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Abstract

During mechanical tunnel driving in fine grai-
ned soil or rock the excavated material often
sticks to the cutting tools or conveying system,
which may cause great difficulties in its exca-
vation and transport. In the InProTunnel project
this problem is faced on different scales parti-
cularly for the method of Earth Pressure Ba-
lanced (EPB) shield tunnelling. Major influences
from tunnel boring machine (TBM) operation
are identified by project data analyses, clog-
ging propensity is evaluated by a new labora-
tory test, alternative manipulation techniques
are developed based on modifications of the
physico-chemical and electroosmotic beha-
viour of clay minerals and will be tested in an
especially designed clogging test system.

1. Introduction

In the course of the joint research project »Inter-
facial Processes between Mineral and Tool
Surfaces - Causes, Problems and Solutions in
Mechanical Tunnel Driving« (InProTunnel) the
problem of clogging during tunnel driving in
fine grained soil or rock is investigated particu-
larly for the method of EPB shield tunnelling.
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Three university institutes and four industrial
partners are working on new techniques to
identify the relevant effects and interactions on
different scales. Furthermore, new manipula-
tion methods for the avoidance or reduction of
adhesion-caused impacts are investigated. The
resulting proposals for solution will have a
positive effect on the efficiency, sustainability
and profitability of tunnelling projects.

In a first step, data deriving from TBM opera-
tion, geological and environmental parameters
are analysed (cf. ch. 2). Detected correlations are
used to identify positive or negative effects with
respect to the sticking of excavated material to
the cutting tools or transportation equipment.

Secondly, new laboratory tests to investigate
and classify different soils and rocks are deve-
loped as until now no suitable test procedure
or classification scheme for the clogging po-
tential is available (cf. ch. 3). The adhesion of
clays or clayey soft rocks in mechanical tunnel
driving has already been investigated in several
research projects (Jancsecz 1991, Wilms 1995,
Thewes 1999, Burbaum 2009); nevertheless,
no generally accepted (standardized) test cur-
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Figure 1: Graphical multi-axes evaluation of TBM and geological/geotechnical data

rently exists to determine the clogging beha-
viour from a practical (tunnel) construction
point of view.

Clay minerals show a mechanical behaviour
which cannot simply be extrapolated from clas-
sical soil mechanics. The mechanical properties
of fine-grained soils like clays are intimately rela-
ted to the chemical properties of the respective
minerals and pore fluids. Additionally, it is well
known, that electric fields strongly affect the
mechanical behaviour of soft soils. Since these
processes are of great importance for the occur-
rence of adhesion and/or clogging as well as for
the development of methods for their reduction
the acting mechanisms are investigated on the
micro scale in a third part of the project (cf. ch. 4).

Finally, new manipulation techniques based on
chemical modifications as well as electroosmo-
tic methods will be tested in a realistic test
setup. These tests are presently in the design
state (cf. ch. 5).

2. Data Analysis from TBM tunnelling
projects

2.2. Project Database

The data generated by tunnel driving with
TBM (penetration, thrust forces, pressures of
annular grouting etc.) are crucial information
for the interpretation and prediction of advan-
ce rates and potential troubles. The same applies
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for survey data and geological or geotechnical
information.

Based on a powerful SQL database an applica-
tion to collect, store, process and analyse the
data of tunnel projects has been developed.
Project partners have direct access to the data-
base by means of a web-based graphical user
interface (GUI). The application is designed as
a socalled »thin-client« based on a central ser-
ver database. Thus the application is indepen-
dent from operating system and can be acces-
sed from anywhere via internet. Only an inter-
net browser is needed to run the application.

The basic function of the database is the sto-
rage of TBM data. Moreover, survey and geo-
logical/geotechnical data or any other type of
process data referenced to chainage or time
can be incorporated. All kinds of data can be
processed and analyzed in graphical or tabular
format regarding chainage or time. Standardiz-
ed charts and tables as well as individual ones
can be generated. Even a multiaxes evaluation
of the data is feasible. Thus, the system is
capable to interconnect all data of a project to
become aware of existing correlations. Detec-
ted correlations can be used to identify positi-
ve or negative effects from different parame-
ters with respect to e.g. the degree of sticking
of excavated material.

