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Foreword

Pipe jacking is an indispensable process for the installation of underground pipes. Con-
stant improvement of the machinery in recent decades has led to pipe jacking projects 
being successfully completed in almost any geology and hydrogeology, with challeng-
ing routes. The success of a pipe jacking project is ensured by smooth interaction of 
the tunnelling technology and the process operations. The main challenges, which are 
met daily on pipe jacking projects, are to minimise potential risks and to increase the 
practical distances.

The development of the jacking force over the length of the drive – and particularly 
the skin friction along the pipe string – is of central importance for the implementa-
tion of pipe jacking projects. Improved working methods can avoid increased jacking 
forces and the resulting delays to progress or stoppages. One essential element in the 
reduction of skin friction is well functioning annular gap lubrication, with the lubri-
cant and the lubrication technology being adapted to suit the constraints of the jack 
and particularly the ground conditions. Both components – lubricant and lubrication 
technology – depend on important details and demand a good basic understanding on 
the part of the construction staff.

The lubricant mostly consists of a bentonite suspension, whose rheological parameters 
yield point and viscosity have to be adapted to suit the prevailing geological conditions 
on each pipe jacking project. It has to be correctly prepared and the rheological param-
eters checked according to standards. The lubrication technology supplies the lubricant 
continuously in sufficient quantity into the annular gap. In advance, the required quan-
tities of lubricant over the course of the jack have to be determined, prepared in good 
time and kept available in sufficient volume. These figures depend directly on the size 
of the tunnelling machine and the jacked pipe as well as the soil mechanics parameters 
grading distribution, compaction and permeability. When an automatic bentonite lu-
brication system is used, the number of injection fittings in the pipe section at a lubri-
cation point has to be decided as well as the spacing of the lubrication points and their 
injection intervals in the tunnelling machine and in the pipe string.

Precise matching of the individual aspects makes it possible to hold the pipe string in 
the correct position, considerably reduce the coefficient of friction between pipe and 
ground and finally keep the skin friction controllable as jacking proceeds.

The Bentonite Handbook deals with the various aspects of annular gap lubrication 
comprehensively, and should serve well as a design aid and a guideline for site prac-
tice. It is of course not possible to exhaustively deal with all practical problems of pipe 
jacking. Responsible action by well trained engineers will always remain the basis of 
good and successful construction even with the use of this book.

Professor Markus Thewes
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2	 Bentonite and bentonite suspensions

Bentonite suspensions normally consist of water and bentonite, and polymers can also 
be added. A suspension is a fine distribution of undissolved solids, in this case the ben-
tonite particles, in a carrier fluid. Bentonite makes up, according to the product used, 
between 3 and 10% of the mass of the suspension.

According to Grim et al. [51], bentonite is “... a clay composed predominantly of 
clay minerals and influenced by their physical properties”. Clays are uncemented 
sedimentary soils, which consist of mineral particles with a particle size of < 20 µm  
(=0.02 mm). The main component of bentonite with a high swelling capability is the 
clay mineral montmorillonite (60–80 % by mass). Secondary minerals such as quartz, 
mica, feldspar, illite or carbonates may also be present. The quantities of the minerals 
in bentonite can vary widely.

The montmorillonite content is the first indication of the quality of bentonite, since the 
technical properties of bentonite are characterised by the chemical and mineral char-
acteristics and the properties of this clay mineral. Only clays with a montmorillonite 
content >50 % should be described as bentonite. Substances with <50 % montmoril-
lonite content are described as clays with high clay mineral contents.

For bentonite suspensions intended for use as lubricants in pipe jacking, the most in-
teresting properties are stability (resistance against segregation with time), yield point 
τF, viscosity η and gel strength.

2.1	 Composition and structure

Clay minerals are plate-shaped, silicate mineral particles with a size of ≤20 µm  
(≤0.02 mm; for comparison, a human hair has a diameter of 70 µm = 0.07 mm). 
Montmorillonite belongs to the group of three-layer minerals. Its crystalline structure 
consists of one sheet AlO6 octahedrons and two sheets of SiO4 tetrahedrons, which are 
symmetrically surrounded so that to form crystal sheets (Fig. 2.1) [54].

