

The installation method must be selected taking into ac-
count the respective project boundary conditions.

7.1.1  Installation of the high-temperature-
resistant Geomembrane Layer before the 
Pit is filled

The installation of the high-temperature-resistant ge-
omembrane of the floating cover can be carried out after 
the sealing work of the pit lining before the pit is filled 
with water. Water is then filled between the pit seal and 
the high-temperature-resistant geomembrane layer of 
the floating cover, and the geomembrane rises due to 
the buoyancy force. Additional construction measures 
are taken at the inlet, the outlet, and at the diffuser in 
order to control the floating there as well. 

Since the side-slope and base areas are greater than 
the area of the floating cover, excess geomembrane ma-
terial remains after the pit has been completely filled 
with water. To reduce wrinkling and the associated dif-
ferential compressive and tensile stresses in the geomem-
brane, and to achieve a smooth layer on the water surface 
for the other layers of the floating cover, especially the 
thermal insulation, ballast pipes are placed on the high-
temperature-resistant geomembrane, as exemplified in 
Fig. 5. In a cooperation between Solmax and the Center 
for Applied Research and Technology at the Dresden 
University of Applied Sciences (HTW), several model 
tests (Fig. 6) were carried out to find the best arrange-
ment of the ballast pipes [11]. One conclusion of the 
investigation is that the arrangement of the ballast pipes 
and the sinking behaviour are decisive in ensuring that 
the surface of the geomembrane layer is taut and even. In 
addition, it is shown that no warm water is ‘trapped’ by 
the ballast pipes when this installation method is used.

7.1.2  Installation of the high-temperature-
resistant Geomembrane Layer after the 
Pit is full

Prior to filling the pit, a temporary geomembrane can 
be installed as a so-called ‘sacrificial layer’ on the previ-
ously sealed base and side-slope surfaces of the pit. Only 
isolated ballast pipes are arranged on the temporary 
cover for controlled upward buoying. The pit is then 
filled with water as described in Section 7.1.1. 

In this installation method, the sacrificial layer 
serves only to prevent the ingress of dirt, organic mate-
rial, etc. into the pit during filling until the installation 
of the high-temperature-resistant geomembrane of the 
floating cover in contact with the water. The filling of 
large thermal-energy storage pits takes a considerable 
amount of time. For example, filling the 200,000 m³ Pit 

Fig. 6: Model tests for the arrangement of ballast 
pipes – test facility (left) and an exemplary test 
result (right)

Fig. 7: Installation work on a floating cover

Thermal Energy Storage facility in the city of Vojens in 
Denmark (Fig. 4), the largest in the world to date, took 
24 weeks. After the PTES facility has been completely 
filled with water, the sacrificial layer is successively re-
moved as the lowest layer of the floating seal is installed.

For the welding, a work area of sufficient size is con-
structed on one of the embankments surrounding the 
pit (Fig.  7). Two geomembrane sheets are welded to-
gether on the working platform. The welded sheets are 
then pulled by the width of one sheet over the pit us-
ing cable winches. Then another geomembrane is rolled 
out on the working platform and welded to the first two 
sheets before the welded area is pulled further over the 
reservoir by another liner width. This process is repeat-
ed successively, width by width, until the entire PTES 
area is covered by the floating welded geomembranes.

7.2  Prevention of Water Ingress  
into the Floating Cover

A high level of operational efficiency is crucial for Pit 
Thermal Energy Storages. After storage, it should ide-
ally be possible to recover the same amount of energy 
from the system as was previously fed into it. To this 
end, heat losses during storage should be kept to a 
minimum. Water ingress into the floating cover poses 
a major threat to efficiency. In general, moisture in the 
insulation reduces the insulating capacity, resulting 
in undesired heat loss. The sealing products and their 
installation are themselves rarely the cause of defective 
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ticular, differential concentrated or distributed loads, 
e. g. depressions caused by precipitation water, should 
be avoided. 

Other physical effects which can occur during 
commissioning as a result of the warming of the stor-
age water are gas or oxygen accumulations under the 
completed floating cover. Larger quantities of gas can 
even lead to local uplift (Fig. 8). To prevent this, tar-
geted preventative constructional measures are useful, 
such as the provision of venting openings in the cover. 
These constructional measures must be planned and 
executed professionally with regard to tightness and 
efficiency. 

If chemicals are to be added to the water in the stor-
age facility to reduce the water oxygen content, it is 
important to check the influence of the chemicals on 
the sealing products in consultation with the product 
manufacturer and to avoid undesired interactions and 
incompatibilities.

7.4 Logistics and Cooperation

In international construction projects, it is not only lo-
gistical, but often also cultural challenges that have to be 
mastered. The thermal storage facility in Tibet, with a 
volume of 15,000 m³, was constructed at an impressive 
altitude of over 4,600 m above sea level (Figs. 9+10). 
Despite cultural and linguistic challenges in the coop-
eration with the local support staff, the sealing work was 
completed in a very short time thanks to excellent com-
munication between all project participants. 

In general, experience from various projects has 
shown that the earliest possible involvement and sensi-
tisation of all those involved in the construction of Pit 
Thermal Energy Storages is required. Only when clients, 
designers, and the specialist construction companies of 
the individual trades are involved can their solution-ori-
ented communication and cooperation enable success-
ful realisation in the face of major challenges.

8 Conclusion and Outlook

In order to implement the energy and heat turnaround, 
energy from renewable or climate-neutral sources will 
in future be preferred. Pit Thermal Energy Storages 
(PTES) are a sustainable, cost-efficient and effective 
solution, especially for the long-term storage of large 
quantities of thermal energy. They enable such energies 
to be used over a flexible time period, and thus guaran-
tee security of supply. 

Sealing is a significant cost factor for PTES, and 
thus in the construction and operation of these heating 
systems. The efficient and economical use of innovative 
sealing products which meet the requirements, and a 
system configuration that is as simple and practical as 
possible, are relevant for the economic realisation of 
PTES in comparison with other types of heat-storage 
systems [12]. The energy and cost efficiency of the stor-
age facilities generally increase with increasing size.

Fig. 8: Oxygen accumulation under a floating cover

Fig. 9: Pit Thermal Energy Storage project in Tibet – 
altitude more than 4,600 m

Fig. 10: View from above of the Pit Thermal Energy 
Storage facility in Tibet

areas. It is however advisable to involve the product 
manufacturers and specialist installers as early as possi-
ble in the planning of construction details of the PTES 
facilities. In particular, elements that pose a risk of dam-
age to the geomembranes of the floating cover should be 
avoided. It is recommended that all parties involved in 
the project are advised to be sensitive in their handling 
of the sealing products. 

Another physical effect that has been known for 
years should be mentioned. At elevated temperatures, 
water can penetrate the floating cover by diffusion 
through the polymer geomembranes. For PE mate-
rial, the diffusion rates are very low compared to other 
polymer materials. This makes the high-temperature-
resistant PE geomembranes particularly suitable for 
the realization of floating covers. Using constructional 
measures, the diffusion can be additionally reduced to 
a minimum, thus enabling the efficiency of the floating 
cover to be increased.

7.3  Other physical and operational 
 Influences

In addition to water ingress, unexpected exceptionally 
high loads on the floating cover must be avoided to en-
sure the functionality of the thermal insulation. In par-
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Professional, high-quality installation by trained 
specialist installers in accordance with current standards 
is just as important as suitable sealing products. This is 
the only way to ensure trouble-free operation of the sys-
tem. 

Further development of the already proven products 
and systems is to be expected. For example, new types of 
geomembranes with an integrated leak detection layer 
can help to increase operational safety by drawing on 
experience gained in other applications. 

In addition to Denmark and Germany, planning for 
the implementation of sustainable Pit Thermal Energy 
Storages is progressing in other European countries. 
These plans envisage future storage volumes of 500,000 
to as much as 1,000,000 m³. Initial feasibility and con-
cept studies are also being funded outside Europe. In 
many countries, support programmes provide subsidies 
targeted at heat generation from renewable energies in 
order to achieve the goals of climate protection and en-
ergy turnaround in the heating market as well.
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Hydrogen from renewable energy sources will in future be produced by 
electrolysis on a commercial scale and stockpiled for energy storage pur-
poses. This paper discusses the cost and efficiency aspects of the produc-
tion and underground storage processes.

Mining • Energy • Geotechnics • Hydrogen • Underground storage

‘Green’ Hydrogen Production on a  commercial 
Scale with Underground Storage and Heat 
 Extraction
Dipl.-Ing. Torsten Buddenberg and Dr.-Ing. habil. Christian Bergins, Mitsubishi Power Europe GmbH, Duisburg, Germany

Introduction

The production of hydrogen by electrolysis is by no 
means a new technology. An industrial-scale plant of 
this kind was in operation back in 1929. Built by Norsk 
Hydro, this installation was located at Rjukan in Nor-
way, some 200 km west of Oslo, and had a production 
capacity of 27,900 Nm³/h with a power consumption 
of 142  MW of electricity [1]. The plant remained in 
operation until 1972, the hydrogen being used for the 
production of fertilisers. 

In that same year 1972 the last commercial-scale fa-
cility of this type was built by the Lurgi company (now 
Air Liquide Global E&C Solutions Germany) in Kwe-
Kwe, 200 km south west of Harare in Zimbabwe (Fig. 1). 
This electrolysis plant produced some 21,000 Nm³/h of 
hydrogen and remained in operation until after the year 
2000 [2]. With an electrical output of 95 MW the Kwe-
Kwe installation had a specific hydrogen production rate 
of over 4.6 kWh/Nm³. As will be discussed further be-
low, this level of efficiency is fully in keeping with today’s  
state-of-the-art technology. The plant still used asbestos 
material in the electrolysis system for the separation of 
the anode and cathode, alkaline electrolysis being the 
only technology available at the time. 

Alkaline electrolysis has been further developed 
since then and asbestos-free materials have now become 
available. Other types of electrolysis process have also 
been tried and tested.

Electrolysis Processes for  
Hydrogen Production

Two commercial-scale electrolysis processes currently 
exist for the production of hydrogen. One is the well-
proven alkaline electrolysis system (AEL), which can 
operate either at atmospheric pressure or in a pressur-
ised state, and the other is the proton exchange mem-
brane electrolyser (PEM electrolysis), which has been in 
existence for a number of years. Other techniques exist 
for small-scale applications and laboratory use, includ-
ing the solid oxide electrolyser cell (SOEC) and the ani-
on exchange membrane electrolyser (AEM electrolysis). 
However, these systems are still a long way from market 
maturity as commercial-scale applications and will not 
be examined further here [4].

The documented comparison of the two main tech-
nologies shown in Table 1 is based on own calculations 
and on information obtained from scientific literature 

Fig. 1: Hydrogen electrolysis at the Kwe-Kwe plant in 
Zimbabwe, 28 x 760 Nm³/h, Lurgi GmbH [3]

[5]. The comparison presented in Table  1 illustrates 
that alkaline electrolysis still has some advantages over 
the PEM system. From an industrial viewpoint alkaline 
electrolysis can operate more efficiently and potentially 

Table 1: Technology comparison between commercial-scale hydrogen  
electrolysis systems

Electrolysis process Alkaline electrolysis PEM electrolysis
Electrolyte potash lye (KOH in water) acidic polymer membrane
Electrodes Raney nickel  

(iron/aluminium)
noble meals  

(platinum/iridium)
Operating temperature 60 to 90 °C 50 to 80 °C
Current density 2,000 to 6,000 A/m² 10,000 to 25,000 A/m²
Cell voltage 1.6 to 2.3 V 1.8 to 2.7 V
Technological maturity industrially well established commercially available
Hydrogen purity with  purification 99.8 to 99.9 % / >99.99 % 99.9 % / >99.99 %
Operating pressure 1 to 40 bar(a) 1 to 50 bar(a)
Module size up to 1,500 Nm³/h 

(6.5 MW/module)
up to 500 Nm³/h  
(2.5 MW/module)

Investment costs for entire plant 750 to 1,000 EUR/kW 1,200 to 1,500 EUR/kW
Degradation (depending on water 
purity and plant criteria)

< 0.13 %  
per 1,000 operating hours

< 0.25 %  
per 1,000 operating hours

Critical catalyst materials < 7.3 mg/W
(cobalt)

< 5.0 mg/W  
(platinum & iridium)

Specific energy demand module 4.1 to 5.8 kWh/Nm³ 4.5 to 6.8 kWh/Nm³
Specific energy demand  auxiliary 
plant

0.2 to 0.4 kWh/Nm³ 0.1 to 0.4 kWh/Nm³

Specific energy demand total 
(minimum figure)

4.3 kWh/Nm³ 4.6 kWh/Nm³
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used today the rapport is as depicted in Fig. 3. This rela-
tionship explains why electrolysis cells operating at part 
load achieve higher rates of efficiency, though it can also 
be used for the construction of more efficient electrolysis 
installations. If the current density of a 2,000 A/m2 alka-
line electrolyser of the type in common use at the present 
time is reduced by 50 % the efficiency level will be mas-
sively increased to the extent that the cell voltage will de-
cline by about 0.5 V. However, the cost of building such 
a plant would then be increased as more modules would 
have to be used. Halving the current density in the man-
ner described above would result in 25 % higher costs. 
The quality of the hydrogen would also be compromised 
as more oxygen can diffuse through the diaphragm. Be-
cause of this, current densities of less than 500 A/m² can-
not at present be justified for reasons of safety.

However, at some suitable locations the heat gen-
erated by the electrolysis process can be used to supply 
district heating systems. This is a simple way in which 
the heat energy that is present at around 85 °C can be 
used to pre-heat the return flow from the district heat-
ing grid, which normally operates at between 55 and 
60 °C. Such an input would help relieve the strain on 
downstream heating plant. It may also be possible to 
use this waste heat in thermal pumps in order to obtain 
higher useful-heat temperatures, though this would re-
quire further investment.

If the hydrogen is to be stored it must first be com-
pressed to higher pressure levels. This can be quantified 
using the following simple formula:

Ecompression � 
kWh

Nm3
hydrogen

 � = 0,47 × ρ hydrogen  �
kg

Nm3�× 

× (ln poutlet[bar(a)]− ln pinlet [bar(a)])   ................................ ( 2 )

The standard density of hydrogen at 0 °C and at atmos-
pheric pressure can be specified as 0.0899 kg/Nm³.

For installations with about 100 MW of connected 
electric load piston-type compressors are essentially the 
only practical compression technique available. Other 
types of compressor system are either generally unsuit-
able or require much higher volume flows in order to 
operate efficiently. If the installation in question has 
close to 1,000 MW of electrical power screw compres-
sors and turbo compressors may also be an option. 
Liquid ring compressors are also suitable for raising 
the compression level from atmospheric pressure to 
around 10 bar or thereabouts [7]. However, as renew-
able energy sources are not steady in nature, whereas the 
commercial-scale consumption of hydrogen – as is the 
case in the chemicals industry for example – tends to be 
a fairly continuous process, large-scale storage is likely to 
be an unavoidable requirement.