In the framework of the InProTunnel project da-
ta from one tunnel project in southern Germany,



where clogging problems were encountered, are
available in the database. In figure 1 values for
the local water inflow at the face, the relative
amount of sticking of excavated material to
the cutting wheel as well as the contact force
of the cutter head are given for an approxima-
tely 3 km long tunnel part. Moreover, the
respective geology is plotted in the background.
The chart shows, that the clogging of the cutter
head is strongly related to the water inflow at
the face which is directly linked to the respec-
tive geology. Another fact is, that the sticking
of excavated material to the cutting tools leads
to an increasing contact force of the cutter
head, when regarding the respective geology.
The needed energy and the corresponding
construction costs increase.

2.2. Influences on clogging from geology

and TBM operation

When regarding the processes that lead to

clogging problems in a TBM drive one has to

distinguish between primary and secondary

causes. Primary causes are mainly the follo-

wing geotechnical conditions:

— The composition of the subsoil, especially
the type and amount of clay minerals,

— The slaking durability,

— The water content of the soil prone to clog-

ging and/or the availability of free water in the

adjacent soil.

In this connection not only one layer or type of

soil has to be regarded, but all materials that

will be excavated at the same time have to be

taken into consideration.

The secondary causes of clogging result from
the interaction between cutting technology and
subsoil. During the excavation and transport of
the material the mechanical wear causes a loss
of strength which may even lead to a complete
disintegration of the composite structure. The
varying consistency of the fine grain fraction
and its percentage with respect to the total soil
mass are major influences on the clogging pro-
pensity. In several TBM drives it could be obser-
ved, that a higher sand fraction in the excavated
material led to considerably lower adherences.

Adherences may occur at all surfaces that are

in contact with the excavated material during
excavation, transport or disposal. The material
first sticks to the tool surfaces due to adhesion
forces. Clogging problems will follow when
the amount of adhering soil leads to a narro-
wing in the transportation ways:

— The material is compacted and pressed to
the tool surfaces or already adhering soil. By
this, also material that normally shows no
clogging propensity often tends to stick.

— Because of the possibly high pressure the
adhesive forces may be considerably higher
as well.

— If the inner strength of the soil (cohesion) is
higher than the forces acting during excava-
tion and (unpressurised) transport soil
agglomerations can persist. When pressed
through narrowings these aggregates may
be squeezed or sheared. This leads to an
exposure of their inner parts, where the
water content and the clogging tendency is
often much higher than in the rest of the
excavated material.

If the adhering soil has no lateral support, high
adhesive forces and/or cohesion is needed to
prevent it from breaking of. Usually clogging is
observed much less on moving parts, where not
only gravitational forces like on stationary parts,
but also rotational or shear forces are acting.
However, the mechanical wear of the material
in connection with the machinery working on
the TBM leads to a massive rise of the tempera-
ture, which again results in very tough and per-
manent adherences. This can be very unfavou-
rable, when these hard adherences act as a
kind of support for softer material. For exam-
ple, during a TBM drive the roller bit boxes are
often filled with fairly wet soil. On the frontside
and the backside this material is sliding (rota-
ting) over the material in the excavation cham-
ber or at the tunnel face, which frequently leads
to the described effects. Such kind of adheren-
ces can be very long-lasting and can be carried
far beyond the areas of subsoil that is originally
prone to clogging.