Fig. 2.1  Crystal structure of montmorillonite [8].
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In the natural condition, cations like magnesium/calcium (Mg/Ca2+) or sodium (Na+) 
are bonded in the interlayer positions, and neutralise the negative surface charge of the 
crystal sheets. According to the type of attached cations, bentonite is differentiated 
into sodium and calcium bentonites. Water molecules can also intervene between the 
layers. The spacing of the layers and thus also the forces, which hold the silicate layers 
together, depend greatly on the inclusion of water molecules. The spacing can increase 
due to the absorption of layer water. A single montmorillonite crystal consists of 15 to 
20 elementary layers [54].

2.2	 Hydration behaviour

One essential property of bentonite is its swelling behaviour on contact with water. 
Two different types of water absorption on hydration are differentiated [8,75]:

–– In innercrystalline (or intracrystalline) swelling, absorption of excess water at the 
interlayer cations and clay mineral surfaces causes an enlargement of the elementa-
ry layers. This process is reversible.

–– In osmotic swelling, diffused ion layers form at the clay mineral surface and in the 
pore solution due to concentration differences of the cations, which causes an elec-
trostatic repulsion of the particles.

In montmorillonite crystals, the hydration process is normally produced by the in-
clusion of water molecules between the elementary layers (innercrystalline swelling). 
This widens the spacing of the layers; under suitable conditions, the crystal bonding 
may even be completely disintegrated.

Sodium and calcium bentonites differ greatly in their hydration behaviour due to the 
different nature of the interlayer cations [8]. Sodium ions (Na+) tend more strongly to 
hydration in the absorbed state then calcium ions (Ca2+) and thus enable greater water 
absorption and swelling. Sodium bentonite has for this reason a water absorption ca-
pacity of 600–700%, calcium bentonite only 200–300 % [50].

Sodium ions are also larger than calcium or magnesium ions (Mg2+) and thus have less 
bonding force. Water absorption or release alters the layer spacing of the crystals in Ca 
or Mg saturated montmorillonites in the range between 10–20 Å; the individual silicate 
sheets remain arranged in layer stacks even after addition of sufficient water. With Na 
intermediate layer cations, on the other hand, the layer spacing changes through swell-
ing by up to 160 Å. With further water absorption or enlargement, the cohesion of the 
layer packets is lost and the crystal bond is completely dissolved. The montmorillonite 
crystal then decomposes into its individual elementary layers [78,55].
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2.3	 Card house structure and thixotropy

Each elementary layer of a montmorillonite crystal consists of a negatively charged 
surface and positively charged edges (Fig. 2.2).

Due to these different charges, dissolution of the crystal bonding into individual sheets 
after the dissolution of the crystal bonding forms special structures in the water, in 
which the edge of one crystal settles on the surface of another. This large-volume 
framework that forms in water is described as a card house structure (Fig. 2.3) [69].

This card house structure settles in the bentonite suspension in an undisturbed state, 
i.e. the suspension sets to a hydrogel (gel). The action of mechanical disturbances (e.g. 
paddles or pumps) creates intensive movement in the suspension. This loosens the 
electrostatic bonds between the individual crystals, the card house structures collapses 
and the suspension changes to a flowing state (sol). This sol/gel conversion in bentonite 
suspensions is completely reversible and can be repeated any number of times [53,69].

The behaviour described here of the temporary reduction of shear strength through 
deformation and its reformation is described as thixotropy [50].

Fig. 2.2  Charge distribution of a montmorillonite 
elementary layer. The edges are positive (red), 
the surfaces negative (blue). (Source: Chair of 
Tunnelling and Construction Management at the 
Ruhr University, Bochum).

Fig. 2.3  Card house structure. Positive edge 
charge red; negative surface charge blue. (Source: 
Chair of Tunnelling and Construction Management 
at the Ruhr University, Bochum).
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Jessberger [55] defines thixotropy as the isothermal and reversible alteration of the 
structure of a material. This is manifested in a reduction of the deformation resistance 
under mechanical loading and a time-dependant return to a state of greater deformation 
resistance as soon as the mechanical loading is ended. 

2.4	 Yield point, viscosity and gel strength

Due to their card house structure, bentonite suspensions possess a yield point. The 
yield point of a material denotes the smallest shear stress, above which it behaves rhe-
ologically as a fluid [18].