Industrial-scale Storage Options  
for Hydrogen

The storage of hydrogen is also a well-established tech-
nology. After being produced by conventional means or 

Fig. 2: Reversible and thermoneutral cell voltage as a 
function of temperature

Fig. 3: Cell voltage and specific electricity consump-
tion of an alkaline pressure electrolyser at 
15 bar(a) as a function of current density

at a lower cost, although PEM technology generally in-
volves a much lower specific weight and enclosed vol-
ume as it operates at much higher current density lev-
els. These latter benefits come into their own in mobile 
applications or when there is limited space available. 
Moreover, PEM technology is likely to undergo further 
development, with the result that the two systems are 
set to become market competitors in the years ahead. 

The theoretical energy demand of the water split-
ting process is dependent on the process temperature 
[6]. Fig.  2 shows how this relationship presents itself 
in the case of an alkaline pressure electrolysis process 
at 15  bar(a). Here it is only the reversible cell voltage 
that actually has to be expended as electricity. Energy up 
to the thermoneutral cell voltage can also be delivered 
by thermal means. This fact suggests the possibility of 
developing electrolysis cells capable of operating with 
quantities of electricity (kWh/Nm³) that are smaller 
than the energy of the hydrogen as generated in calorific 
terms (kWh/Nm³). However, such electrolysis systems 
are not yet available on the market.

For every electrolysis system the specific energy de-
mand Eelectrolysis for direct current in the electrolysis mod-
ules from the cell voltage Ucell can be established using 
the following formula:

Eelectrolysis �
kWh

Nm³hydrogen
� = 𝑈𝑈cell [V] × 2,393 �

kAh
Nm³hydrogen

�   ..  (1)

The cell voltage is a function of the cell geometry and 
current density at a given operating pressure and temper-
ature. For the cell geometry of an alkaline pressure elec-
trolysis system at 15 bar(a) of the type most commonly 
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released as a by-product of various industrial processes 
the hydrogen is compressed and transported to consum-
ers using pipelines, pressure tanks or liquified hydrogen 
tanks. As well as building pipe storage systems the inter-
national hydrogen industry has also established a number 
of underground hydrogen storage facilities in caverns. 

This paper will focus exclusively on examining and 
comparing these two storage methods, as they already 
exist as commercial-scale operations. A full survey of all 
the techniques currently available would be beyond the 
scope of this article. For more on this subject refer to 
[8, 9] in the list of references, where information can be 
obtained not only on underground storage caverns but 
also on the hydrogen storage potential of depleted gas 
fields and aquifers and other possible structures.

The EU-funded HyUnder Research Project [8] has 
undertaken an in-depth review of the potential for stor-
ing hydrogen in underground salt caverns and pipe stor-
age systems, along with an assessment of the cost of such 
operations. The key data from this analysis are compiled 
in Table 2. This of course is only a representative com-
parison, since underground caverns in the world of the 
mining engineer will be structurally different one from 
another according to their geological environment – a 
situation that also applies to the site conditions of pipe 
storage facilities. Nevertheless, this approach is useful as 
a means of gaining an initial impression. Fig. 4 shows 
by way of illustration the construction of a pipe storage 
installation for hydrogen gas. 

Underground storage clearly has an advantage, 
given the cost of the mechanical storage system, and a 
sub-surface storage facility will always be the preferred 
choice when geological circumstances permit. Never-
theless, it has to be said that with the construction and 
approval of such an installation taking up to six years 
this can be a much more lengthy process than the build-
ing of a surface pipe storage facility, which requires 
about 18 months to complete. This protracted build 
time is usually associated with the need to remove the 
brine, a fact that in some circumstances will result in the 
decision going the way of a pipe storage system.

Economic Assessment of a Hydrogen 
 Production Project with Alkaline  Pressure 
Electrolysis and Cavern Storage

This section will examine the economic aspects of a 
representative hydrogen production operation. The 
example in question involves an alkaline electrolyser 
with hydrogen storage in an underground cavern and 
the offtake of thermal energy, with the waste heat be-
ing transported directly into the return flow of a dis-
trict heating grid. An alkaline electrolysis system was 
selected for this exercise because, as explained above, 
this method is still extensively used. The hypothetical 
site of the plant in question is situated in northern Ger-
many and the data underlying the economic analysis of 
the fictional case study are compiled in Table 3, which 
includes the following parameters:

Table 2: Technology comparison between  commercial-scale hydrogen 
 electrolysis systems

Electrolysis process Pipe storage system Underground cavern
Upper operating pressure 100 bar(a) 180 bar(a)
Lower operating pressure 7 bar(a) 60 bar(a)
Volume 6,200 m³ 500,000 m³
Storage medium steel pipes salt rock
Useful gas content for  hydrogen 530,000 Nm³ 47,000,000 Nm³
Dead gas volume hydrogen 40,000 Nm³ 26,000,000 Nm³
Stored calorific energy 1.77 GWh 157.7 GWh
Investment costs 17,000,000 EUR 28,000,000 EUR
Cost of dead gas (40 EUR/MWh – electricity) approx. 10,000 EUR approx. 5,000,000 EUR
Specific storage costs 32 EUR/Nm³ hydrogen 0.7 EUR/Nm³ hydrogen
Relative cost ratio 100 % 2.2 %

 ▶ Performance data
 ▶ Investment data 
 ▶ Financing costs: In the present political environ-

ment investors can expect at least part of the invest-
ments placed in a hydrogen electrolysis plant to be 
funded in some way. The financing costs are there-
fore estimated on the basis of a subsidy allocation 
of 30 %.

 ▶ Electricity running costs: Taking the earliest pos-
sible start-up date as 2024 it can be assumed that the 
northern German region will benefit from a large 
input of renewable wind power, which means that 
the plant utilisation rate will be very high. Likewise 
it can be assumed that the plant will be rated as an 
energy-intensive unit and so will for the most part 
have tariff-free access to electricity. 

 ▶ Additional costs: Costs for consumption, mainte-
nance and manpower will be assessed on the basis of 
current experience.

 ▶ Summary

An assessment of the data presented in Table 3 shows that 
the production cost of ‘green’ hydrogen is about twice as 
high as that of conventionally manufactured hydrogen, 
which is usually specified at about 1.9 EUR/kg [10]. In 
comparison this represents about 109 EUR/MWh for 
‘green’ hydrogen, whereas before taxes and duties petrol 
and diesel are trading at around 72 EUR/MWh. This 
represents an additional cost of about 50 %. The price of 
petrol at the pumps, including duties and taxes, is mark-
edly higher than this. Blended bio ethanol and bio diesel, 

Fig. 4: Building the Zürich Transport pipe storage 
system [8]
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mum of 9.3 kg of carbon dioxide per kg of product. This 
is a significant emission. If the input of hydrogen to the 
chemical and fuel industries were to be replaced by that 
manufactured from renewable energy sources it would 
represent a first efficient step towards a sustainable econ-
omy. And this will be the theme of one of the articles 
appearing in the next edition of GeoResources Journal.
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Table 3: Producing ‘green’ hydrogen using pressurised electrolysis with 
cavern storage – representative economic assessment of a project 
based in northern Germany

Parameter Value
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a Production of hydrogen at 15 bar(a) [Nm³/h] 24,000

Specific energy incl. ancillary plant [kWh/Nm³] 4.5

Average output compression for max. 180 bar(a) [kW] 2,210

Plant power input [kW] 110,210

Plant thermal output for district heating grid [kW] 13,100

Storage volume (10 days full load)  [Nm3] 5,760,000

In
ve

st
m

en
t Investment in electrolysis [EUR] 99,189,000

Investment in storage system [EUR] 9,400,000

Owner cost margin [EUR] 10,911,000

Total investment [EUR] 119,500,000

Fi
na
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g 
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s

Total investment [EUR] 119,500,000

Funding quota [%] 30.0

Equity capital share  [%] 30.0

Equity capital maturity [years] 10.0

Equity capital interest [%] 8.0

Loan capital share  [%] 70.0

Loan capital maturity [years] 10.0

Loan capital interest [%] 4.0

Annuity  [EUR/year] 10,959,196

 El
ec
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nn
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s 

Average electricity price  [EUR/MWh] 55

Average full-load hours [hrs/year] 7,000

Power consumption [MWh/year] 732,897

Cost of power consumption incl. part-load reduction [EUR/year] 40,309,308

O
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er
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s 
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+ 

st
af

f)

Staff costs 25 employees [EUR/year] 1,950,000

Maintenance charges [EUR/year] 1,135,250

Cost of consumables  [EUR/year] 350,000

Provision for refits [EUR/year] 1,771,232

Su
m

m
ar

y

Quantity of hydrogen sold  [kg/year] 15,103,200

District-heat supply incl. part-load reduction [MWh/year] 88,830

District-heat price for electrolysis operator [EUR/MWh] 20

Income from district-heat supply  [EUR/year] 1,776,600

Average selling price required   [EUR/kg] 3.62

Average selling price required [EUR/MWh] 108.71

which are low-CO2 fuels, are already in the same or in a 
higher cost regime. There are therefore realistic prospects 
of green hydrogen being used economically and in large 
quantities in refinery operations.

Outlook

Hydrogen is a product with all-round versatility. It can 
serve as a power source for vehicles, it can be employed 
directly in refineries and chemical works and in future 
it will be used for the production of steel. However, 
conventionally manufactured hydrogen releases a mini-
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Based on detailed historical data, the application history of reinforced 
soil in hydraulic engineering in China is studied. Archaeological research 
shows that ‘grass wrapped sludge’ technique was invented in ancient 
China about 5,000 years ago and the technique was widely used in dam 
construction for flood control, river regulation and breach blocking. Geo-
synthetic reinforcement and protection techniques were introduced to 
China only in the 1960s to 1970s, while the application of reinforced soil 
in hydraulic engineering has a much longer history. Geosynthetics rein-
forcement is inheritance and development of ancient wisdom for mod-
ern civilisation.

Geotechnics • Reinforced earth • History • Archaeology •  
Hydraulic engineering • Geosynthetics •Sustainability • China
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for Hydraulic Engineering in ancient China
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PhD, Professor Guangxin Li, Department of Hydraulic Engineering, State Key Laboratory of Hydroscience and Engineering, 
 Tsinghua University, Beijiing, P. R. China
PhD, Professor (in emeritus) Herbert D. Klapperich, TU Bergakademie Freiberg, Freiberg, Germany

Introduction

China started its agricultural era around 10,000 years 
ago. During the agricultural era, the population was sub-
jected to floods and attacks by animals. People learned 
to construct embankments for flood defence and deep 
ditches, high walls and housing for protection against 
animals. Only very limited and primitive materials were 
able to counteract natural hazards. Materials like soil, 
rock, bamboo, wood and grass would be washed away 
by flood. This challenge was mentioned by Quyuan in 
Tianwen (Asking Heaven) [1]: ‘How to fill and defend, 
while the flood is so deep?’ The solution figured out by 
people of those times was to use composites of several 
natural materials.

In the upper and middle reaches of rivers, bamboo 
or wood was bound together and woven into cages, bas-
kets or bundles; these were then combined with stone 
and soil to form large composites. This kind of large 
composite made on site was used to block crevasses and 
to regulate rivers. In lower river deltas or swamps, peo-
ple rolled sludge with plant-fibre sheet or mixed cohe-
sive soil with plant fibres to build dams, walls or houses.

Archaeological proof shows that application of re-
inforced soil in hydraulic engineering has a very long 
history.

’Grass-wrapped Sludge’ in hydraulic 
 Engineering 

The ancient City of Liangzhu around 
5,000 Years ago

Discovered in the Yuhang area of Zhejiang province, 
the large-scale hydraulic project of the ancient city of 
Liangzhu was named as one of the top ten new archaeo-
logical discoveries of China in 2015. It contained a se-
ries of grand hydraulic projects. The layout of the pro-
ject is shown in Fig. 1. In locations 1, 2, 3, 4, 5 dykes 
or low embankments with heights of 5 to 10  m were 
built; in locations 6, 7, 8, 9, 10, 11 dams with heights 
greater than 10 m lengths of 50 to 200 m were built at 
the mouths of rivers. The total volume of these filling 
earthworks reached 2.6 million m3.

These two levels of dams with different heights 
could contain large amounts of rainfall in the valleys so 
that flood threat to the ancient city could be diminished. 
GIS analysis shows that the storage capacity within high 

Fig. 1: Reservoir of high and low dams outside the ancient city of Liangzhu

dams could contain the runoff produced by continuous 
rainfall of 960 mm in a short period of time within the 
watershed, which was equivalent to the hundred-year 
rainfall event of storms in the area.

The land between the low dams is an inversed-tri-
angle lowland, which provided a wide area of 8.5 km2 
for water storage. We have not found a flood spillway 
for this levee system, so its function and operation mode 
are still unclear. It is judged to have had the functions of 
flood defence, flood containment, transportation, water 
supply, irrigation, etc. It is amazing that people 5,000 
years ago were able to plan and organise such a large-
scale project; their technical skill is astounding.

Of particular note is that an advanced soil-rein-
forcement technique of ‘grass-wrapped sludge’ was de-
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Fig. 2: Dam construction technique with ‘grass-wrapped sludge’ in the an-
cient city of Liangzhu: (a) embankment with ‘grass-wrapped sludge’ in 
a criss-cross manner, (b) woven bamboo sheet under ‘grass-wrapped 
sludge’, (c) ‘grass-wrapped sludge’ excavated from the ancient city of 
Liangzhu, (d) wooden spade and simulation of ‘grass-wrapped sludge’ 
preparation

veloped and applied in the construction of high and 
low dams in this mountainous area (Fig. 2).

‘Grass-wrapped sludge’ is a sludge package 
wrapped in grass. It is on average about 40 cm long, 17 
to 18 cm wide and 5 to 10 cm thick. ‘Grass-wrapped 
sludge’ is like straw bagged soil used in embankment 
and it is usually stacked in a criss-cross way (Fig. 2a). 
Woven bamboo sheet placed at regular intervals to 
separate the layers provides a function similar to soil 
reinforcement (Fig. 2b). The properties of the sludge 
layers can be significantly improved by mixing with 
plant fibre and compacting. The behaviour is im-
proved in the following aspects:

 ▶ The tensile strength, shear strength and integ-
rity of dam are improved. The steepest possible 
embankment slope with sludge only would be 
less than 1 : 4 while embankments with ‘grass-
wrapped sludge’ could achieve slopes of 1 : 2.

 ▶ Improved erosion resistance reduces risk of col-
lapse and flood destruction of embankments.

 ▶ Grass improves dewatering conditions so that the 
consolidation speed of sludge is improved.

 ▶ The thixotropic behaviour of highly sensitive soil 
from marine or lacustrine deposits can be reduced 
or prevented.

 ▶ The preparation and transport of such soils is 
easier and construction using them is simplified.

‘Grass-wrapped sludge’ excavated from 6# dam base 
is still complete and unrotten (Fig. 2c). It can be 
clearly determined that the green paste was lacustrine 
deposit; the wrapping grass was mainly silvergrass and 
couchgrass; reed and bamboo reed was used to tie 
the ’grass-wrapped sludge’. These kinds of grasses are 
found to be still well grown today in the site. Fig. 2d 
shows the wooden spade for scooping sludge in an-

cient times; simulation of grass wrapped sludge prepa-
ration, transportation and embankment construction 
was conducted in accordance with the condition 5,000 
years ago.