As already seen before (cf. Fig. 1) the occur-
rence of clogging is very much dependent on
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Figure 2: Adherences in the roller bit box of an EPB-TBM

the availability of water and the resulting con-
sistency of the excavated material. When the
original subsoil is relatively dry and only the
tunnel driving operations cause a contact with
water, then sometimes layered adherences are
formed. In figure 2 heavily protracted adheren-
ces with such a layered structure are shown.
The original colours are grey in the inner part
(1), brown (2), grey (3) and light grey on the
surface. When the picture was taken, the
outer cutting wheel openings were almost free
from clogging. Only the roller bit boxes sho-
wed the protracted adherences from earlier
occurrences of water inflow. In the cross sec-
tion A-B it can be seen how the adhering soil
has been pulverized in the (rotating) contact
surface to the material in the excavation cham-
ber, has lost water due to the high temperatu-
re and changed its colour from a dark to a ligh-
ter grey. This very hard layer acts as a kind of
protection for the softer soil within the roller
bit box, which had to be removed by hand in
the end.

3. Laboratory testing of the clogging
behaviour

3.1. Cone pull-out test

For a better identification and quantification of
the mechanisms affecting the clogging beha-
viour on a laboratory scale, the so called »cone
pull-out test« has been developed (Feinende-
gen et al. 2010). The equipment and the test
procedure are shown in figure 3.
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The sample material is compacted in a stan-
dard proctor device, a steel cone is inserted
into a pre-drilled coneshaped cavity and loa-
ded for 10 minutes with the magnitude of the
applied load between 3.8kN/m2 and 189kN/m?2
depending on the consistency. The load is then
taken off and the specimen is placed in a test
stand where the cone is pulled out with a velo-
city of 5 mm/min. The tensile forces and the
displacements are recorded.

Different clay types with varying mineralogy
and plasticity have been tested up to now in a
number of test series with different cones and
soil consistencies. Table 1 shows the relevant
properties of some selected clays.

3.2. Preliminary tests

In the following, some exemplary results of
preliminary tests on the so called »clay 3«, a
medium plastic clay from a quarry in the Wes-
terwald (Germany) are illustrated. One impor-
tant difference -amongst others- was, that the
test cones in the later main experiments (cf. ch.
3.3) consisted of stainless steel, which has dif-
ferent surface characteristics than the con-
structional (black) steel that was used in the
preliminary tests. The results thus cannot be
compared directly.

It should be mentioned, that all curves shown
in the following normally represent the mean
values of four tests. Only when the deviation is
too large, the respective data are neglected.

Figure 4 shows the progress of the vertical ten-



Table1: Tested clays

Figure 3: Cone pull-out test

Clay 3 13 14 15 16
Plasticity lp | % | 27.6 | 211 129 | 507 | 385
Liquid Lim.wL | % | 47 493 | 1597 | 72.3 | 455
Plastic Lim.wp | % | 194 | 28.2 | 30.7 | 21.6 70
Lossonign. [% | 4.1 3.9 2.6 4.9 n.d.
Calciumcont. |% | 0.1 041 0.2 16.4 | nd.
<0.063 %| 88.0 | 88.0 | 97.0 | 95.0 | 96.0
<0.0002 %] 72.0 | 59.0 | 33.0 | 49.0 | 86.0
Smectite % - 20 | 350 | 175 | 100
Kaolinite %] 295 | 65.2 | 36.0 | 39.5 -
llite %] 235 | 125 | 7.0 | 200 -
Calcite % - - - 4.0 -
Chlorite % - - 1,0 - -
Quarzite %| 47 203 | 15.0 | 16.2 -

sile stresses for clay 3 tested with different
cone inclinations at a consistency of I- = 0.70.
It can be seen, that with the »nearly flat« cone
0 (10°) tensile forces can only be measured for
displacements less than 3mm, while with the
»steep« cone 4 (72.6°) they are acting over a
quite large range up to 11mm. After several
comparative tests, only cone 3 (58°) was used
furthermore, since it provided the most cha-
racteristic results for all analysed soils.

In figure 5 the respective results for different
consistencies tested with cone 3 are shown.