The card house structure resists the acting shear forces until the critical value of the 
yield point τF is exceeded. Only then is the framework structure torn apart and the 
system begins to yield [54], [92]. Accordingly the standard DIN 4127 [23] defines 
the yield point τF as the shear stress τ, at which yielding occurs (failure shear stress). 
In thixotropic fluids like bentonite suspensions, this is dependant on temperature and 
thixotropic consolidation.

The increase of the yield point τF with increasing rest time is described as thixotropic 
solidification. The yield point τF reaches its minimum value dyn τF (dynamic yield 
point) immediately after the completion of a yield movement (t = 0) and asymptot-
ically approaches with continued rest its maximum value stat τF (static yield point). 
The development with time of the thixotropic solidification is shown as an example in 
Fig. 2.4. The curve and the limits of the solidification curve are temperature dependent 
[23], [92].
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The yield point describes the capability of a suspension to set in undisturbed soil. The 
suspension penetrates into the soil, but its flow speed reduces until the shear stresses 
are no longer sufficient to further maintain the flow of the suspension; the penetration 
process stagnates. The yield point in this case depends on the initial conditions and 
increases with the rest time (thixotropic solidification).

The yield point is directly related to the physical and chemical reactions of the active 
components (bentonite particles) of the suspension. Increasing density and viscosity 
through the addition of inert solids does not inevitably lead to higher yield point; it can 
even be reduced. Pipe jacking practice shows that a combination of active and inert 
particles in the suspension may lead to increased viscosity.

The static yield point stat τF – the yield point in the rest state – determines the proper-
ties of a bentonite suspension with regard to its function as a support agent; for large 
open structures below the ground, the highest possible values of the yield point are 
desirable. The dynamic yield point dyn τF –the yield point in an agitated state – deter-
mines the properties of a bentonite suspension with regard to its function as a lubricant 
in the annular gap. For this purpose, the lowest possible values of the yield point are 
desirable (see Sections 7.5.1 to 7.5.3).

Fig. 2.4  Course of thixotropic solidification  
with time [23].
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The yield point τF of a bentonite suspension depends on many factors including ben-
tonite type and concentration, type of preparation, dispersion and hydration time and 
temperature.

The viscosity η is a measure of the viscosity of fluids. This viscosity is caused by the 
internal friction, which adjacent fluid layers exert on each other because their mole-
cules reciprocally attract each other. The higher the viscosity of a fluid, the stronger is 
the bonding between its molecules and the less it moves – its flow capability is reduced.

According to DIN 1342-1 [17], the viscosity η is defined as the relationship between 
the shear stress τ and shear rate D:

=
D
τη

	
(2.1)

with

η = viscosity [N s/m²]

τ = shear stress [N/m²]

D = shear rate [s–1]

Thixotropy can according to DIN 1342-1 [17] be defined in terms of viscosity. The 
viscosity reduces from its initial value in the rest state due to continued mechanical 
agitation and increases again after the end of the agitation. 

The flow behaviour of fluids can be described with various types of flow curves with 
various mathematical approaches. Characteristic flow curves for Newtonian, Bingham 
and structural viscose flow types are shown in Fig. 2.5.

Newtonian flow only occurs in clay mineral dispersions at very small concentrations. 
There is a proportional relationship between the shear stress τ and the shear rate D. 
The flow curve is therefore linear through the origin of the coordinates with a constant 
viscosity η as the gradient (see Fig. 2.5) [54]. 

Fig. 2.5  Flow curves for Newtonian flow,  
Bingham flow with yield point and structural 
viscose flow [100].
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Bingham flow is characterised by the occurrence of a yield point τF. Such a system 
behaves like a solid at small shear stresses, and flowing only occurs after the yield 
point τF is exceeded. Also in this case, the flow behaviour is linear and the viscosity is 
constant (see Fig. 2.5) [18,100]. Such a flow curve can be expressed as a simplification 
with the Bingham flow equation:

F= + Dτ τ η 	 (2.2)

In fluids that are not purely viscous, viscosity depends on the shear rate and/or the 
duration of the shear loading and is thus not constant. Examples of this are structurally 
viscous fluids, which show a reduction of viscosity with increasing shear rate (also de-
scribed as shear thinning or pseudoplastic behaviour). In this case, the ratio between 
shear stress τ and shear rate D is not constant, so that the viscosity η can only be given 
as a function of the shear rate D. It is then, for example, determined at points through 
the gradient of the flow curve. This viscosity is described as the differential viscosity 
η′. If the viscosity η reduces with increasing shear rate D, i.e. structural connections 
are reduced with increasing shear loading, this is termed structural viscose behaviour 
(see Fig. 2.5) [54].