Carbon-14 dating was conducted by Chronology 
Laboratory of Peking University for the plants in the 
grass wrapped sludge excavated from the dam site. It 
shows that dendrological calibrated values are all locat-
ed in 4,700 to 5,100 years BP (before present) (Table 1) 
in the early-to-mid period of Liangzhu Culture. Dating 
results from Japan are in accordance with the conclu-
sion above.

The in-situ local sludge was found to be very soft and 
sticky. Transportation of the sludge in bamboo woven 
sheets, baskets, etc. would render it a gooey mass. Sludge 
stuck on a bamboo woven container is difficult to clean, 
which makes it difficult to re-use the container. It is rea-
sonable to speculate that people covered bamboo woven 
container with green grass before filling it with sludge 
and later they found that the bamboo woven container 
was not necessary; they started to wrap sludge directly 
using grass. This method greatly improved the transpor-
tation speed and construction quality; in this way, grass 
wrapped sludge, a kind of locally sourced reinforced 
soil, was created.

In the Liangzhu period 5,000 years ago, 11 dams 
were built at different locations; altogether 2.6 mil-
lion m3 of soil was used, most of which is this type of 
reinforced soil, namely, grass wrapped sludge. The con-
struction scale and technique are amazing.

Flood Control in Emperor Yu Period  
4,100 Years ago and ‘Xirang’

The earliest documented hydraulic engineering practice 
in China is said to be flood control carried out by Em-
peror Yu, which took place in the Neolithic Period of 
China about 4,100 years ago. Bo [2] described in Shan 
Hai Jing (Classic of Mountains and Rivers) as follows: 
‘There was a great deluge. To defend flood, Gun (Emper-
or Yu’s father) stole ‘Xirang’ (self-growing soil) from God 
without waiting for God’s official permission. God order 
Zhurong (God of fire) to kill Gun in the wilderness of 
Feather Mountain. Yu was born from Gun’s belly. Finally, 
God orders Yu to spread the self-growing soil and quell the 
flood to recover a peaceful environment in China.’ This 
ancient legend mentioned a kind of self-growing soil, 
‘Xirang’, which was stolen from God by Gun for flood 
control. It was also mentioned in Huai Nan Zi (phi-
losophy works of ancient China) that Yu blocked flood 
with ’Xirang’ and thus created famous mountains. This 
historical record indicates that Yu used ‘Xirang’ for 
flood control like Gun did. Then what is ‘Xirang’? It is 
presented in Annotation of Shan Hai Jing by Guo Pu 
that ‘Xirang’ is a kind of self-growing soil, so it can be 
used to prevent flooding. These historical records indi-
cate that ’Xirang’ is a kind of geotechnical material that 
would not be leached out by currents, and it kept grow-
ing, so it could be used to prevent flooding.
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Table 1: Carbon-14 dating for the plants in the ‘grass-wrapped sludge’

Number Sample Excavation site Carbon-14 dating Errors After dendrological calibration 

(BP) 1σ (68.2 %) 2σ (95.4 %)

BA10533 Grass Ganggong ridge 4305 35 3010BC (7.8 %) 2990BC  
2930BC (60.4 %) 2880BC

3020BC (95.4 %) 2880BC

BA10732 Grass Ganggong ridge 4430 35 3310BC (1.9 %) 3300BC 
3290BC (10.3 %) 3230BC 
3110BC (47.4 %) 3000BC 
2980BC ( 8.6 %) 2930BC

3330BC (24.3 %) 3210BC 
3180BC (3.0 %) 3150BC 
3130BC (68.1 %) 2920BC

BA10733 Grass Ganggong ridge 4420 40 3270BC (5.2 %) 3240BC 
3100BC (43.6 %) 3000BC 
2990BC (19.3 %) 2920BC

3330BC (19.6 %) 3210BC 
3180BC ( 2.3 %) 3150BC  
3130BC (73.5    %) 2910BC

BA120581 Bamboo Liyu mountain 4130 40 2870BC (20.3 %) 2800BC 
2760BC (47.9 %) 2620BC

2880BC (95.4 %) 2580BC

BA120586 Bamboo Shizi mountain 
(Shitang mountain)

4345 30 3010BC (68.2 %) 2900BC 3080BC (2.0 %) 3060BC 
3030BC (93.4 %) 2890BC

BA120587 Grass Laohu ridge 4215 35 2900BC (27.6 %) 2860BC 
2810BC (37.6 %) 2750BC 
2720BC (3.0 %) 2710BC

2910BC (35.0 %) 2830BC 
2820BC (60.4 %) 2670BC

BA120588 Leaf of plant Laohu ridge 4060 35 2840BC (5.1 %) 2820BC 
2640BC (44.4 %) 2560BC 
2540BC (18.7 %) 2490BC

2850BC (9.6 %) 2810BC 
2750BC (1.5 %) 2720BC 
2700BC (84.3 %) 2470BC

BA120589 Grass Laohu ridge 4290 25 2915BC (68.2 %) 2890BC 2930BC (95.4 %) 2875BC

BA120590 Leaf of plant Zhoujia Fan 4110 30 2850BC (18.1 %) 2810BC 
2750BC ( 6.2 %) 2720BC 
2700BC (43.9 %) 2580BC

2870BC (23.9 %) 2800BC 
2780BC (71.5 %) 2570BC

BA120591 Grass Zhoujia Fan 4200 30 2890BC (19.5 %) 2860BC 
2810BC (40.8 %) 2750BC 
2720BC ( 7.9 %) 2700BC

2900BC (27.2%) 2830BC 
2820BC (68.2 %) 2670BC

BA120592 Bamboo Zhoujia Fan 4270 35 2910BC (68.2 %) 2875BC 3010BC (1.9 %) 2980BC 
2940BC (86.0 %) 2860BC 
2810BC ( 7.5 %) 2750BC

BA120596 Leaf of plant Qiu dock 4345 35 3020BC (68.2 %) 2900BC 3090BC ( 3.9 %) 3060BC 
3030BC (91.5 %) 2890BC

Note:  This table is compiled according to the data from Chronology Laboratory of Peking University.  
Half-life of the carbon-14 is 5568 years; BP refer to the age before 1950.  
Dendrological calibration is based on curve IntCal04 and software OxCal v3.10

According to historical records, Yu worked very 
hard to control flooding. He was so dedicated that he 
had three times refrained from entering the door of 
his home when he was passing by during his 13 years 
working outside [3] . He paid much attention to plan-
ning and survey. Yardstick and gauge in hand, he carried 
out measurement, design and construction in person. 
Besides these, the key issue that led to success was his 
correct strategy for flood control. Gong Gong’s (God of 
water) and Gun’s strategy was to flattening higher hills 
to fill low-lying ground on which they built levees. This 
strategy was wrong and Yu changed it. He carried out 
not only blocking but also dredging and flood storage. 
As documented in Shiji (historical records) [3]: 

 ▶ He reclaimed virgin lands. 
 ▶ He dredged river channels. 
 ▶ He built levees.
 ▶ He made a survey of mountains.
 ▶ He finally succeeded in flood control.

The ancient Chinese legends quoted above pose an in-
teresting and confusing question to geotechnical engi-
neering. Did this kind of self-growing soil ‘Xirang’ re-

ally exist? If, what does ‘Xirang’ mean? According to the 
references mentioned above, ‘Xirang’ had the following 
characteristics:

 ▶ Its Chinese name, which contains a Chinese char-
acter of ‘soil’, indicates that its major component 
ought to be soil.

 ▶ It was stolen from God in heaven, so it must be a 
kind of ingenious material. In ancient China, Chi-
nese words ‘Heaven’ and ‘God’ referred to nature. 
There was a concept of ‘Tao’ presented by Laozi in 
ancient China; he mentioned that ‘Tao follows na-
ture’. Therefore, ‘Xirang’ may be a kind of biomi-
metic material. 

 ▶ It would not be eroded by flood and it could even 
keep ‘growing’. Therefore, it could be used in flood 
defence and river regulation. It played a significant 
role in the success of Yu’s flood control.

The written history of China can be tracked back to 
about 3,700 years ago, namely inscriptions on bones 
or tortoise shells of Yin ruins in the Shang Dynasty. 
There have been various speculations about ‘Xirang’ 
since ancient times. Gaoyou in Han Dynasty said that 
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information from the internet said that ‘Xirang’ is a 
material related to piping remediation and its historical 
remains have been discovered in Jingzhou, China.

When it comes to flood control, beavers come to 
mind. They are able to build dams in rivers. It takes only 
tens of minutes for a beaver to bite off gnaw down a tree 
20 cm near a river. It will design a proper biting angle so 
that the tree will fall into the river for convenient trans-
portation (Fig. 3a). Thick tree trunks stand on the river-
bed as piles. Tree branches with a fork are used as lateral 
shoring downstream. A dam is then built up layer by lay-
er using tree branches, leaves and grasses, rubbles, gravels, 
mud, etc. to block the river (Fig. 3b, c, d). After the dam 
is completed, deposit of sediment and vegetation from 
upstream is accumulated gradually (this phenomenon is 
documented in Shan Hai Jing by Pu Guo in the form of 
an annotation describing the infinite self-growing prop-
erty of ‘Xirang’), which forms the impermeable struc-
ture, so that a small reservoir is created (Fig. 3e). Both 
ends of the dam are lower than the middle; when there is 
overflow it passes through the spillway at both ends. An 
energy dissipation function provided by the branches of 
trees protects the dam from being destroyed by floods. 
After the reservoir is completed, the beaver can live in 
it. There is a tunnel which connects with its living area 
located at riverside; this is underground, but higher than 
the water level in the reservoir. The tunnel provides a 
means of transport way for the beaver and the entrance 
is under water in the reservoir, which ensures the beaver’s 
safety. There is airway for the living area, which makes it 
safe and comfortable (Fig. 3f).

Rock and soil are the earliest construction mate-
rials used by mankind. They are also the earliest tools 
and weapons ancient people used. A Chinese adage says 
soil defends water. It indicates that when ancient peo-
ple were struggling with flooding, soil was their most 
convenient and effective weapon. However, soil and 
rock are granular materials and they will be mobilised 
and flushed away by water. Therefore, they need to be 
combined as a whole for flood defence. The easiest way 
to do this is to use natural fibrous materials like grass, 
wood and bamboo to combine soil and rock particles. 
As gifted creature of nature, ancient people must have 
been inspired by the beaver dam and developed a simi-
lar engineering method for flood control. This may be 
regarded like stealing from God. It is primitive method 
of soil reinforcement and enhancement.

Fig. 4b shows a photo of an abatis [8], a field forti-
fication extensively used in the famous Dujiangyan Pro-

Fig. 3: Beaver, genius of hydraulic engineering: (a) tree biting, (b) wood 
 transportation, (c) stone transportation, (d) soil transportation, 
(e)  beaver dam, (f ) beaver’s lair

‘Xirang’ is not depletable; it keeps growing when exca-
vated; therefore, it was used to block flood. Gaoyou 
presented the self-growing peculiarity of Xirang but he 
did not point out exactly what Xirang is. In the Yuan 
emperor period of the Han Dynasty, it was document-
ed that there was upheaval of ground in Xu county of 
Linhuai about 5 to 6 Li (2,500 to 3,000  m) long and 
2 Zhang (about 6.67 m) high and the upheaval of the 
ground was thought to be Xirang [4]. Besides these, 
there are more apotheosized legends in historical docu-
ments. The modern scholar Jiegang Gu tried to inter-
pret this phenomenon of ground heave in a scientific 
way in his paper “Study on Xirang” [5]. Man Luo con-
sidered ‘Xirang’ to be a kind of bentonite, which swells 
when wetted [6]. Nanzhou Xu thought that ‘Xirang’ 
is ‘mellow’ soil after tillage, which has a moderate hu-
mus content [7]. Recently it has been said that ‘Xirang’ 
was a grave soil in the Sanxingdui culture and it is a kind 
of soil that gives people a peaceful rest (In Chinese, the 
character ‘Xi’ has a meaning of peaceful rest). Some 

Fig. 4: Dujiangyan Project: (a) beaver dam, (b) abatis Fig. 5: Bamboo cage and sheepfold: (a) bamboo cage, (b) sheepfold
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ject about 2,300 years ago. We can see traces of ancient 
people learning from the beaver and imitating its dam 
building technique (Fig.  4a+b). Composite materials 
of bamboo, wood and stone were widely used in the 
Dujiangyan Project, e. g. abatis, bamboo cages, wicker 
rows, etc. (Fig. 5a+b). They are both detachable and 
connectable, and thus very convenient for construction. 
If combined together, they have significant volume and 
weight, which provide good erosion resistance. They are 
a powerful means of flood control and can be used in 
flow interception, flood defence, bank protection, etc.

Composite materials of bamboo, wood, soil and 
stone used in Dujiangyan Project are thought to be the 
‘Xirang’ documented in the legend of flood control by 
Emperor Yu [9, 10].

Pu Guo said that Xirang has the ability of infinite 
self-growing. Actually, many structures in river regula-
tion projects can grow riverside by sediment deposition. 
For instance, due to the effect of lateral circulation in a 
curved river, soil is deposited on the convex side while 
erosion occurs on the concave side. Therefore, human 
intervention is able to create desired erosion or sedi-
mentation by changing the flow direction of a river, e. g. 
the flying sand weir in the Dujiangyan Project (Fig. 6a), 
and spur dykes in river regulation projects (Fig. 6b).

Structures constructed in rivers using composite mate-
rials of bamboo, wood, soil and stone can trigger sedimenta-
tion in the river to form central islet or shoal, and promote 
growth of the river bank towards the centre of the river. This 
phenomenon led to the illusion that the reinforced soil was 
self growing, resulting in the legend of ‘Xirang’.

The ‘Cifang’ (Thatch Dyke) in Western 
Han Dynasty more than 2,000 Years ago

From 140 to 110 B.C., the period of the early Western 
Han Dynasty, Emperor Wu of the Han Dynasty decided 
to send a punitive expedition against Xiongnu (Hsiung-
Nu). To facilitate transportation of the army, provisions 
and forage, he decided to carry out a large hydraulic and 
water transportation project, the construction of a grain 
transportation canal across Ba river. This canal is  named 
the Dahan Canal (Canal of the Han Dynasty for grain 
transportation). The grain transportation canal (Fig. 7) 
in the Han Dynasty started from Kunming Pond, and 
flowed through the villages of Hezhixi and Goushang, 
respectively in a northern suburb of Xi’an city, crossed 
the river Ba, passing through the towns of Xinzhu, Xin-
feng, the city of Weinan, and Hua county. It then en-
tered the river Wei to the north of Huayin city. Its total 
length was 300 Li (150 km). 

We can only imagine how difficult it must have been 
for the people of that time to carry out this giant project, 
the intersection of two rivers. There was no concrete, no 
heavy machinery. They relied entirely on manual labour, 
to maintain a suitable water level to guarantee naviga-
tion in the dry season and to maintain the stability of 
the bank slope against flood impact during the flood 
season. During the Han and Tang Dynasties, willows 

Fig. 6: Engineering measures result in river channel 
deposition: (a) flying sand weir of the Dujiang-
yan Project, (b) spur dyke in river regulation 
projects

flourished along the banks of the river Ba. A Chinese 
poem said “Spring twining the Ba riverside with misty 
willows, and retaining osier sees people off year by year”. 
Chinese people had a tradition of seeing someone off 
with an osier, or basket, because Liu (osier) and Liu 
(retain) are homophones in Chinese. Therefore, the Ba 
river and the willows there became symbol of farewell. 
Ancient people accompanied their departing friends to 
the river Ba, then saw them off with an osier.