Here the stiff material (I- = 0.85) shows quite
high tensile stresses at very short displacement
ways whereas for the softer material the maxi-
mum decreases with tensile forces still acting
over large ways. An integration of these tensi-
le stress-displacement curves delivers the »Pull
Energy« which represents the energy that is
needed to pull the cone out of the soil.
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Figure 4: Tensile stress - displacement curves for different
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Figure 6: Adhering soil for IC = 0.20 and IC = 0.4
(0° = viewing direction)

In addition to the tensile stress measurements,
after each test the mass of adhering soil (cf. fig.
6) was determined by weighing. This parameter
is defined as »adherence« in the following.

When plotting the pull energy, which was deri-
ved from the tensile (= bond) stresses, over the
consistency and comparing it to the measured
adherences, a good correlation could be obser-
ved from the first tests series (fig. 7). Both the
clogging potential as well as the adherence
show relatively high values in a soft to stiff
consistency and a decrease towards the »wet«
and the »dry« side. This corresponds quite well
with the experiences from practice (Weh et al.
2009a, b). Clogging problems mainly occur,
when the material in the excavation chamber
is in or gets into a plastic state. They are usual-
ly much smaller when the soil is very dry or
near liquid.
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Figure 5: Tensile stress - displacement curves for different
consistencies
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Figure 7: Pull energy and adherence over consistency

3.3. Main experiments

In the main experiments four different clays
were examined: clay 13, like clay 3 from the
Westerwald; clay 14, the extremly plastic so
called »Ypresian Clay« (= »London Clay«); clay
15, the again well-known »Boomse Klei« and
clay 16, which represents a pure smectite.

In figure 8 the curves of the pull energy over
the consistency are shown for these four clays,
whereas in figure 9 the corresponding adher-
ences are plotted. It can easily be seen, that the
(quantitative) correlation of these curves is not
always as good as in the preliminary tests, but
the (qualitative) shape is still somehow similar.
Nevertheless, from figure 9 a direct compari-
son of the four soils can be drawn. Clay 14,
the »Ypresian Clay«, shows a characteristic
steep developing with a very high maximum of
adherence (1150 g/m?) at a consistency of I =
0.54. The curves for clay 15, the »Boomse
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Figure 10: Draft of a classification scheme

Klei« and the pure smectite (clay 16) are more
even with considerably lower adherences of
275 g/m2 and 350 g/m?2 respectively. Finally, for
Clay 13 from the Westerwald the maximum
value of 700 g/m2 lies in between, but the cur-
ve is a bit irregular.

3.4. Evaluation of the clogging potential
Based on the results obtained so far, a draft of
a classification scheme to quantify the clog-
ging potential of different fine-grained soils
has been developed (fig. 10). Classes of high,
medium and low clogging potential are assig-
ned to the diagram with the adherences deri-
ved from the cone pull-out tests plotted over
the consistency.

One can directly identify the very high risk of
clogging for clay 14. In particular, the sharp
increase of the curve up to the maximum of
1150 g/m2 is a strong indication for problems
to be expected. Also Clay 13 with a maximum
adherence of 700 g/m2 will lead to extensive
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Figure 9: Adherence over consistency

clogging. But also for the two other clays note-
worthy adherences have to be reckoned with.

In this connection it should be mentioned, that
all clays presented here were deliberately cho-
sen as »sticky« clays. Other samples were exa-
mined that showed adherences of less than
100 g/m2 and can thus be defined as »not
prone to clogging«. Anyhow, the ranges of
high, medium and low clogging potential are
up to now defined arbitrarily. There is still a
strong need for a verification by the EPB tun-
nelling praxis!

4. New manipulation techniques

4.1. Theoretical background of the chemo-
mechanical coupling of clays

Clay minerals are characterized by strong elec-
trical attractive and repulsive forces that vary
significantly in magnitude depending on mine-
ralogical composition and the charge on their
surface as well as on their edges. Thus the clay
mineralogy becomes important in geotechnical
engineering with fine-grained soils. The region
in the particles size vs. stress field where
chemo-mechanical coupling may take place
reflects the relevance of double layer pheno-
mena as well as the relative balance between
local contract-level electrical forces and boun-
dary-skeletal forces resulting from Terzaghi's
effective stress (Santamarina et al. 2002).