Bentonite suspensions are neither Newtonian nor Bingham fluids, but show thixotropic 
behaviour [55,82,94] and possess a dynamic and a static yield point. Mechanical shear 
deformation such as the action of a paddle or a pump on the suspension in the rest 
state liquefies it, with a simultaneous reduction of the yield point from its maximum 
value (static yield point stat τF) to its minimal value (dynamic yield point dyn τF). If 
the suspension is then left without agitation, it solidifies again and regains its original 
yield point within a certain time (Fig. 2.6). 

Fig. 2.6 shows the essential elements of the flow behaviour of a bentonite suspension 
through a typical flow curve. In comparison to Fig. 2.5, it can be seen that bentonite 
suspension cannot be clearly assigned to one flow curve type. After reaching the yield 

Fig. 2.6  Flow curve of a thixotropic fluid 
(bentonite suspension) [100].
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point, the viscosity first reduces with increasing shear rate and in this region can only 
be given at points though the gradient. As soon as the framework structure has been 
totally destroyed at higher velocities, the curve becomes linear and the viscosity in this 
region is almost constant. For this reason, bentonite suspension is measured with a 
rheometer from high to low shear rates to determine the dynamic yield point (Fig. 2.7). 

For the description of the flow behaviour of a bentonite suspension, the following as-
sumptions are made [69].

The apparent viscosity ηs is calculated from the shear stress τ at a shear rate of D = 
1000 s−1. In this case it is neglected that the suspension has a yield point τF.

s
s

s
=

τ
η

D 	
(2.3)

The apparent viscosity is the “real” viscosity of a suspension. The observed viscosity 
depends on the flow velocity during the filtration process in the ground. At low veloc-
ities, the viscosity is high, and at high velocities, the viscosity is low. For the pumping 
system, the apparent viscosity should be as low as possible. In a Bingham fluid, the 
viscosity reduces with increasing agitation above the yield point. Intensive agitation 
leads to turbulent flow in the pumped line.

For the determination of the plastic viscosity ηp , only the part of the flow curve regard-
ed as linear between D = 500 s−1 and D = 1000 s−1 is evaluated (see Fig. 2.7).

p
p

p
=

τ
η

D
	

(2.4)

The plastic viscosity corresponds to the linear part of the curve of a thixotropic sus-
pension. The plastic viscosity seems to be constant. Its value is of significance for the 
determination of the pressure losses in the pumped lines during the pumping process. 
It is essentially determined by the solids content and the nature of the solids.

Fig. 2.7  Flow curve of a bentonite suspension [69].
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The viscosity of a suspension is also linked with the gel strength. A high viscosity 
always demands a high pump power in the lubrication system.

The gel strength describes the capability of a suspension to form a gel structure. It is a 
measurement of thixotropy under static conditions. The gel strength is defined as the shear 
stress, which is necessary in order to destroy the gel structure under static conditions (i.e. 
at rest). This change from the gel at rest to the sol in movement is measured, for example, 
with a rotating viscometer at low shear rates after 10 s and 10 min in the rest state.

This so-called “0–10 min gel strength” is of great significance for application as face sup-
port. In practice, the filter cake at the face is destroyed by the excavation tools on the cut-
ting wheel. After the excavation tools have passed through, the suspension starts to build 
a filter cake at the face again. For this process, it needs the time for thixotropic consolida-
tion again in order to regain its original condition. This time should naturally be as short 
as possible in order that the state of impermeability is restored at the face as quickly as 
possible. For this reason, the lowest possible value of the 0–10 min gel strength is helpful.

In general, various curves of gel strength are differentiated. As shown in Fig. 2.8, the 
variation of the specific gel strength of a fluid with time should be as low and flat as 
possible for use in lubrication systems.

2.5	 Stability

The stability of a suspension describes, according to DIN 1342-3 [18], “the property of 
not segregating or only slightly in the course of time”. If the components of a suspen-
sion segregate, then the suspension is unstable. Stable suspensions on the other hand 
do not segregate (Fig. 2.9). The suspension components can however be separated 
from each other by mechanical and/or chemical means.