Courtier Bo Xu pled to undertake the project. He 
made use of the willow branches around the banks of 
the Ba river by mixing them with green paste mud and 

Fig. 7: Plan of Dahan canal project



26 geoTeChniCs

GeoResources Journal 3 | 2020 Zhuang, Li and Klapperich:
Archaeological Study on Reinforced Soil for Hydraulic Engineering in ancient Chinawww.georesources.net

An area of black soil in large columnar shape was 
found on the beach of the Ba river in AD 2000, when 
the river level was low. Wood and straw rolling into con-
centric cylindrical lines were observed in the columnar 
soil. Hard black soil filled the inside space of concen-
tric cylindrical lines and the black soil was mixed with 
debris of bricks and tiles, gravel and wooden materials 
(Fig. 11). Carbon-14 dating showed that the debris was 
rubble from the Western Han Dynasty over 2,000 years 
ago. Laboratory tests detected wicker fibres in the black 
soil. The astounding engineering of the Dahan Canal 
was thus discovered via these relics of the Han Dynasty.

It was noted in Shen Zi in the Pre-Qin period that 
people used thatch dykes as a flood control technique to 
block bank breaches. It was also noted in Hanshu that 
Emperor Wu of the Han Dynasty visited a breach of 
the bank in person. He ordered all courtiers with rank 
less than general to carry fascines to block the breach; 
even the bamboos in Qiyuan (the first royal garden of 
ancient China) were felled and used as piles. In the 4th 
year of Emperor Cheng’s Jianshi Reign of Han Dynasty 
(29  B. C.), Yanshi Wang was appointed to block the 
flood from the Yellow River. He used bamboo cages 
filled with small stones to build the levee. The bamboo 
cage was 4 Zhang (about 9.6  m) in length and 9 Wei 
in circumference (about 0.6 m in diameter). It was car-
ried by two boats in each end respectively and this way 
the levee was completed in 36 days. Historical docu-
ments show that bamboo, fascine and reed mixed with 
soil and gravels together with timber piles were widely 
used in river regulation, flood defence and dyke breach 
repairing in the Han Dynasty. During emergency flood 
defence work, courtiers were required to join the work, 
e. g. carrying fascines, making columnar cages, piling 
and positioning, under the supervision of the Emperor 
in person.

The ‘Saogong’ (Fascine Works) in the 
Song Dynasty about 1,000 Years ago

In the Song Dynasty, ‘Saogong’ became a specific tech-
nique for river regulation engineering. It was document-
ed in Songshi·Hequzhi (Annals of Rivers and Channels, 
one Chapter of History of the Song Dynasty) [11] about 
fascine works as follows: Find a wide and flat ground as 
working place. Lay reedy ropes closely on the ground; place 
trunks or branches of elm or willow above the ropes in an 

Fig. 10: Construction of columnar cage revetment

Fig. 9: Manufacturing procedure of columnar cage for revetment: (a) hemp 
rope and willow branches, (b) gravels or debris of bricks, (c) layer of 
green paste mud, (d) rolling into a columnar cage

Fig. 8: Timber piles and wooden cases with pebbles 
inside

Fig. 11: Columnar mixture made of wicker, mud, gravel 
and waste tiles

shaped them into bundles for the revetments. At the 
same time, timber piles and wooden cases (with pebbles 
inside) were used for reinforcement at the intersections 
of river banks (Fig.  8). Manufacturing procedure of 
columnar cage for revetment is shown in Fig. 9. Hemp 
ropes are interlaced in a criss-cross manner on the bank, 
then fresh willow branches are laid on the hemp rope 
mesh; gravel or broken bricks and tiles are spread on top 
of the willow branches and then covered with a thick 
layer of green paste mud. These mixture layers are finally 
rolled into a columnar cage. These cages are laid down 
the river bank, fixed by piles, and a continuous revet-
ment structure is thus completed (Fig. 10).
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overlapping way; they are then overlaid with a mixture 
of soil and gravels. A big and long bamboo rope is placed 
across it along longitudinal direction; this rope is called 
the core rope. This large sheet of mixture is then rolled and 
tied into a long column; both ends of the column are tied 
with big reedy ropes and they are tied with the core rope 
which extends out of the column. Its height can reach up to 
several Zhang (several meters) and its length can be  twice 
of its height. Hundreds or even over a thousand people 
work together to roll the column to the weak place of river 
banks. During this collaboration, people are led by work 
songs sung by themselves to synchronize movements. This 
kind of erosion protection structure is called a Sao bank. 
In front of the Sao bank, timber piles are used to isolate the 
Sao column from river flow and there are also long timber 
piles vertically threaded through the Sao column and deep 
into the bottom of river for purpose of immobilisation. 
Core ropes from the Sao column are all tied to the large 
timber piles installed on the river bank.

Obviously, the ‘Saogong’ technique and its pro-
cesses are similar to the columnar cage in Han Dynasty 
(Fig. 10). ‘Saogong’ summarised and standardised the 
experience of flood control using reinforced soil since 
ancient China. Juansao (bundles of columnar Sao) 
can be used for bank protection, breach blocking, em-
bankment construction, etc., while Xiangsao (crates of 
cuboid Sao) is mainly used for bank protection. One 
single component of ‘Saogong’ technique is called 
Sao in general; and its larger ones are called Saoge or 
Saokun, while smaller ones are called Saoyou or You 
(Fig. 12).

Reinforced Soil in modern  
hydraulic Engineering

The ancient Great Wall was built more than 2,000 
years ago and reinforcement using wood and straw was 
applied in many parts of its construction. It was docu-
mented that the ancient defence works like the Great 
Wall consisted not only of compacted earth walls; they 
took full advantage of the natural environment and 
natural materials, like mountain ridges or valleys, rock, 
wood, etc. Reinforcement using wood and straw is es-
pecially important in defence works located in valleys 

because a structure consisting of gravels reinforced with 
wood and straw is good for drainage.

One of the authors (Prof. Guangxin Li) worked 
at Water Conservancy Bureau in Hulan County in 
Heilongjiang Province during the 1960s to 1970s. He 
saw local peasant-built dams to increase water level for 
paddy field irrigation. Wicker rows were widely used for 
dams across rivers. A wicker row is an assembly of small 
bundles of straight willow branches with sand, rubbles, 
a sludge packet, etc. layer by layer. The end of willow 
branch closer to trunk is configured outwards. It can 

Fig. 12: Fascine works: (a) Juansao (bundles of columnar fascine), (b) Xiangsao (Crates of cuboid fascine)
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synthetics with high strength and high modulus were 
invented. Thereafter, all kinds of products with differ-
ent characteristics, different functions and for different 
application purposes were designed and produced. As 
manmade products, they can be designed and mass-pro-
duced to fulfil the requirements and any series of prod-
uct has consistent specifications and is well reproduc-
ible. Geosynthetics offer great advantages over natural 
fibre reinforcement materials. In accordance with the 
development of geosynthetics, many engineering sci-
ences, mechanics and computing techniques and science 
are used in soil reinforcement design. Different codes 
and criteria have been compiled and design software is 
commercially available which make soil reinforcement 
engineering more quantitative and normalised. This is 
due to advances in science and technology.

Geosynthetics have various functions such as seep-
age proofing, drainage, filtration, protection, reinforce-
ment, insulation, etc. and are indispensable in hydraulic 
engineering. It is the fourth construction material after 
wood, steel and cement. There are great demands for ge-
osynthetics in modern engineering, like channel renova-
tion, water source projects and hydraulic engineering, 
etc. For example, the use of geosynthetics has reached 
over 10 million m2 in Phase I of the Yangtze River Estu-
ary Channel Regulation. The usage of geotube and geo-
mattress is nearly 65 million m2 in the Shanghai Qing-
caosha water source project. Although geosynthetics are 
used instead of natural fibre materials, one can still see in 
Fig. 14 some similarity inherited from ancient fascine 
works [12].

Conclusions

The ancient Chinese nation relied mainly on agricul-
ture; its people lived mostly around middle and lower 
river areas. The hazards and utilisation of water were the 
first difficult challenges they faced fighting for their life 
and the pursuit of agricultural activities. At that time 
their best weapons to fight against nature were wood, 
straw, soil and rock. Continuity and tensile resistance 
of plant fibre, seepage proofing of clay, permeability and 
erosion resistance of gravel and rock, all these properties 
made it a natural choice to combine them in embank-
ment or dam construction, flood control and breach 
blocking. Archaeological discoveries have proved the 
pluralistic integration history in China. This did not 
originate from the Central Plains only; besides the 
Central Plains, the Haidai Area, the Jianghan Plain, the 
downstream area of the Yangtze River and the Western 
Area of the Liao River, their civilising process began 
about 5,500 years ago. Many archaeological discoveries 
show that the technique of reinforced soil and its ap-
plication in hydraulic engineering may be developed 
independently in the light of local conditions and us-
ing the locally available materials. Similar techniques 
in different areas may be communicated and inherited 
over thousands of years, and this has led to continual 
improvement and perfection.

Fig. 13: Clever straw-earth cofferdam

be used as revetment for an embankment, the bank or 
bottom of a river; it can also be used in hydraulic struc-
tures like structures like barrages, hydraulic drop and 
overflow weir. Li led the construction of revetment and 
bottom protection for Hulan River using wicker rows.

A straw-earth cofferdam is constructed by alternate-
ly stacking straw and soil layer by layer, namely one layer 
of soil over one layer of straw. Workers are stand on the 
straw and soil layers and expand the cofferdam gradually 
forward into the water. The sublayers are compressed by 
the weight of upper layers and the people standing on 
them. The construction speed is fast (Fig. 13).

When he was doing an internship in Qingtongxia 
reservoir in 1963, he saw the peasants along the Yellow 
River constructing a straw-earth cofferdam from the 
bank towards the river. The cofferdam grew wriggling 
towards the river from morning to night. It seems like 
the scene of self-growing ‘Xirang’ for flood control in 
the Emperor Yu Period 4,100 years ago.

Let us now return to the question raised at the be-
ginning. What is ‘Xirang’? The examples presented 
above, including grass wrapped sludge, abatis, bamboo 
cage, wicker row, thatch dyke and fascine works, all had 
the property of self-growing by triggering sedimenta-
tion in a river. Therefore, ‘Xirang’ must be a reinforced 
soil material or components applied in hydraulic engi-
neering. Modern materials, like geotube and membrane 
bag concrete, and reclamation in Nansha islands are all 
lineal descendants of ‘Xirang’.

Due to advances in the chemical industry and 
synthetic materials during the 1970s and 1980s, geo-

Fig. 14: Examplary application of geosynthetics in 
hydraulic engineering
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During the early-to-mid period of the Liangzhu 
Culture more than 5,000 years ago, people made use 
of grass and sludge to produce a kind of reinforced soil 
named ‘grass-wrapped sludge’ for dam construction 
and water retention. 

About 4,100 years ago, Emperor Yu used a kind 
of reinforced material containing wood, bamboo and 
gravel for flood blocking, river regulation and sedimen-
tation control; this material is what is called ‘Xirang’ in 
ancient legends in China.

During Qin and Han dynasty more than 2,000 
years ago, there was a kind of reinforced material called 
‘Cifang’. It was presented in the forms of bamboo cages, 
abatis, sheepfolds, etc. This technique was applied in 
Dujiangyan Project by Li Bing and his son. It was also 
applied in Lingqu Canal, which is a canal for grain 
transportation. These materials appear to be descend-
ants of ‘Xirang’. The technique used for the Dahan Ca-
nal construction, river regulation and breach repairing 
is an improved technique from ‘grass wrapped sludge’ 
and ‘Xirang’.

In the Song Dynasty more than 1,000 years ago, 
there was a particular technique called ‘Saogong’ for 
river regulation, and this has been inherited till now.

Thus, reinforced soil has a much longer history than 
that presented in much of the literature saying that the 
concept of reinforced soil originated in 1963 by the 
French engineer Henri Vidal when he saw and was in-
spired by the nesting activity of birds using mud and 
grass. The concept of reinforced soil originated and was 
applied during the early stage of prehistoric civilisation 
in China. The authors believe that in ancient civilisa-
tions all over the world there are similar cases. The main 
difference of modern reinforced soil is that geosynthet-
ics are mass-produced materials and are a substitute for 
natural fibres.
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For the first time in its long history this year’s Swiss Tunnel Congress (STC) 
was arranged as a webinar event due to the corona pandemic. The organ-
isers successfully mastered the challenges posed by the new format and 
the congress and colloquium provided participants with a wide range of 
high-calibre presentations. 

Tunnelling • Switzerland • Conference • STC • Webinar • Online

Swiss Tunnel Congress 2020 goes digital
Dipl.-Ing. Roland Herr, International Freelance Journalist, Wetzlar (Germany) and Bangkok (Thailand)

‘For the first time in its long history this year’s Swiss Tun-
nel Congress (STC), the 19th, will be a purely digital event’, 
explained STS President Stefan Maurhofer in his open-
ing video address on the morning of 3rd June 2020 that 
was presented to an empty conference room in Lucerne 
and watched by countless participants on computers, 

Fig. 1: Munich’s second core S-Bahn line – station connection between the 
rescue gallery and the two main pipes
Source: DB AG / Fritz Stoiber Productions GmbH

Fig. 2: Swiss rail tunnel projects under construction (red) and in planning 
(mauve)
Source: SBB Infrastruktur Projekte

tablets and mobile phones around the world. The con-
gress was then streamed to viewers in the afternoon – 
and questions that had been sent in on the contact forms 
were answered live by the congress speakers. Video re-
cordings of the event were freely available on the STS 
website, while the conference proceedings could for the 
first time also be downloaded in pdf format. 

Both the congress and the colloquium had excit-
ing programmes to offer. Switzerland can currently lay 
claim to a number of major tunnelling projects that are 
either ongoing or at the planning stage. There were pro-
gress reports detailing the state of play at a number of 
tunnel sites, namely Gotschna, Albula  II, Lucerne By-
pass, LEB Lausanne, RBS Bern and Ligerz, along with 
a presentation on the FCC project under way at CERN. 
All these high-quality papers were rounded off with a 
review of the European Major Project scene, which in-
cluded Munich’s second core S-Bahn route (Fig. 1), the 
Koralm Tunnel, the Milan to Genoa high-capacity rail 
link and the Grand Paris Express and Mont Cenis tun-
nels. Several of these projects will be discussed in more 
detail below.