The chemo-mechanical coupling plays an
important role for the engineering response of
the material. Numerous authors have already
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Figure 11: Variation of the liquid limit of Smectite and Kaolinite for different dielectric constant (left) or electrolyte con-

centration (right) of pore fluids (after Spagnoli et al. 2010b)

investigated the problem (Mesri and Olson
1970, Anandarajah and Zhao 2000, Spagnoli
et al. 2010a). Dielectric constant and electroly-
te concentration of the pore fluids are impor-
tant controlling parameters, particularly in the
case of 2:1 expanding clays such as Smectite.
Kaolinite (1:1 non-expanding clay) and lllite
(2:1 non-expanding clay) do not respond in the
same way. In fact, they have a very thin diffu-
se double layer (DDL) expansion (Gajo and
Maines 2007) due to the negligible isomorphic
substitution. With increasing salt concentra-
tion the DDL thickness decreases leading to
smaller specimen volume. For the following
discussion, it will be assumed that the DDL the-
ory is applicable.

Clay particle systems are frequently described
as a series of parallel clay particles. The Pois-
son-Boltzmann equation (Mitchell and Soga
2005) for a single particle can be used to
obtain the midplane electrolyte concentration
and potential between two particles. An
approximate indication of the influences of
particle spacing and pore fluids chemistry can
be seen in terms of thickness of the DDL.
However, the variation of liquid limit for
Kaolinite with fluids of different dielectric con-
stant or electrolyte concentration is almost
negligible compared to the variation which
occurs for Smectite (Fig. 11). The difference in
chemo-mechanical behaviour of Kaolinite and
Smectite is probably due to the existence of
two different mechanisms governing the liquid
limit. One mechanism might be controlled by
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the thickness of the DDL which governs the
liquid limit. Sridharan and Venkatappa Rao
(1975) stated that the liquid limit of soils is
mainly controlled by the amount of DDL held
water. The most important conclusions, con-
cerning the structure of the double layer as
function of the electrolyte concentration (and /
or dielectric constant) of the fluid is, that the
extension of the double layer in solution decre-
ases with increasing electrolyte concentration
(or decreasing dielectric constant).

This can be seen from the fact that the liquid
limit for Smectite is 455 % with water and
89% with a non polar fluid. Since liquid limit is
the amount of fluid which must be added to a
soil to allow the layers most distant from the
soil particle to acquire the properties of free
water (Sridharan et al. 1988), it can be stated
that the fluid content at the liquid limit is con-
tributed also by the fluid content due to the
diffuse double layer. Therefore, the liquid limit
is a measure for water (or fluid) held as double
layer water (held with rigidity) plus water (or
fluid) in the liquid state. For this reason, the
decrease in liquid limit for Na-Smectite with
non-polar fluids can be explained by a sup-
pressed or thin double layer which is in accor-
dance to equation (1).

(M

where 1/x is the DDL thickness (in nm), T is the
absolute temperature given in K, ng the ionic
concentration in the bulk solution in mol/l, ¢,
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Figure 12: T - potential measurements for Kaolinite (left) and Na-Smectite (right)

and ¢ are the electric permittivity of vacuum and
the relative dielectric constant of the pore fluid,
respectively, whereas v2? is the valence of the
prevailing cation. The constants are the elemen-
tary charge (e = 1.602-10-19 C) and the gas con-
stant (R = 8.3145 J/mol-K) (Israelachvili 1991).

For Kaolinite a change in the fluids dielectric
constant (or electrolyte concentration) does
not lead to any appreciable change in double
layer thickness. In addition, it could be stated
that the DDL for non-swelling clays is very
small or not existing. Hence, the diffuse double
layer approach does not apply for such clays.