Fig. 2.8  Different types of gel strength [80].
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Walz and Pulsfort [97] differentiate three types of segregation (Fig. 2.10):

Fig. 2.9  Stable bentonite suspension with evenly 
distributed solid particles in water [97].

Fig. 2.10  types of segregation 
of bentonite suspensions: 
sedimentation (left), 
consolidation (middle), 
filtration (right) [97].
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1.	Sedimentation describes the deposition or sinking of solids in a fluid under the ac-
tion of gravity. The result of sedimentation is that the density of the fluid decreases 
in the upper part and increases in the lower part.

2.	Consolidation describes the squeezing together of a tipped or heaped material (card 
house) under its own weight or other internal forces, with water being pressed out.

3.	Filtration describes the separation of solid and liquid components of a suspension. 
In bentonite suspensions, this is the loss of water to a porous surface or a porous 
body (e.g. the surrounding ground acting as a filter) as a result of pressure acting on 
the suspension. Filtration occurs when the suspended solid material either cannot 
penetrate into the pores or the suspension stagnates in the pores of the filter (see 
Section 7.3.1)

Filtration is directly connected with filter cake formation (see Section 7.3.1). Above all 
in permeable soil such as sand, the thinnest and most impermeable filter cake provides 
stabilisation. A filter cake can only be formed with a certain, acceptable degree of fil-
tration and thus water loss. Vice versa, a small degree of filtration can only be achieved 
with a good quality, i.e. thin and impermeable, filter cake.

2.6	 Usual types of bentonite

The bentonite products available on the market can be divided into three basic types:

–– natural calcium or sodium bentonite
–– activated sodium bentonite 
–– polymer-modified bentonite

2.6.1	 Natural bentonite (Ca or Na)

The water absorption and hydration capacity of natural bentonites differ greatly and 
depend on which cations are attached between the elementary layers (see Section 2.2). 
Calcium bentonite with bivalent Ca2+ and/or Mg2+ ions has a water absorption capac-
ity of one and a half to two times its own weight; for sodium bentonite with univalent 
Na+ ions between the layers, this is five to ten times. The exact values depend on the 
deposit genesis of the bentonite, its montmorillonite content, the sodium content and 
the type of ion exchange [7].

2.6.2	 Activated or active bentonite

Since natural sodium bentonite is less common than calcium bentonite, it is consider-
ably more expensive. Calcium bentonite can however be converted into sodium ben-
tonite by exchanging the ions. This can be undertaken naturally by adding sodium 
carbonate (Na2CO3) or through a technical process. The process (Fig. 2.11) is called 
activation and bentonite produced in this way is called active bentonite [7].
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Where Cexcavation is a supplement factor to the excavation surface area for the injection 
into the surrounding ground, Fborehole the surface area of the excavated cross-section 
and Lcomparative is the length of the comparative distance (e.g. 500 m), for which the 
supplement to the excavation surface area was determined. 

Correspondingly, the pumping rate Qpipe string (in m³/min) according to advance rate 
vadvance is

=
	

(7.28)

In these equations, 

–– Vmachine is the initial suspension quantity injected from the tunnelling machine (in 
m³/m)

–– Vpipe string is the subsequent suspension quantity injected from the pipe string (in 
m³/m)

–– Vannular gap is the annular gap volume (in m³/m)
–– Vextra suspension is the extra suspension volume from the machine (in m³/m)
–– ODborehole = ODmachine + lannular gap the outside diameter of the bored hole (in m)
–– ODpipe is the outside diameter of the jacked pipes (in m)
–– s is the penetration depth (in m)
–– Cporosity is the factor for the porosity in soil according to Table 7.12
–– Cjoint volume is the factor for the joint volume in rock according to Table 7.13.
–– Vadvance is the advance rate (in m/min)
–– dw is the effective grain diameter (generally assumed equal to d10, i.e. the grain size 

where 10 % by weight passes the sieve; in mm)
–– 2a is the joint opening width (in mm)
–– ∆p is the pressure difference between the start and the end of the penetration depth 

(in N/m2; typical values ≈ 0.1–0.3 bar = (1–3) × 104 N/m²)
–– τF is the (static) yield point (in N/m²)
–– Cexcavation the supplement factor for the suspension injected into the surrounding 

ground (in m³)
–– Fborehole the developed area of the excavated section (in m²)
–– Lcomparative the length of the comparative distance (here 500 m) for the supplement 

to the casing surface area (in m)