Long-term Expansion of  
the Swiss Rail Network

‘Switzerland’s 3,000  km-long rail network is one of the 
world’s busiest railway systems and includes 282 tunnels 
with a total track length of some 383  km.’ These were 
the opening words to the review by Andreas Brunner, 
Member of the Executive Board for Infrastructure at 
Swiss Federal Railways (SBB). The shortest tunnel is 
the Moutier III at just 7 m and the longest is the 57 km 
twin-tube Gotthard Base Tunnel. There are three tun-
nels currently under construction: the 15.4  km-long 
Ceneri Base Tunnel, the 3.1 km Eppenberg Tunnel and 
the 2.7 km Bözberg Tunnel (Fig. 2). In 2019 alone the 
company invested some 65 million Swiss Francs (about 
60.5 million euros) in tunnel renovation and mainte-
nance work. Further projects planned for 2035 include 
the Ligerz Tunnel (a new twin-track tunnel to be built 
between 2021 and 2026), the Hauenstein Base Tunnel 
(full renovation to be carried out between 2023 and 
2027), an extension of the Zurich Stadelhofen Line 
(with a fourth station track and a second Riesbach Tun-
nel, this work to be carried out from 2026 to 2035), the 
Brüttener Tunnel (an additional 9  km of twin track, 
2026 to 2035), the Zimmerberg Tunnel II (an addition-
al relief tunnel, concept study to be completed by end of 
2020, work to be undertaken between 2026 and 2035), 
the Neuchâtel-La Chaux-de-Fonds Tunnel (2028 to 
2035) and the extension of the Geneva underground 
rail station (2028 to 2035).
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tween the rail stations at Laim in the west of the city and 
Leuchtenbergring in the east. Albert Wimmer from the 
rail infrastructure company Deutsche Bahn Netz AG 
outlined the centrepiece of the 3.8 bn project, namely 
the 7.1 km-long tunnel between Munich central station 
and the eastern hub Ostbahnhof and the system’s three 
new underground stations. Because of the many sup-
ply pipes and cables running through the area, and the 
route of the first core line and metro rail pipes, the new 
tunnels have to be constructed one level below these 
structures, with the stations therefore set at a depth of 
35 to 40 m. The two tunnels are being excavated each 
with two tunnel boring machines working from both 
the eastern and the western start points. The tunnels 
are being driven to an external diameter of 8.4 m, with 
between 7 and 40 m of cover above the roof. The tun-
nels are to be lined with 45 cm-thick, precast segment 
elements.

One of the interesting features of the project is its 
use of an alternative emergency escape concept, which 
has been made possible following a revision of the rel-
evant EU directive. This provides for a third escape and 
rescue gallery running betwen the main tunnels, rather 
than the conventional rescue shafts that would have 
such a massive impact on the city-centre infrastructure. 
The 4.7 m-diameter rescue gallery is to be driven from 
the east and west ahead of the main tunnels and will at 
the same time serve as an exploratory road (Fig. 1).

The rail stations are already under construction and 
preparations are in hand to commence the excavation of 
the exploratory gallery.

Water Ingress in the Lötschberg Base 
Tunnel

Dr.-Ing. Stefan Irngartinger, project manager for Alp-
transit at the rail network operator BLS Netz, was 
brought in at short notice to provide details of the 
events and latest findings associated with the water in-
gress at the Lötschberg Base Tunnel.

Fig. 3: Lucerne Bypass Tunnel – longitudinal profile
Source: IGByTuLu, c/o Lombardi AG, Lucerne

Lucerne Bypass Tunnel

As part of the Lucerne Bypass major project (2025 to 
2037) plans are now being drawn up for the construc-
tion of a twin-pipe tunnel with two vehicle lanes in 
each direction that will help reduce the pressure of road 
traffic in the greater Lucerne area. Extensive repairs are 
also being carried out on several of the existing tunnels. 
Thomas Kloth of the Federal Roads Office (ASTRA) 
described the different features of this complex major 
project. The Bypass Tunnel will cross under the river 
Reuss and the inner city and will comprise two parallel 
pipes 3.76 and 3.85 km in length respectively running 
from north to south. The southern section will be built 
first, followed by the north pipe. About three km of the 
bypass will be constructed using conventional tunnel-
ling technology (drill and blast and mechanised head-
ing with a shield or gripper TBM) with between 25 and 
100 m of cover, while the remainder will be built using 
the cut-and-cover method (Fig. 3). The drill and blast 
section will have a horseshoe profile with an excavated 
area of around 117  m2. The tunnel boring machine 
(TBM) has an external diameter of 13 m. The double-
shell tunnel is to feature a 30 cm-thick segment ring for 
structural support and a 30 cm-thick intermediate all-
round seal. A third tunnel pipe is also to be added on to 
one of the existing cut-and-cover tunnels as part of the 
extension work to be carried out in the north section of 
the bypass. The cost of the entire Lucerne Bypass Project 
has been estimated at some 1.8 bn Swiss Francs (about 
1.68 bn euros), a figure that does not include redevelop-
ment and restoration work.

The Munich Second Core S-Bahn Line

The Munich S-Bahn system is one of Germany’s largest 
suburban rail networks. The system’s main line, which 
was built for the Olympic Games in 1972, passes beneath 
the city centre from east to west and is to be extended by 
2028 with a second core line running some 10 km be-
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The first ingress of water occurred without warning 
on 6th February 2020 in the east pipe of the base tun-
nel some 2.5  km north of the southern portal. Small 
amounts of water also entered the west pipe. The water 
was mixed with sand and silt. The monitoring systems 
reported a major increase in the quantity of mountain 
run-off and tunnel water and following a damage report 
from a loco driver all rail traffic was immediately sus-
pended. Water was found to be entering via one of the 
block joints and this was washing out a lot of sand and 
causing a blockage in the water drainage pipes, which 
in turn resulted in an additional contamination of the 
track area (Fig. 4). Several outlet pipes and settling 
tanks were set up in the east and west tunnel so that the 
water coming in from above could be diverted away to 
the side of the tunnel for collection. At the same time 
the monitoring system was enhanced with the installa-
tion of additional cameras and sensors so that normal 
operations could be resumed at the end of February.

A second inflow then followed on 13th March 
2020: that afternoon the monitoring systems signalled 
that the settling tank in the east tunnel was full. The 
tunnel was closed off and a suction dredger brought in 
to empty the tank. However, the water incursion was 
so large that additional pumps had to be obtained from 
the BLS fire service and installed that same evening. 
Measurements taken between eight o’clock that night 
and six o’clock the following morning showed that 

Fig. 4: Lötschberg Base Tunnel – first water ingress in 
the east pipe on 6.2.2020

Fig. 5: Lötschberg Base Tunnel – blocked drainage pipes (blue circle)   pre-
sumed cause of the damage

more than 500 m3 of mixed water and sand had entered 
the tunnel. 

Cause of the Water Ingress

During the tunnel construction phase when the TBM 
was working in the east pipe a series of preliminary ex-
ploration drillings was regularly drilled from the tun-
nel roof. One of these holes (R37) encountered a karst 
spring about 10 m above the roof level and this resulted 
in a major intrusion of water and sand. The spring could 
not be sealed and so it was decided to drain off the karst 
water for use elsewhere (Fig. 5). Naturally occurring re-
deposition in the strata led to multiple streams of sedi-
ment entering the drainage pipe, causing blockages and 
resulting in some local damage to the sealing system. 
‘We do not therefore assume that there is a fundamental 
defect in the overall sealing system but rather that there is 
some local damage over a 10 to 15 m section of the tunnel’, 
commented Irngartinger on the cause of the incident. 
The settling tanks were again increased in size and are 
now emptied on a regular basis. 

Remedial Measures

Excavating an additional storage cavern by the side of 
the tunnel will create a larger retention capacity. This 
operation is currently being worked out and a planning 
approval dossier will be submitted to the Federal Office 
of Transport (BAV) in late summer. Ideally this work 
could commence in the autumn of 2020, so that during 
the construction period, which is likely to last several 
months, the east pipe of the Lötschberg Base Tunnel 
will remain closed and only the west pipe will be usable 
as a single-track tunnel.

Summary

The digital premiere of the STC, which was held in 
response to the corona pandemic, proved to be a real 
success. The main downside was that this time most of 
the papers were presented exclusively in the German 
language and were not simultaneously interpreted into 
English as is normally the case. And of course some oth-
er elements were also sadly missing, namely the possibil-
ity of having stimulating conversations with colleagues, 
the personal interaction and the opportunities for mak-
ing new contacts. And yet the scientific community at 
large – as well as the tunnelling industry in particular – 
will have to adapt to the fact that events like major tun-
nelling conferences will in the immediate future have to 
be ‘digital only’.

Dipl.-Ing. Roland Herr
is an international freelance journalist based in 
 Wetzlar (Germany) und Bangkok (Thailand).
Contact: 
herrroland@t-online.de
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Environment-friendly hydraulic fluid, as devel-
oped over the course of three decades and al-
ready well proven in the German coal industry, 
offers versatile potential for use in a wide range of 
applications. The GeoResources Team interviewed 
Dieter Mantwill, the managing partner of Fluid-
Competence GmbH, on the relevant prospects 
and opportunities.

Interview • Geotechnics • Tunnelling • Mining 
• Hydraulics • Environmental protection • 
Occupational safety 

Eco-friendly hydraulic Fluid offers  
real Versatility
The GeoResources Team in an interview with Dieter Mantwill, Managing Director of Fluid-Competence GmbH, Kamen, Germany

GeoResources Team: Hello Mr Mantwill, your pa-
per on hydraulic fluids that appeared in Geo Resources 
Expo [1, 2] certainly aroused our curiosity. You have a 
product that could revolutionise the market. What kind 
of properties do your products have that will be of spe-
cial interest to our readers?

Dieter Mantwill: And hello to you, Mr König. I am de-
lighted that you have taken an interest in our products. 
Our hydraulic fluids meet very high technical standards, 
are eco-friendly and safe to use from a health and safety 
viewpoint. They also exhibit excellent fire-protection 
properties.

GeoResources Team: Why have so many people a need 
for your products and yet so few are aware of their exist-
ence?

Dieter Mantwill: The company was founded back in 
2011. Environmental sustainability was an issue that 
had motivated the managers of Fluid-Competence’s 
predecessors for decades. The world’s first PCB-free 
hydraulic fluids, which were developed by our founder 
Helmut Theunissen, date back to the 1970s. The origi-
nal management decided back then to focus on the Ger-
man coal industry as a market for its products.

GeoResources Team: What kind of properties does a 
hydraulic fluid have to possess?

Dieter Mantwill: Hydraulic fluids are primarily used 
for transmitting forces in load moving systems. At the 
same time they perform other roles, such as providing 
lubrication to protect the system from wear, transferring 
heat away and protecting surfaces from corrosion. Non-
flammability is also another useful property in many 
cases and even a mandatory requirement in certain ap-
plications.

Fig. 1: Hazemag & EPR loader operating at an RAG colliery
Photo: Hazemag

GeoResources Team: Is it actually possible to perform 
all these functions with environmentally friendly sub-
stances?

Dieter Mantwill: We have set ourselves the task of ex-
changing as many as possible of the ecologically harmful 
substances in our formulations for eco-friendly prod-
ucts so as to replace any oleaginous fluids. So the answer 
to your question is yes. Hydraulic machinery can be 
operated in a more eco-friendly and reliable way, and it 
can deliver the same level of performance as when using 
conventional hydraulic oils.

GeoResources Team: What has your experience been 
in this area?

Dieter Mantwill: Our fluids have had a very success-
ful track record with the RAG company, in other words 
with the German coal industry (Figs.  1 to 3). Here 
RAG created an almost mineral oil-free mining indus-
try. 

GeoResources Team: What, in your opinion, is driving 
innovation at your company?

Dieter Mantwill: Environmental and occupational 
safety remits and requirements are forcing us to rethink 
things – and this includes the way that hydraulic systems 
operate. Crises like the corona pandemic and various 
economic imperatives have now compounded the situ-
ation. Innovations in other branches also provide moti-
vating factors that we can benefit from. Only when there 
is a proper awareness of developments of this kind can 
these innovations be adapted for use. That is the task that 
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Fig. 2: Caterpillar coal plough and face support system at Ibbenbüren mine, 
Germany
Photo: Caterpillar

Fluid-Competence has set itself: we want to make oth-
ers aware of what has been achieved in the German coal 
industry, by which we mean other mining sectors, the 
construction industry, the geotechnics and tunnelling 
sectors and many other branches of industry and logis-
tics. Even this interview with you will contribute to this.

GeoResources Team: How does Fluid-Competence 
approach the research and development side of things?

Dieter Mantwill: Before it is used in a hydraulic sys-
tem we always check the performance capabilities of the 
hydraulic fluid and bring the products up to optimum 
levels in strict consideration of the safety requirements. 
Over the years we have conducted extensive perfor-
mance tests on the fluids. They passed these tests with 
flying colours and subsequently were cleared for use by 
the manufacturers and approved by the testing labora-
tories. 

GeoResources Team: Can you explain in more detail 
the special properties that your products have? Could 
we begin with wear protection, for example.

Dieter Mantwill: Hydraulic systems are still all about 
ongoing production, ready in-service availability and the 
avoidance of stoppages due to breakdowns and repairs. 
Past applications in the extremely diverse and harsh 
environment of the deep mining industry have con-
firmed that machines from major manufacturers can run 
smoothly and trouble-free and benefit from extended 
maintenance intervals when they use our fluids. When it 
comes to wear protection these fluids possess very good 
characteristics and exhibit good ageing stability. 

GeoResources Team: You referred earlier to fire pro-
tection.

Dieter Mantwill: Our hydraulic fluids are fire resistant. 
This makes them ideal for use in areas with an increased 
fire risk, as found in the steel, chemical and paper indus-
tries. Using fluids of this type increases the level of fire 
and explosion protection.

GeoResources Team: And what about occupational 
safety?

Dieter Mantwill: What happens if hydraulic fluid 
comes into contact with the skin? The fluids supplied by 
Fluid-Competence are completely safe to use. This is a 
major consideration for our customers. 

GeoResources Team: I now come to something else 
that is really important in today’s world: environmental 
protection.

Dieter Mantwill: Hydraulic power units are often em-
ployed in harsh environments. In the mining industry, 
in the construction sector, such as tunnelling, earth-
works and roadbuilding, and in geotechnical engineer-
ing – to name just a few examples. Anything like a leak-
age of fluid or a serious incident such as the bursting of 
a hydraulic hose or an accident of some kind will pose 
a risk to the environment or even to the groundwater. 
This is where our fluids provide an excellent level of 
environmental protection as they contain no harmful 
substances. Environmental compatibility and biodegra-
dability were defined as specific requirements when the 
fluids were being developed. The biodegradation rate 
has been tested at as much as 99 % within 28 days. 

GeoResources Team: Do you use bio-oils?

Dieter Mantwill: No, we have deliberately decided 
against using them. We do not want to participate in 
land consumption and in the overexploitation of for-
ests, with the impact this has on the climate and on in-
creasing food prices, by using rapeseed oil or palm oil. 
Our products work on the basis of water and any ad-
ditives are just there to provide the required technical 
characteristics.

GeoResources Team: The fluids were first used in the 
mining industry. Are there other sectors that are show-
ing an interest in changing from oil-based hydraulic flu-
ids to your water-based products or indeed have already 
made the switch?