4.2. {-potential measurements

The electrokinetic behaviour of clay suspen-
sions was investigated using an electroacoustic
technique (DT1200 C-potential analyzer, Dis-
persion Technology, Inc., USA), which is based
on the determination of the dynamic mobility
obtained from the electrokinetic sonic amplitu-
de signal (ESA) of the charged particles in non-
dilute suspensions (Galassi et al. 2007). Simulta-
neously the electrophoretic mobility p is calcula-
ted using the following equation (Dukhin and
Goetz 2002):

= R G, o)) + F (D0, )
3n(p, —pa)e,

)

where ¢ is the dielectric constant of pore fluids,
go the dielectric constant of the vacuum, pp the
density of the particles, ps the density of the
dispersion, pm the density of the medium, G is
a function, Du the Dukhin number, w the fre-
guency and ¢ the volume fraction (Dukhin and
Goetz 2002). The advantage of this technique
is the ability of propagating ultrasound
through samples that are not transparent for

light and therefore this technique offers a uni-
gue opportunity to characterize concentrated
dispersions (Dohnalova et al. 2008).

In figure 12 the variation of the T-potential for
dispersions of Kaolinite and Na-Smectite with
different ionic strength and pH is shown. It can
be observed that for Na-Smectite, the T-poten-
tial is negative for the whole pH interval. It is
essentially independent of pH. In contrast, the
C-potential of Kaolinite becomes more negati-
ve with increasing pH. Increasing the ionic
strength the values of T-potential become less
negative. With a 1M electrolyte concentration
for both materials, the T-potential is slightly
positive (between 2 and 3 mV). Experimental
results show that the T-potential is in general
more negative at high pH, low ionic concen-
tration and low ion valence (Santamarina et al.
2002). The increasing negative C-potential of
Kaolinite in case of pH rise can be attributed to
the deprotonation of the aluminol group on
the edges of the Kaolinite, forming a comple-
xed anion which contributes to the rise of the
negative surface charge and subsequently to
an increase of the repulsive forces among par-
ticles. The different electrokinetic behaviour of
the tested clays results from the fact that
Kaolinite has OH™ termination sites on the
gibbsite face as well as on the edges, while
Smectite has OH~ sites only on the edges
which play a negligible role in determining the
electrokinetic parameters (dominated by the
constant negative charge of faces) of Smectites
(Benna et al. 1999). Others have found that the
C-potential of Smectite, though relatively con-
stant at - 30 mV between 105 and 10-2 M, did
fluctuate up to 10 mV with changes in the
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and with additional application of an electrical field (right)

concentration of indifferent electrolyte (Hunter
19817). As only 5% of the negative charge of
the 2:1 clay minerals is controlled by the pH
value, whereas 50% or more of the surface
charge of 1:1 minerals are controlled by the pH
value (Das 2008), it can be stated, that the C-
potential of swellable clays is less sensitive to
pH variations than that of 1:1 minerals. Regar-
ding the positive values of the T- potential for
1M NacCl, we are not sure whether this is due
to the rapid sedimentation in the measuring
chamber or due to the higher ionic strength.

4.3. Variation of the clogging of clays

Several modified direct shear tests were per-
formed for Kaolinite and Na-Smectite mixed
with water and 1 M NaCl to reach a consisten-
cy of 0.5. The sample was gently places at a
metal surface, loaded with very low pressure
(15-75 kPa) for 10 minutes and then sheared
with a shear rate of 0.5 mm/min. With this test
the shear resistance of the interface between
clay and metal may be described by the
Coulomb criterion. It has two components: the
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adhesion (resistance at zero normal stress and
a frictional component (adhesive friction; des-
cribed by the angle §). In this case, the adhesi-
ve shear strength of clay on metal is less than
the applied shear stress and also less than the
internal shear strength of the clay (Kooistra et
al. 1998). Spagnoli et al. (2010c¢) described the
strong variation of adhesive shear strength for
Na-Smectite for different pore fluids while for
Kaolinite no variation occurred. It is interesting
that for Na-Smectite with water as pore fluid,
the shear resistance is independent of the nor-
mal stress. The results (fig. 13) show for Na-
Smectite a slight decrease of adhesion strength
but a general increase in internal shear strength.
From a pure mechanical point of view, clog-
ging occurs during modified shear tests if:

a-¢
o
tang — tan &

: 3)
It is theoretically possible to predict if sticking
will occur when the adhesion (a), the cohe-
sion (c), the adhesive friction angle (8), the
internal friction angle (¢) and the normal
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stress (o,,) are known.