7.7	 Time-dependant loss volumes

The loss of lubrication bentonite into the surrounding ground and the reduction to the 
extent of destruction of the lubricating film occur dependant on time. Any exact calcu-
lation of these effects is however difficult. For example, there is no reliable information 
about the breakdown of a lubrication bentonite with time as a function, of the chemical 
composition of the water, which could be used in such a calculation. The calculation 
of the extra suspension quantity given above covers the normal loss with time, also 
taking into account that a certain time is required for the further advance. The sizing 
of the extra suspension quantity is thus indirectly dependant on time; longer stoppages 
are not taken into account.
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During longer stoppages (some days), it is recommended to maintain the bentonite lu-
bricating film from time to time with regular injections. After regular stoppages, such 
as overnight or at weekends, it is recommended to run the lubrication system again 
before restarting the advance in order to reactivate the lubricating film.

7.8	 Lubrication strategies

The objective of lubrication is to reduce the skin friction or control the required jacking 
force by maintaining an optimal support and lubrication effect in the annular gap. If 
the jacking force is as low as possible, the pipe can be jacked in the most favourable 
case from the main jacking station in the launching shaft alone without any need for 
intermediate jacking stations (interjacks). This can achieve high (net) advance rates.

The term lubrication strategy covers all measures, constraints and considerations, 
which determine the selection of a lubrication cycle, i.e. all settings for the injection of 
lubricant through the individual valves or injection nozzles of the lubrication station in 
the pipe string and the tunnelling machine.

7.8.1	 Interval-controlled systems

The lubrication cycle describes the official opening times of the injection valves or 
connections of the lubrication station in the machine and pipe string taking into ac-
count the sequence of the lubrication station in the control system.

In an interval-controlled system, it is generally possible to configure a normal and an 
extra cycle. The normal cycle provides a control of the lubrication station in the se-
quence of their installation in the course of the advance, i.e. the lubrication cycle starts 
at lubrication station 1, and then opens valves 1, 2, and 3 in sequence. Then it changes 
to lubrication station 2, and again opens all valves one after the other. The larger the 
driven length is, the longer a complete lubrication cycle lasts. This however also means 
that with high advance rate in certain ground areas, particularly the tunnelling machine 
can be supplied with little lubricant. Areas near the shaft are mostly oversupplied since 
the largest number of lubrication station have been driven through here (Fig. 7.29).
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Fig. 7.29  Uneven distribution of injected bentonite over the length of the drive when only normal 
cycle is used. (Source: Herrenknecht AG).

This effect can be prevented by using the extra cycle, which after switching to each 
lubrication station switches to the lubrication station in the tunnelling machine again, 
i.e. after supplying lubrication station 2 in the pipe string, lubrication station in the 
machine is supplied, then lubrication station 3 in the pipe string etc. This scheme can 
be continued for example in the form 1–2–1–3–1–4–1–5–1–6. Use of the extra cycle 
ensures that particularly the important areas in the machine are supplied with sufficient 
bentonite. Several bentonite stations can also be used in the extra cycle, e.g. 1–2–2–
1–2–3–1–2–4–1–2–5–1–2–6–1–2, in order to prefer supply to larger areas around the 
tunnelling machine. In this way, the area near the shaft is not overlubricated (Fig. 7.30).

Fig. 7.30  Uniform distribution of injected bentonite over the length of the drive when normal and 
extra cycles are used. (Source: Herrenknecht AG).
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7.8.2	 Volume-controlled systems

A further development of bentonite systems is the so-called volume-controlled sys-
tems. These enable more targeted and thus simpler and more efficient injection of ben-
tonite along the tunnel drive. This permits a reaction to differences on a specific route 
such as individual zones in gravel (Fig. 7.31). Each bentonite station, which passes 
through this zone, then injects the selected subsequent suspension quantity of extra 
bentonite suspension.

Fig. 7.31  Route-related bentonite distribution with the use of a volume-controlled bentonite 
lubrication ssytem. (Source: Herrenknecht AG).

A volume-controlled bentonite lubrication system works on the following basic prin-
ciples:

–– The control logic is steered by volume.
–– The route is divided into sections each 1 m long. Each section is classified accord-

ing to the geological conditions and initial and subsequent injection quantities are 
assigned to the sections (litres per driven metre and metre of advance).