Dieter Mantwill: Yes there are. For example, diggers 
and loaders that have to work near bodies of water, 
machines operating in the agricultural and forestry in-
dustries and municipal waste collection vehicles. All the 
different machines and vehicles that work in these sec-
tors are fitted with hydraulic systems. Water-based hy-
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draulics are so efficient that all these vehicles can operate 
with our fluids, and they can even be used in forklifts 
and mini-excavators too. And just look at those hydrau-
lic installations at weirs and lock gates with cylinders 
that are immersed in water. Like all hydraulic systems 
these operate at a permanent risk. Were an accident 
to occur, the consequences and the resulting damage 
would be very serious, indeed. Our fluids are suitable for 
use in these systems too. Virtually every type of hydrau-
lic equipment, including fairly simple machines like log 
splitters, cherry pickers and forklifts, can be operated 
with oil-free hydraulic fluids.

GeoResources Team: So what’s next?

Dieter Mantwill: I have travelled the entire country 
in recent months and have had discussions with com-
panies that operate hydraulically powered machinery. 
It is all about making a managerial decision to change 
something for the benefit of mankind and the environ-
ment. The will to change is there. In the last few days 
several more companies have taken the decision to use 
our fluids. So the trend is very positive.  

GeoResources Team: Are your products also on offer 
on the international market?

Dieter Mantwill: Naturally, we operate in all mining 
countries. Working to reduce hazardous processes is 
part of an active environmental strategy. Our aim is to 
make this technology, which has been developed over 
several decades, fully available to these markets. And 
this will make a real contribution to pollution control. 
Our motto is: If we don’t pollute things or use harmful 
substances then we can eliminate environmental dam-
age from the start.

GeoResources Team: Mr Mantwill, we would like to 
wish you and your team every success and very much 
appreciate you taking the time to speak to us.
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The Siemag Tecberg Group has developed a bulk materials handling sys-
tem that can efficiently transfer the direction of flow from horizontal to 
vertical. This article examines the benefits of the system.
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Underground Materials Handling with efficient 
Transfer from horizontal to vertical Conveying
Thilo Pfister, Siemag Tecberg group, Haiger, Germany

Fig. 1: Transporting deep-mined materials to the surface

Fig. 2: Transfer station changes direction of flow from horizontal  
weighing belt to vertical skip  winding

help of a weighing conveyor and presents the advantages 
of this method over the more conventional arrangement 
of a transfer station with skip loading pocket. 

Skip Loading with Weighing Conveyor

Principle

In order to fill the shaft conveyances, i. e. the skips, as 
rapidly as possible and avoid interruptions to the verti-
cal winding cycle the skips arriving at the transfer sta-
tion are loaded using a weighing belt system (Fig.  2) 
instead of the conventional arrangement of skip pockets 
and vibrating chute (Fig. 3). The conveyor system and 
interface points are supplied from a single source, with 
the result that all the system components are well coor-
dinated one with another.

Operating Cycle at the Transfer Point

The operating cycle for transferring the material into the 
skips (item 6 in Fig. 2) comprises the following steps:

 ▶ The bunker above the sturdy hopper discharger 
(item 1 in Fig. 2) is filled. 

 ▶ Once the bunker is full the weighing conveyor 
(item 3 in Fig. 2) starts to move at a slow speed.

 ▶ The hopper discharger starts up and begins to load 
the weighing conveyor. As the discharger delivers a 
defined volume of material the loading time is set 
for a limited period, with the result that a) there can 
be no volume overfilling and b) the belt weigher ef-
fectively prevents any overstepping of the loading 
capacity. The belt weigher (item 2 in Fig. 2) is posi-
tioned downstream of the material feed point as this 
is where the bulk solids become well stabilised and 
the weigher is able to record their weight precisely. 
Combining the data from the belt weigher with the 
conveyor speed gives a figure for mass flow and it 
is then possible to calculate exactly when there is 
a full skip load on the weighing conveyor. During 
this loading period the distributing chute/two-way 
chute (item 5 in Fig. 1) is also moved into the right 
position for the selected skip. 

 ▶ The payload for a complete skip consignment is 
transported to a predetermined distance from the 
discharge point. Once the batch of material has 
reached this point the skip should be ready to fill. 
If this is not the case a material scanner (item 4 in 
Fig. 1) detects the fault and the weighing conveyor 
is stopped in time before the load is discharged into 
the shaft.

1  Hopper discharger
2  Belt weigher
3  Weighing conveyor
4  Material scanner
5  2-way chute
6  Skip

Motivation

In the deep mining industry bulk materials often have to 
be transported horizontally to a main winding shaft be-
fore being hoisted vertically to the mine surface (Fig. 1). 
The Siemag Tecberg group offers a conveying system 
with an efficient transfer station that switches the di-
rection of flow from horizontal to vertical. This paper  
explains how the skips in the shaft are loaded with the 
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Fig. 3: Conventional transfer station with loading pockets to change  
materials flow from horizontal conveying to vertical skip winding

1  Vibration chute
2  Conveyor belt
3  Hopper
4  Loading pocket
5  Steel frame
6  Shutter gate
7  Skip

 ▶ On receiving the loading command from the con-
trol unit the weighing conveyor is accelerated to full 
speed and the skip is rapidly loaded. 

 ▶ The now empty belt is switched back to slow speed 
and the cycle can begin anew.

Advantages and Drawbacks of Skip  
Loading by Weighing Conveyor  
compared with Loading Pockets 

Skip loading systems that use a weighing conveyor 
(Fig. 2) have advantages over installations that employ 
two loading pockets and a vibration chute (Fig. 3):

 ▶ The weighing conveyor operates without any sched-
uled stops. Having a cycle time based on continuous 
conveying is quicker and more efficient than a con-
ventional loading cycle. 

 ▶ A loading system with a weighing conveyor has few-
er mechanical components, requires lower invest-
ment costs (CapEx) and suffers less wear and tear. 
With a conventional belt conveyor installation the 
vibrating chute is a vulnerable component and the 
loading pockets and associated shutter gates/shut-
off devices are subjected to high stresses, which re-
quires frequent changes of the lining. This results in 
high operating expenses (OpEx). 

 ▶ The absence of loading pockets in the skip charg-
ing zone means that the weighing-belt system takes 
up less space in the shaft, with the result that sig-
nificantly less excavation work is needed in this area 
during the shaft sinking phase. The shaft construc-
tion requirements are therefore reduced.

The drawbacks of the weighing-belt conveyor system 
can be summed up as follows:

 ▶ The weighing conveyor requires a wider belt.
 ▶ The drive system has to be designed for a higher out-

put. 
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Dipl.-Ing. Andreas Lojewski
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Summary

The continuous bulk handling system with weighing 
conveyor, as developed by the Siemag Tecberg group, 
can ultimately be considered as a high-speed, low-wear 
and space-saving installation and is therefore more ef-
fective and more cost-efficient than conventional con-
veying systems with loading pockets. The investment 
and operating costs are demonstrably lower.

www.rema-tiptop.com

CONVEYOR BELT DAMAGE BY BULK MATERIAL?  
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Every downtime of conveyor belt systems costs you money – we make sure that belt damages can get 
repaired in record time with our 2-component-polyurethane paste REMAREP ULTRA 10. 
After 15 minutes, the hardness is 65 Shore A, after 60 minutes the conveyor belt can be  
loaded again.
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After many years without any significant develop-
ments in transport technology the deep mining 
industry is now signalling a new mood of invig-
oration in the market for mobile loaders and haul-
age equipment. Electric-drive vehicles are now 
suddenly gaining ready acceptance in this sector. 
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Innovative Developments in Mobile   
Loading and Transport Equipment  
for the Mining I ndustry
Dipl.-Ing. Karl-Heinz Wennmohs, M & R Consulting, Witten, Germany

Current Market Situation

There are in the region of 25,000 trackless loading and 
transport vehicles operating in deep mines around the 
world. Some two thirds of these are mobile loaders, or 
LHD (load-haul-dump) vehicles, and the rest are mine 
trucks or dumpers. Equipment of this kind is gener-
ally categorised according to its transport capacity, with 
LHDs having payload ratings of up to 25 t and dumpers 
currently being rated at up to 65 t.

Most of these vehicles are powered by diesel engines. 
However, there are major differences and even deficien-
cies when it comes to the deployment of low-emission 
engines. With much public attention now focussed on 
the risk that diesel emissions pose to human health, this 
hazard has also become a major issue in the deep min-
ing industry as the working environment comes under 
increasing scrutiny. The number of electrically powered 
LHD vehicles with umbilical cables remains low in 
proportion to the rest, though powerful machines with 

Fig. 1: Sandvik LH 625iE electric-drive LHD with 25 t payload
Photo: Sandvik Mining & Rock Technology

Fig. 2: Comparison between diesel and electric  motors

technically highly-developed cable-reel systems have 
been available for quite a few years (Fig. 1).

Fully-functional mine trucks powered by an over-
head trolley wire have been little used to date. Clearly 
the market has been awaiting the innovations and tech-
nical solutions that will present themselves with the in-
troduction of modern battery systems.

The basic data for comparing diesel and electric mo-
tors are not new. It is well known that an electric motor 
operates at around 95 % efficiency, much higher than 
the 30 % usually achieved by a diesel unit. This is reflect-
ed in the energy consumption figure, with electric mo-
tors only requiring about 12 % of the energy consumed 
by their diesel rivals. Heat emission levels are another 
important factor from a mining industry viewpoint, 
with an electric motor only releasing into the surround-
ing air about 15 % of the heat that is normally emitted 
by a diesel power unit.

These factors are becoming increasingly impor-
tant for a mine’s operational cost accounting. Add to 
this the normal obligations that are imposed in terms 
of the ventilation requirement per diesel-kilowatt. The 
expenditure on a mine’s air conditioning system gener-
ally escalates as a function of working depth and rising 
rock temperature and the cost of providing ventilation 
to an expanding underground layout will increase as the 
workings go deeper (Fig. 2).

The diesel-free Mine 

In the wider world electric drive systems have been 
available for passenger cars for quite some time. This 
technology, which is based on a combination of battery 
and electric motor, first became possible with the devel-
opment of powerful rechargeable battery systems. This 
storage technology is well known in the field of com-
puters and mobile phones and it is now most frequently 
used for powering electric and hybrid vehicles. These 
modern battery systems have very little in common with 



Mining 39

GeoResources Journal 3 | 2020Wennmohs:
Innovative Developments in Mobile Loading and Transport Equipment for the Mining I ndustry www.georesources.net

electric drive. These modified vehicles are currently 
undergoing testing. The company has also developed a 
rapid charging system for these battery units. Machines 
with the batteries inserted will then be charged up in 
a very short time. This will enable a battery with 20 % 
remaining energy to be fully charged and ready for ac-
tion (Fig. 6).

Fig. 3: Battery locomotive at Ramsbeck Mining  Museum

Fig. 4: MRV 900 rescue vehicle
Photo: Hermann Paus Maschinenfabrik GmbH

Fig. 5: Manufacturers’ share of the trackless mine 
vehicle market

the lead accumulators that were fitted to battery-pow-
ered locomotives in the mining industry of old (Fig. 3).

The manufacturers of lithium-ion batteries use vari-
ous elements and metals in the construction process. It 
is significant here that systems whose chemical make-up 
presents a lower risk factor are now tending to come to 
the fore, with combinations of lithium and iron playing 
an increasingly important role.

Nevertheless, it is not possible to exclude entirely the 
possibility of a lithium-ion battery bursting into flame 
[1]. This can be caused by a manufacturing defect or by 
faulty control of the charging/discharging and cooling 
process. Fires can also result from mechanical damage 
due to external influences. It is therefore very important 
from a fire prevention standpoint that regimes are put 
in place to ensure the protection of persons and equip-
ment when batteries of this kind are being used below 
ground. This calls for special rescue vehicles and ongo-
ing training sessions for everyone involved (Fig. 4).

The lithium-ion batteries currently available for the 
deep mining industry can weigh as much as 5 t and are 
capable of powering mine trucks with payloads of up to 
50  t. This potential has persuaded some mining com-
panies to switch from diesel power to electric drive on 
all their underground vehicles, including drill jumbos, 
loaders, mine trucks and supply vehicles. It remains to 
be seen whether this heralds the start of a new type of 
drive technology for underground equipment. Every-
thing will depend on whether the necessary infrastruc-
ture exists for the deployment of electric drives or can be 
provided at a reasonable cost. For many of the smaller, 
ongoing mining operations such an investment will be 
financially problematic, whereas the decision to go all-
electric is more likely to be taken in the case of brown-
field and greenfield projects.

Moreover, it is clear that the potential for obtaining 
even greater storage capacity from smaller sized batter-
ies has yet to be fully explored.

Manufacturer Activities

Almost all the major manufacturers of mobile loading and 
haulage vehicles have taken this particular development 
pathway and now offer various engineering solutions as a 
replacement for diesel motors in this market sector. The 
progress now being made is indicative of a new mood of 
optimism in a market that for many years made little or 
no attempt at innovation in the design and construction 
of mobile loading and transport equipment [2].

About 80 % of this segment is spearheaded by mar-
ket leaders Sandvik, Epiroc and Caterpillar, each with a 
different share of sales. The rest of the manufacturers, 
such as GHH, Paus, Dux, Komatsu ( Joy) and many 
others, make up the remaining 20 % (Fig. 5).

Caterpillar

Caterpillar Inc. is now set on converting diesel-pow-
ered LHDs in the 6.8 and 12.5  t class to battery and 
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Epiroc

Epiroc AB (trading through the GIA brand) offer the 
well-known Kiruna Electric Dumper, which is a mine 
truck with a trolley wire power supply. The company 
also sells electrically powered loaders of up to 18 t pay-
load that are equipped with high-tech cable reel systems. 
In line with market demands the firm has in recent years 
been consistently pushing ahead with the introduction 
of battery-powered electric vehicles. It now supplies 
LHDs of up to 18 t and mine trucks up to 42 t trans-
port capacity, along with drilling equipment for the car-
rier unit with electric drive technology. These machines 
have a very efficient battery change-over system that 
makes for extremely flexible deployment (Fig. 7).

Sandvik

Sandvik AB [3] supply a range of electrically powered 
LHDs with a cable reel system. The world’s largest machine 
has a payload of 25 t . Machines in this range have been op-
erating at the Kiruna mine in Sweden for many years.

In 2019 Sandvik took an important strategic step 
when it acquired the American owned Artisan Vehicle 
Systems – a company with great expertise in the devel-
opment of battery-operated mining vehicles. The prod-
uct range currently comprises LHDs in the 4 and 10 t 
class along with mine trucks with a 40 and 50 t pay-
load (Fig. 8). One of the special features of the range 
is the  integrated battery change-over system. Battery-
powered drill jumbos complete the Sandvik product 
portfolio. 

Komatsu/Joy

Komatsu have two LHDs in their hard-rock mining 
range, these being in the 18 and 22 t payload class. The 
loaders are fitted with hybrid drive systems, with the 
diesel motor driving a generator. The power generated 
is fed to the electric motors, with one motor for each 
wheel (Fig. 9).

GHH

Vehicle manufacturers GHH Fahrzeuge GmbH have 
for a number of years been producing electrically driven 
LHDs with a well-proven, highly developed cable reel 
system. Different sizes of loader are available up to a 
payload of 21 t. The LF 19 EB machine is innovative in 
that it is equipped with an on-board battery that allows 
the cable-reel supplied loader to flit from one workplace 
to another (Fig. 10).