Starting from the assumption stated by the
DDL theory the clogging of Na-Smectite mixed
with water and 1 mol/I NaCl, adjusted to diffe-
rent consistencies (0.55, 0.65, 0.7, and 0.85)
was investigated using the cone-pull out test.
Figure 14 (left) shows that the clay mixed with
the 1 mol/l NaCl fluid does not stick any more
to the cone. In fact, the increased internal
shear strength of the clay due to the mixing
with a fluid with higher electrolyte concentra-
tion, leads to a general drop of the stickiness
of the material.

Geotechnical engineers have investigated and
applied electroosmosis to consolidate and
strengthen clayey soils and mine tailings since
the 1940s (Casagrande 1947). Other success-
ful field applications of electroosmotic consoli-
dation included Bjerrum et al. (1967) and Lo et
al. (1991). Davis and Poulos (1980) studied the
use of electroosmosis to aid pile driving in clay-
ey soil. However, electroosmosis could also be
used to reduce the clogging of the material.
Therefore, experiments with the cone pull-out
test were performed. The procedure is the
same as explained before. In this case the cone
was used as cathode while the proctor pot was
the anode. A potential of 2.5V was used in all
tests by applying DC for 10 minutes. After this
time the cone was pulled out. Fig. 14 (right)
shows the results.

The drop in clogging for both clays is clearly
visible. By applying an electric charge to the
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steel parts, water can be transported through
the clay by electroosmosis to the interface bet-
ween the clay and the steel. This creates a film
of water at the clay-steel interface and there-
fore reduces the adherence. However, the use
of DC could be a disadvantage. Extended elec-
trical laboratory investigation was performed
by using AC. Not only current intensity but also
water flow depend on the electric impedance
of the electrode-soil system (ERS impedance), i.
e., the current intensity depends on the soil
resistivity and on the electrode-soil contact
(ERC) impedance. It has been shown that for
DC measurements the contact impedance is
often crucial for the system impedance where-
as for high frequencies (e. g. 10 kHz) the influ-
ence of the contact impedance is of minor im-
portance. Electrical impedance spectroscopy
(IS) measurements were carried out (two elec-
trodes) to study the properties of the electro-
de-soil system (ERS) and especially the influen-
ce of the contact impedance on the ERS impe-
dance. IS measurements on clay samples were
performed in the frequency range from 1 Hz to
1 MHz using the IAlI impedance analyzer
PSM1735. Fig. 15 shows that AC signals are
more effective in reducing adherence than DC
signals due to the lower resistivity. Therefore,
with AC generally lower field strengths are
needed to reduce the adherence time.

However, application of electroosmosis during
operational tunnel heading could lead to pro-
blems in the tunneling practice. By applying a
negative charge to the steel surface of the



TBM, this steel surface is protected from corro-
sion. However the anode will corrode faster
compared to an uncharged surface. The anode
will not only wear out faster; a rusted anode
will also have a lower conductivity and as a
result the amount of water transported by
electroosmosis will be lower. Furthermore, the
voltages used to generate an electroosmotic
flow will electrolyze the water. Therefore hydro-
gen and oxygen gas will develop due to the fol-
lowing half reactions for water electrolysis:

at the anode: 2H,0 — 4e™ = 0O, (g) + 4H+

at the cathode: 2H,0 + 2e™ — H, (g) + 20H"

The oxygen developed at the anode will pro-
bably not cause problems. However the hydro-
gen gas is flammable, and if mixed with oxy-
gen at the right concentration it can explode.
When an electric current passes through a clay
specimen, the clay is heated and the tempera-
ture will rise. As the specific resistance of clay
is many times larger than that of steel, the heat
development in the clay is many times larger
than in the steel electrodes. Also the influence
of the electrical current and magnetic fields on
computers and electrical machines inside the
TBM s difficult to predict.