–– The system automatically supplies each section of the route with the specified quan-
tities as the drive advances.

–– The initial injection quantities are injected at the first bentonite station.
–– At the remaining route sections, the subsequent injection volumes within a route 

section add up (the specified subsequent injection volume for each driven metre is 
additional) until a bentonite station reaches this route section and then injects the 
accumulated bentonite quantity.
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Fig. 7.32  Display of the system monitor of a volume-controlled lubrication system. (Source: 
Herrenknecht AG).

For this volume-controlled way of working, the computer maintains the following data 
(Fig. 7.32):

–– The current drive length or position of the tunnelling machine
–– The position of the outlet valves (bentonite stations) relative to the pipe sequence 

and the route
–– The stroke lengths of the intermediate jacking stations
–– The saved information about the geological conditions, configured suspension 

quantities and injected quantities for all route sections

The system controls up to four bentonite pumps and displays the associated pressure 
and flow data graphically. 
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7.8.3	 Lubrication strategies for initial and subsequent injection

The most important area for building up effective bentonite lubrication is where the an-
nular gap is created, directly at the shield or at the latest just behind it at the transition 
to the jacked pipe. The bentonite injection in this area is described as initial injection 
(Fig. 7.33). The tasks and objectives of the initial injection are:

–– Filling of the annular gap with bentonite suspension, in order to avoid flushing back 
from the face and cuttings

–– To hold excavated particles in suspension through the gel strength of the bentonite 
suspension

–– To support the surrounding ground by applying a support pressure
–– To build up a support pressure through the formation of a filter cake or through the 

penetration of bentonite suspension into the ground until stagnation
–– Reduction of skin friction between the undisturbed ground and the jacked pipe

When all these points are fulfilled, the foundations of effective lubrication have been 
laid.

Since effective lubrication directly at the shield can lead to a great danger of the ma-
chine rolling on some projects, the location of the initial injection in these cases is 
transferred to the first jacked pipe (Fig. 7.34). 

Fig. 7.34  Transfer of the initial injection: left normal initial injection, right initial injection in case of 
great danger of the shield rolling. (Source: Herrenknecht AG).

Other countermeasures against the danger of rolling are tension connections rolling 
security of the shield with as many concrete pipes as possible or the use of extending 
anti-roll fins on the shield. 

Fig. 7.33  Principle of initial and subsequent 
injection. (Source: Herrenknecht AG).
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The bentonite quantities injected in the course of the so-called subsequent injection 
(Fig. 7.33) from the rest of the pipe string serve to compensate any losses of lubricant, 
which occur in the course of the drive due to washing out or loss into the ground or 
changing of the suspension properties over the course of the drive due to decomposi-
tion, reduction or loss of the yield point or the viscosity etc.

Both the area of the machine (initial injection) and the rest of the pipe string (sub-
sequent injection) have to be supplied with bentonite suspension. The priority is the 
initial injection.

The supply for initial injection must always be ensured, under all circumstances and 
in sufficient quantity. For this purpose a separate lubricant supply (separate from the 
supply to the lubrication points in the following pipe string) is to be provided.

The use of a lubricating ring is very suitable to achieve uniform and homogeneous 
distribution of the lubricant around the perimeter of the machine or the pipe string. The 
advantage of this injection system is that the lubricant can be injected into the annular 
gap and the surrounding ground in sufficient quantity and around the entire perimeter 
under a moderate injection pressure.

7.8.4	 Special lubrication strategies with Direct Pipe© and related processes

With the Direct-Pipe© process, on smaller pipe jacks and for special applications, it 
can occur that no injection connections can be placed along the pipe string. The reason 
for this is either that the casing of the product pipe cannot be damaged (Direct Pipe©), 
or that the pipe diameter is so small that either no installation of lubrication points is 
generally possible or removal of the lubrication points after the completion of jacking 
would not be possible.

In this case, the entire bentonite lubrication has to be covered by the initial injection 
and cannot be topped up. This poses increased requirements for the quality of the 
products used as well as the jacking technology. Since in such cases larger overcuts are 
used and the entire bentonite quantity is more or less injected at one location, the use 
of a bentonite lubricating ring or special large-area bentonite injection boxes is to be 
recommended.
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