Paus

Herrmann Paus Maschinenfabrik GmbH manufac-
ture compact LHDs and dumpers. Their electric-drive 
PFL 15 mobile loader operates on a cable-reel system. A 
new addition to the range is the MinCa 5.1 E (Fig. 11), 

Fig. 6: Caterpillar R 1700 XE loader
Photo: Caterpillar

Fig. 7: Epiroc battery-powered ST 14 loader
Photo: Epiroc

Fig. 8: Artisan-Sandvik Z40, LHD A 4 and A 10 mine trucks
Photo: Artisan-Sandvik

Fig. 9: Joy 22 HD hybrid loader with 22 t payload
Photo: Komatsu Mining
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Fig. 10: LF 19 EB loader
Source: GHH Fahrzeuge

Fig. 11: MinCa 5.1 E – close-up of the electric drive
Photo: Hermann Paus Maschinenfabrik GmbH

Fig. 12: Timeframe for innovations in LHD and mine truck technology

which is a battery-powered personnel and material 
transport vehicle.

Outlook

Mine operators have now fully come round to the idea of 
switching their vehicle fleet from diesel power to electric 
drive. Just two years ago it was predicted in [4] that this 
transition phase would take more than five years. Howev-
er, given the progress being made in this area this process 
is now likely to be completed with two years. The availa-
bility of innovative technology in the form of battery sys-
tems, electric motors and drive controls means that many 
of the criticisms frequently directed at electric equipment 
over the years, such as lack of flexibility and high costs, 
are no longer sustainable (Fig. 12). The advantages of this 
technology can be summed up as follows:

 ▶ Emission-free operation
 ▶ Lower noise levels
 ▶ Reduced heat output
 ▶ Lower energy costs
 ▶ Significant savings on maintenance and repair
 ▶ Reduction in ventilation and air-conditioning costs
 ▶ Savings in the profile dimensions of the mine under-

ground cross sections

This new generation of machinery requires far fewer 
drive-system components, which means that manufac-
turers of diesel engines, torque converters, gearboxes, 
shafts and axles, hydraulic pumps and motors will have 
to learn to adapt to a new business environment. What 
is more, these innovative developments call for person-
nel with appropriate training, both at the manufacturing 
sites and at the mines, and these skills will not be avail-
able overnight. This means that an entirely new set of job 
profiles will have to be established within this market.

At present the manufacturers seem be favouring dif-
ferent versions of the electric drive system, though the 
experience that will gradually be acquired in operating 
practice is likely to lead to standardisation in this area:

 ▶ An electric motor operating through a gearbox 
drives one or both axles in an all-wheel drive system.

 ▶ Each axle is driven by an electric motor, with both 
motors being operated by an intelligent control unit.

 ▶ Each wheel is driven by one of four electric motors, 
with the option of these being designed as wheel 
hub motors.

Furthermore, the possibilities for deploying stepless 
control of the electric motors can be exploited in such 
a way that the vehicles can be accelerated and braked via 
conventional ‘accelerator pedals’. 

For the underground workforce the developments 
described above will lead to a marked increase in the 
quality of the working environment as a result of im-
provements to the breathable air and a reduction in the 
noise and heat radiation levels (Fig. 13).

Fig. 13: Diesel-free mine
Photo: Epiroc
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Mines will also benefit from significant opportunities 
to save energy on their ventilation systems. This fact will 
greatly facilitate the transition to deeper working levels.
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The MRV 9000 rescue vehicle was designed for use in underground 
mines and tunnels where long travelling distances are involved. Devel-
oped jointly by Paus and Dräger this specialised vehicle provides greater 
transport safety for recovered persons and rescue teams and has already 
proven itself in the field over several years.

Mining • Tunnelling • Safety • Mines and tunnel rescue teams • 
Specialised vehicle

The MRV 9000 Rescue Vehicle for long-distance 
Emergency Missions in Mines and Tunnels
A field-proven tactical Resource for advanced Underground 
Safety
Hermann Paus Maschinenfabrik GmbH, Emsbüren, Germany

Introduction

The mining and tunnelling industries have developed enor-
mously in recent decades. The demand for raw materials and 
the need for infrastructure projects has also grown apace. 
Mining technology has steadily evolved, with the result that 
deeper lying deposits have become accessible, modern min-
ing installations are being established on former opencast 
sites and long-distance tunnels are being constructed under 
conditions that are becoming ever more extreme. 

This poses huge challenges when it comes to occu-
pational safety, with fires being one of the main danger 
points. In the event of an underground fire breaking out 
all those at risk have to be evacuated from the danger 
area via an extensive network of tunnels. Wennmohs 
[1] has written about the innovative development of 
mobile loading and transport equipment for the deep 
mining industry, a technology that has seen the amaz-
ingly rapid growth of electric-drive vehicles. In this con-
text he also highlights the danger of battery fires and the 
resulting need for suitable rescue vehicles and appropri-
ately trained personnel. The MRV 9000 rescue vehicle, 
which was developed several years ago by Hermann 
Paus Maschinenfabrik GmbH and Drägerwerk AG & 
Co. KGaA, was specifically designed to meet these chal-
lenges head on (Fig. 1). 

Recognised Need for Action

The initiative for the development of the MRV 9000 
came some years before from Newmont Goldcorp of 
Ontario, Canada [2]. With underground operations at 
the Musselwhite Gold Mine continuously advancing 
to ever deeper levels –  reaching a depth of 1.2 km by 
the end of 2019 – the deep-level workings now also ex-
tended across 12 km horizontally. The long travel ways 
that had to be negotiated in order to recover compro-
mised persons and bring them to the surface were push-
ing the conventionally-equipped rescue teams to their 
limits. Travelling on foot to the scene of the emergency 
required a considerable amount of time and for the per-
son in need of assistance everything can come down to 
just a few minutes, with the capacity of the breathing ap-
paratus also being a decisive factor. As the risk analysis 
showed, in such situations the rescue squads could no 
longer carry out their missions successfully using con-
ventional rescue techniques and equipment. 

Fig. 1: MRV 9000 rescue vehicle with optional equipment fitted

During discussions between Goldcorp and Dräger 
the idea arose for an innovative rescue vehicle that 
would allow the rescue personnel to travel to the scene 
of the emergency in an airtight chamber without the 
need to activate their personal breathing equipment. 
Such a machine could reach the emergency site much 
more quickly and this would significantly increase the 
amount of time that the rescue team with their breath-
ing apparatus could be deployed in searching for casual-
ties, providing first aid and organising the rescue. The 
rescue vehicle was also to be fully fitted-out for the re-
turn journey and the evacuation measures that would be 
needed. At the time there was no sufficiently robust and 
suitably equipped vehicle available on the market.

MRV 9000 Rescue Vehicle provides the 
Solution

An all-out cooperative effort was needed to come up with a 
solution to these challenges. Paus and Dräger pooled their 
expertise and, working in collaboration with Goldcorp and 
on the basis that company’s proposals and its operational 
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are wide enough to allow the safe entry and exit of rescue 
team members wearing their full equipment. 

On-board life-support System

The MRV 9000 comes equipped with an integrated, 
self-contained air supply system that allows the rescue 
team to reach the scene of the emergency, and then to 
evacuate the injured parties, in complete safety. Filtered 
air is channelled into the driver’s cab and rescue cas-
sette during the journey to the target area. The airtight 
driver’s cab and fully-welded rescue cassette have special 
seals fitted to all door and hatchways and were devel-
oped by Paus to  provide the technical support that the 
Dräger-designed integrated system needs to perform at 
the highest level of operational reliability. Dräger’s in-
house specialists developed and fitted the air manage-
ment equipment, including on-board compartments to 
house the cylinders containing the special oxygen-air 
mixture that the occupants breathe (Fig. 3), panels to 
control the supply of the air mixture and safety valves 
to purge the air from the driver’s cab and cassette and to 
prevent the ingress of contaminated air from outside the 
vehicle. Gas sensors are used to monitor the condition 
of the air inside and outside the vehicle and issue a warn-
ing signal if potentially harmful gases in the driver’s cab 
or cassette exceed their permitted thresholds (Fig. 4).

The operating modes of the self-contained air supply 
system have an air cleaning regime and ensure a reliable 
supply of breathable air mixture to the cassette and cab. 
The system can also flush out any contaminated air that 
enters the vehicle. The air supply is regulated according 
to the number of persons in the vehicle. A positive pres-
sure of at least 100 Pa is constantly maintained inside 
the vehicle to prevent the penetration of harmful gases. 

The reserve of breathing mixture, which is com-
pressed to 300 bar and contained in six cylinders each 
of 50 l capacity, is stored in two separate chambers with 
three cylinders in each. The pressure and air volume 
readings taken from the cylinder packs are recorded on 
a monitor in the driver’s cab. On the basis of this in-
formation it is possible to determine very precisely the 
amount of time remaining to the rescue team for deal-
ing with the emergency. The set of six air cylinders each 
of 50 l capacity is sufficient to complete the kind of mis-
sion outlined below:

 ▶ The safe transport of a brigade of six rescuers (two in 
the cab and four in the cassette) to the scene of the 
emergency in 60 minutes

 ▶ A period of 120 minutes with five rescuers working 
at the site of the emergency and one person remain-
ing in the cab

 ▶ A return journey of 60 minutes by the six-man res-
cue team and three casualties

 ▶ Activation of the flushing system:
 ▷  Three deployments of three minutes each in the 
drivers’ cab

 ▷   Three deployments of 8 minutes each in the cassette

Fig. 2: MRV 9000 driver’s cab and cassette with eight 
seats

Fig. 3: Cylinder 
block with 
oxygen-air 
breathing 
mixture

experience, were able to develop an innovative and durable 
rescue vehicle for the deep mining and tunnelling industry 
[3]. Paus brought to the table its design and engineering ex-
perience in mining vehicle construction while Dräger pro-
vided its expertise in life-support technology.

Vehicle Design and technical Features

The design and technology of the MRV 9000 are very 
much based on that of the twin-axle Paus MinCa 18A 
vehicle that has proven its capabilities in the mining 
industry for many years. In its standard version the 
MRV 9000 rescue vehicle is powered by a diesel engine 
that can optionally be fitted out as a low-emission unit 
in compliance with EU Stage V regulations. Generally 
speaking, diesel drive is the preferred system for sporadic 
deployments and for hazardous emergency situations. 
Electric drives are also available for the MinCa 18A 
vehicle. As these specialised machines are designed for 
harsh operating environments they need to be extremely 
robust and reliable and downtimes have to be few and far 
between. This can be guaranteed by building to design 
specifications that have been well-proven over the years.

The vehicle dimensions and other feature details also 
had to be adapted to suit the rescue concepts and pro-
cedures of the mine operators and to accommodate the 
safety equipment that would be installed by Dräger. The 
twin-door driver’s cab and the rescue cassette with its 
left-hand access door, the additional rear door and the six 
internal seats all had to be kept well separated. The seats 
were each fitted with safety belts and were designed to 
provide adequate space for the rescue team personnel with 
their toolkit and breathing apparatus backpack (Fig. 2). 
The MRV 9000 driver’s cab and cassette can, if neces-
sary, deploy their own air purging circuits and are also 
fitted with safety systems in compliance with ROPS and 
FOPS (roll-over and falling object protection structures) 
standards that protect the driver and the other occupants 
from injury in the event of the vehicle overturning or be-
ing struck by heavy objects falling from the tunnel roof. 
An emergency hatch is also located in the middle of the 
body roof to serve as an additional escape route for the 
mines rescue squad. All the vehicle doors are airproof and 
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In the example given above a mines rescue team can be 
transported in the rescue vehicle for a period of over 
four hours through a mine environment that is unfit 
for breathing. This results in a rescue mission that is sig-
nificantly longer than the four hours provided by stand-
alone breathing apparatus.

Flexible and configurable

The MRV 9000 special rescue vehicle can be individu-
ally configured to meet the particular demands of a 
mine or tunnel installation and can also be fitted with 
optional equipment, such as measurement sensors and 
communications equipment with interfaces and hard-
ware for external communication and/or external data 
transfer.

Operational Experience

The MRV 9000 mines rescue vehicle has been proving 
itself in the field for a number of years. Two of these 
machines have been operating at the Goldcorp-owned 
Musselwhite and Timmins mines in Ontario since 2016 
[2]. Agnico Eagle has produced a report on safety con-
ditions 3 km below the earth at the company’s LaRonde 
mine in Quebec, Canada, which is the deepest mine 
anywhere in North and South America [4]. In 2018 Ag-
nico Eagle took the decision to invest in an MRV9000 
vehicle for the mine’s rescue brigade in order to provide 
comprehensive safety cover for personnel at the work-
ing faces and to improve productivity and sustainability. 
During the procurement process for the vehicle, which 
was the first of its type to be employed in Quebec, Ag-
nico Eagle worked closely with the CNESST (Commit-
tee on Standards, Equity, Health and Safety at Work) 
to ensure that all the necessary statutory requirements 
were met. This now paves the way for other operators in 
Quebec Province who may wish to acquire similar vehi-
cles at some point in the future

Summary and Outlook

The introduction of the innovative MRV 9000 rescue 
vehicle marks a significant improvement in the working 
and operating conditions of underground rescue teams 
who have to cover long distances when they are de-
ployed on missions in underground mines and in long 
tunnels. The reduced travelling time to the target area, 
the enhanced medical response, the ability to find and 
evacuate casualties more quickly and the speed at which 
they can be transported to established medical facilities 
all result in much improved prospects of recovery for 
accident victims. Since its development several years ago 
the new rescue vehicle has proved to be a valuable as-

set for the underground mining industry and feedback 
from the field has already led to a number of fine-detail 
modifications and refinements.
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The salt and potash industry has not been drag-
ging its heels when it comes to the ongoing im-
provement of mining and production techniques 
– with the solution mining process used at the 
Bethune mine in Canada being a case in point. 
Modern software tools offer efficient numerical 
methods for flow simulation that can identify and 
develop optimisation potential, boost efficiency 
and help introduce innovative operational pro-
cedures. The result can be higher product quality, 
improved customer satisfaction and the added 
benefit of lower costs.

Mining • Solution mining • Potash salt • 
Efficiency • Canada

Flow Simulation boosts Efficiency  
in the Salt and Potash Industry
Dr. Thomas Radtke, K+S Analytics and Research Centre, Unterbreizbach, Germany
Lucas Ziegler, M.Eng., Cadfem GmbH, Grafing bei München, Germany

Fig. 1: Aerial view of the cooling pond at Bethune mine

plastics to pharmaceuticals. This market demand is met 
by naturally occurring potash salt that is extracted from 
underground deposits. 

High Quality and Purity required

If the high quality and purity requirements are to be 
met it is vital that all unwanted associated minerals 
(especially sodium chloride – NaCl) are separated out. 
The crystallisation process is particularly suitable for 
the production of very high-purity products and the 
salt and potash industry has therefore been using this 
particular processing technique for many years. 

K+S AG, which is one of the world’s largest suppli-
ers of fertilisers and industrial salts, has recently com-
missioned a new mine near the community of Bethune 
in the Province of Saskatchewan in Canada [1, 2]. Be-
cause of the favourable climatic conditions in this area 
this new facility uses a cooling pond (Fig. 1) for recov-
ering the crystalline potassium chloride. The pond’s op-
erating principle is based on the cooling of a salt solu-
tion in a meandering channel. Taking up an enormous 
500 m in width by 600 m in length the pond has been 
set up for high-volume production. 

Analysis of physical Processes using 
Simulation Software

While the fundamental principles of the system are 
fairly simple the underlying physical processes are in 
their detail quite complex and are often difficult to 
reconstruct in full by experimental means. For this 
reason K+S has opted to employ Ansys Fluent, a high-
performance CFD tool (computational fluid dynamics) 
designed for flow simulation. This software solution is 
able to model the effects that take place as the process 
develops. This ranges from the simple simulation of the 
flow and the coupling with temperature fields through 
to the modelling of crystallisation. Working with simu-
lation specialists Cadfem GmbH a model for calculat-
ing the actual production process has also been devel-
oped for the Bethune cooling pond, the aim here being 
to illustrate the various options available for numerical 
simulation. 

This work commenced with a two-dimensional 
profile model of the channel in the cooling pond. This 
time-dependent simulation is able to answer a number 
of questions, one of the most important of which con-

Simulation modelling provides a better understand-
ing of the operating processes and ensures a high 
degree of transparency when managing technical 
characteristics and cause-and-effect mechanisms. Its 
application not only helps secure existing production 
technology but also supports a sustained increase in 
competitiveness.

Potassium chloride (KCl) is required in huge quan-
tities around the world as an important mineral ferti-
liser for the agricultural sector. It also serves as a raw 
material for a wide range of industrial products – from 
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bilities of the software in order to manage client-specific 
issues. 

Influence of Temperature on the 
 Solubility of the Components

Various key attributes associated with the system under 
analysis, such as the interaction of the fluid properties, 
the thermal boundary conditions and the crystallisation 
processes, were implemented using UDFs. The model 
that was created can for example investigate the effect of 
changing climate conditions on the quantity of crystal-
lised product obtained. In the cycle of the seasons the 
cooling pond experiences a wide range of conditions 
that have an impact on product quantity and quality. 
It is also interesting to investigate monthly fluctuations 
in temperature and their influence on the solubility of 
the components. What is more, the system can also be 
influenced by variables such as average wind speed and 
relative air humidity. In strong winds, for example, more 

Fig. 2: Schematic representation of the solution  mining process

Fig. 3: Heat flows generated by convection, 
 evaporation and radiation under average 
 annual climate conditions

cerns, without doubt, the quantity of crystallised salt 
being produced. However, it can also investigate various 
uncertainties relating to the composition of the crystal-
lising salts, the fluid in question being obtained using a 
special technique known as ‘solution mining’ (Fig. 2). 
This involves the injection of fresh warm water through 
a borehole into the dissolvable potash-bearing salt 
rock, a process that creates salt solution-filled chambers 
known as caverns. In this particular case the caverns can 
be as much as 1,500 m below the surface. In the second 
phase of the operation the saturated solution is pumped 
back up to the surface via another borehole and then 
processed further, which involves transference to the 
cooling pond. 

This is where the KCl is recovered by the cooling of 
the mixed NaCl/KCl solution. The drop in tempera-
ture gradually takes the solution down to the saturation 
limit of the potassium chloride. As soon as this point is 
exceeded the KCl begins to crystallise while the NaCl 
remains in solution. This means that small salt crystals 
start to form in the liquid solution and these then sink 
to the bottom of the pond and constitute the end prod-
uct. When a sufficient quantity of crystals have built up 
on the floor of the pond they are recovered by a floating 
dredger and then pumped to the processing plant for 
final treatment.

Parameters affecting Crystallisation

Crystallisation is a very complex phenomenon and is 
dependent on a number of parameters. Crystallisation 
in itself involves a mass transfer between two distinct 
phases. Ansys Fluent is able to model this process by 
selecting an appropriate multi-phase model. In this par-
ticular instance the components dissolved in the fluid 
(NaCl and KCl) play a decisive role. The crystallisation 
process is strongly influenced by the solubility of these 
two substances. The solubility of KCl is highly depend-
ent on temperature, whereas that of NaCl is almost in-
sensitive to temperature changes. This is the foundation 
of the entire production process. Climatic conditions 
and the resulting exchange of energy with the cooling 
pond therefore have a key role to play in the operation. 
In order to correctly describe the heat balance a number 
of relevant effects have to be taken into account, such 
as the enthalpy (heat of reaction) generated during the 
crystallisation process. Other parameters of significance 
include convection, radiation and evaporation on the 
surface of the water. Fig. 3 shows by way of example the 
heat flux associated with these three contributions and 
their relationship to temperature. The simulation exer-
cise can also investigate the impact of the surrounding 
soil on the thermal behaviour of the cooling pond. In 
order to obtain the most accurate picture of the crystal-
lisation process K+S specified both temperature- and 
concentration-dependent solubility curves and fluid 
characteristics. These were implemented as part of the 
Fluent modelling process with the help of UDFs (user 
defined functions). UDFs are able to expand the capa-
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heat will be released from the surface of the pond and 
this in turn has a positive effect on the cooling process. 
The model-generated temperature profile shown in 
Fig. 4 is representative of a characteristic climate status.

Changes in brine composition can also be virtually 
investigated, along with different profile forms and as-
sociated fill levels. Moreover, the model was extended 
to the third dimension in order to study temperature 
and flow behaviour in a more global manner. Due to the 
inability of a 2D model to capture three-dimensional 
resolved eddies, the 3D model is well suited to analyse 
turbulent mixing and its impact on the overall tempera-
ture performance. The degree of mixing, in other words 
the extent to which as constant as possible a temperature 
profile is maintained from the surface of the solution 
down to the bottom of the pond, is in particular of spe-
cial importance for the uniform precipitation of crystal-
lised product. Fig. 5 depicts by way of example the tem-
perature profile at a selected depth. It is readily apparent 
just how intensely the solution interacts with the cold 
environment. Even by the end of the first lane it can be 
seen that the temperature has fallen by nearly 15 °C.

Simulation Exercises help minimise 
 Production Times and Costs

In summary, numerical simulation has many benefits 
to offer as far as the production of industrial salts and 
raw materials for fertilisers is concerned. The possibili-
ties available range from all kinds of climate scenario 
investigations through to comparative analyses of dif-
ferent pond designs. This means that different versions 
of proposed construction projects can be analysed and 
assessed early on so that the most appropriate solution 
can be selected and further optimised right from the 
planning stage. This may relate, for example, to meas-
ures for increasing the rate of mixing or altering the 
composition and may also involve studies of other po-

Fig. 5: Temperature development over a 
 cross-section of the cooling pond

tential operating sites. These three examples illustrate 
how simulation can help improve production efficiency 
at K+S so that expenditure, production times and pro-
duction costs can be kept to a minimum.
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Geological fault zones in a number of non-ferrous 
metal ore mines in Russia have caused roof falls 
and roadway collapses that have severely ham-
pered roadway drivage operations, affected mine 
ventilation systems and compromised worker 
safety. Injection bolts have proved to be a cost-
effective solution to these recurring problems.

Mining • Supports • Rockbolting systems • 
Injection technology • Russia

Consolidation of Fracture Zones in the  
Russian Ore Mining Industry
Peter Simon, F. Willich GmbH + Co. KG, Dortmund, Germany

In August 2019 personnel from a mine planning depart-
ment approached the Russian branch of the German 
family-owned company F. Willich, as represented by 
Polychem Systems Russia (based at Naberezhnye Chelny 
in the Republic of Tatarstan), requesting support in deal-
ing with geological problems that were affecting working 
faces and roadway drivages in Russian metal ore mines.

Immediately after this initial contact was made 
representatives from Polychem Systems and F. Willich 
GmbH + Co. KG agreed to travel to the affected mines 
and on-site inspections were subsequently carried out 
together with Russian mining engineers. These visits 
were sufficient for detailed proposals to be put forward 
with a view to resolving the geological problems.

Fault Zones responsible for Roof Falls 
and Roadway Collapses

The ‘problem ground’ encountered at these mines was 
widely interspersed with fault zones. These exhibited a 
high rupture potential and the roadway drivages were 
being severely impaired as a result. The traditional steel 
arch supports used in the roadways were no longer ca-
pable of ensuring a continuation of the roadheading 
operations (Fig. 1), with roadway collapses constantly 
interrupting and suspending the mining operations. All 
this meant commercial losses for the mining companies. 
Moreover, these roof falls compromised the safety of 
the workforce and major collapses of this kind also se-
riously disrupted the underground ventilation system. 
The combined impact of all these problems was such 
that it had become absolutely imperative for an effective 
solution to be found as soon as possible. 

The Solution: fracture-zone 
 Consolidation

The solution to this fundamental problem lay in the 
consolidation of the fracture zones. This essentially in-
volved the installation of self drilling anchors in the af-
fected areas. However, creating an effective anchor-bolt 
support system in these unstable rock beds also meant 
putting in place a systematic programme of strata injec-
tion. It was therefore decided to employ injection bolts 
in order to restore the inherent bond strength of the 
faulted ground. The special rockbolts and injection res-
ins in question were supplied by F. Willich.

The injection bolts were to be installed in such a 
way as to create a pattern of rockbolts in the roadway 
roof and side-walls with an overlapping radius of action 

Fig. 1: Roof falls occur in spite of the standing steel 
arch supports
Source: F. Willich

(injection range), the aim being to create a load-bearing 
arch. After the rockbolts had been set in place they were 
encapsulated in a special injection resin pumped into 
the borehole. The resin has two functions to perform:

 ▶ Full grouting/bonding of the rockbolt
 ▶ Immediate or near-immediate consolidation/

strengthening of the strata.

Support System with a defined  
Load Resistance

Provided they are properly applied the two processes – 
rockbolting and injection – combine to create a stable 
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F. Willich has now supplied support equipment 
to many different mines. As well as helping to consoli-
date sections of roadway that had already suffered col-
lapse these systems are also being used as preventative 
measures for fault zones that are vulnerable to roof falls 
(Fig. 3).

The Wiborex I injection bolts used in this support 
system perform three functions:

 ▶ Drilling with a sacrificial drill bit 
 ▶ The anchor bolt can be used as an injection lance
 ▶ Acts as a ground anchor after full resin encapsula-

tion

Summary and Outlook

This technique has proved its potential on multiple oc-
casions even under the most difficult working condi-
tions. The aim now is to work with our Russian partners 
in order to make this support system standard practice 
for fault zones of this kind. This will help to further 
improve the competitiveness, economic viability and 
operational safety of the system below ground. Our col-
laborative partnership with Russian mining companies 
will create a good basis for this going forward.

Dipl.-Ing. Peter Simon
Contact: 
F. Willich GmbH & Co. KG
Planetenfeldstrasse 120
44379 Dortmund 
Germany
peter.simon@f-willich.de 
www.f-willich.de

Fig. 2: Fan-shaped injection pattern provides  protection for the roadway drivage zone
Source: F. Willich

Fig. 3: Fan-shaped bolting pattern used in the  fracture zone
Source: F. Willich

rock mass that develops radially around the entire body 
of the roadway. This structure is not only stable but also 
exhibits a defined load resistance when the pattern of 
injection bolts is suitably designed and dimensioned.  

The specific resistance provided by the injection 
bolts makes the use of standing steel arches superfluous. 
Even the friction bolts that are installed retrospectively 
in some cases will no longer be required. Fig. 2 shows 
how this fan-shaped injection pattern stabilises and pro-
tects the drivage zone.

The mining company’s search for a stable, operation-
ally safe and cost-effective support system for fracture-
prone fault zones finally paid off with the introduction 
of injection anchor bolts and injection resins supplied 
by F. Willich.

Similar deployments below ground have not only 
confirmed the reliability of the injection-bolt support 
technique but have at the same time produced a more 
cost-effective system than the one previously used. This 
outcome even exceeded the expectations of the Russian 
mining engineers. 
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Our rockbolting systems
in stock: 30/15, 30/11, 40/21, 40/14
to order: 40/18, 52/31, 52/28, 52/20, 72/49, 72/40, 105/78, 105/52

Our resin product range
2-K-Systeme
WILLPUR WS L ®
WILLPUR W ® / Wi ® (Bergbau) 
WILLPUR WL ® / WS ® (Tunnelbau) 
WILLPUR S ®
WILLFLEX 09 ® (vorrangig im Bergbau) 
WILLKAT LV ®
WILLKAT FOAM ® 
WILLBOLT ®
1-K-Systeme
WILLSTOP 42 + WILLAD 42
WILLSTOP Flex + WILLAD FLEX
WILLSTOP 1K + 

WILLICH® injection bolts (IBO/SDA)

The injection bolt comprises a steel tendon, which is posi-
tioned centrally in the hole and is in the form of a hollow 
steel rod with a trapezoidal thread (T thread), and a grout 
body composed of injection grout or anchor resin.

The grout body serves to transfer the tension and 
compression loads from the tendon and into the rock or 
substrate. The grout also absorbs the radial stress pre-
sent in the ground and furthermore protects the tendon 
from corrosion. The hollow steel rods are manufactured 
in diameter sizes ranging from 30mm to 105mm and can 
also be extended by adding sleeve couplings.

Injection resin systems

All injection resin systems comprise two components 
(A + B). The reaction commences immediately after A + B 
have been mixed together, the components reacting wit-
hout water contact to produce a high-strength,  
pore-free resin mass. PU resins foam up slightly in 
contact with water (foaming factor 2 - 4). Special injection 
equipment is required for processing and delivery, inclu-
ding two-component injection pumps and other accesso-
ries such as HP hoses, packers, valves, injection lances 
and injection bolts.

In this case the two components are pumped to the 
placement point in a volumetric ratio of 1 : 1 before being 
mixed together in a static mixing machine and then  
injected into the ground using an injection packer, an 
SDA/IBO hollow bar or similar.

The injection process is completed when there is an 
increase in resin discharge at exposed surfaces, when a 
predetermined quantity of resin has been injected or as 
soon as the specified injection pressure has been reached.

Service and support

 ●   On-call service: 
Trained personnel are on standby round-the-clock to 
provide  immediate stabilisation and support for mining 
and tunnelling operations

 ●   Injection pumps and WILLCONTROL equipment for 
monitoring the pressure profiles and injection flows at 
each borehole

 ●   Application support on-site

Applications
 ●  Cavity consolidation 
 ● Roof support
 ● Slope stabilisation
 ● Soil nailing
 ● Anchoring of retaining walls
 ● Foundation reinforcement

Willich self-drilling anchor (SDA) components
 ● One or more hollow rods
 ● Sleeve couplings for attaching extension bolts
 ● Hexagon nut
 ● Anchor plate
 ● Drill bit (lost)
 ● Injection adapter

F. Willich GmbH + Co. KG • Planetenfeldstr. 120 • 44379 Dortmund • Germany • www.f-willich.de

WILLICH® IBO/SDA

Operating sectors
 ●  Mining
 ●  Tunnelling
 ●  Geotechnical engineering

Many decades of experience

https://www.f-willich.de/
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