5. Clogging test system

To transfer and prove the results of the new

standardized adhesion laboratory test and to

verify new manipulation techniques, a Clogging

Test System (CloggTs) will be developed. It is

designed to support the geotechnical cohesice

soft ground evaluation and conditioning related
to clogging affinity in early project phases. The
test also aims at coming closer to some geolo-
gical-geotechnical aspects and to the reality of

TBM layout with respect to material excavation

and conveying processes in EPB-TBM. Some

major demands on the test procedure are:

— To construct a robust, effective and econo-
mic clogging test system adapted to multi-
ple use.

— To log those operational TBM data relevant
for detecting clogging. Among those are
visual notes, advance rate, face contact
force of the cutting tool, torque of cutting
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and conveying tools, cutting tool revolution
(rpm), temperature, and if so, the amount
of additives given into the system. It is plan-
ned to vary operational data during testing.

— To avoid or control unwanted processes and

other effects on operational data. Among
these are face support managing (including
material conditioning, excavation mode
variation), not well documented geological
changes and TBM technical adaptations.
Empirically, these effects may complicate
the assessment of the clogging affinity of
the subsoil in TBM drives.

— To enable a systematic and complex investi-

gation of clogging and soft ground material
conditioning. This includes the detection of
index properties and other characteristics of
the ground and additives. Besides classical
parameters also parameters relevant to clog-
ging like ground water saturation, slake
durability, adhesion stress, CT-potential, clay
mineralogy, void ratio, swelling potential or
cation exchange capacity (CEC) are involved.

— To test geomaterial samples taken undistur-
bed if possible. High quality samples (bore
cores) are preferred. By this, further geologi-
cal/geotechnical ground characteristics that
may be of importance for the adhesion/clog-
ging propensity can be involved. Among
those are low-scale geological interbedding
and fissuring (e. g. fissured clays), ground
water saturation, anisotropic ground proper-
ties and mixed tunnel face conditions.

— A complex approach with well defined

testing conditions may contribute to a bet-
ter understanding of the sometimes puzz-
ling situation with respect to stickiness of
soft ground materials.

— To assess the transferability of medium-scale

test results to TBM projects.

— To evaluate the efficiency and applicability
of chemical or physical conditioning (clay
surface manipulation) of soft ground mate-
rials regarding technical, operational and
environmental aspects as well as the reuse
of the excavated material.

The clogging test ground samples in bore cores
(diameter approx. 100mm, length approx. 0.5
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- 1.0 m) are cut using open steel cutting tools.
The opening ratio and the design of these
tools will be varied. Driving and rotation of the
cutting tool assembled on a drill pipe is reali-
zed by a linear rotary drive on a guidance. The
bore cores to be cut are fixed to prevent them
from sliding and extruding. The material trans-
port is realized with a screw conveying system
which is affixed to a drill pipe. The test system
is inclined as for the screw conveyor position in
EPB drives. A simplified plan of the clogging
testing system is shown in figure 16.

The process measuring and control units are
used to set and vary testing parameters.
Advance rate, face contact force and possibly
revolution of the cutting wheel are planned
to be varied during tests. These parameters
shall simulate a range of operational data
typical for TBM drives in clays, clay soils and
clayey soft rocks.

For a conditioning the of material an adapted
dosage unit is used. Water, electrolyte solu-
tions, slurries or foam can be added to the
system in front or behind the cutting tool using
a channel inside the drill pipe. For possible
electrokinetic tests the cutting tool could be
used as cathode. For foam conditioning an
adapted foam generator can be used.

6. Summary

In the joint research project InProTunnel the
problem of clogging during EPB tunnel driving
in fine grained soil or rock is investigated on
different scales.

From the analyses of project data, amongst
others based on a SQL database, some factors
of prime importance for the occurrence of
clogging problems were determined. In addi-
tion to the evident parameters (clay) mineralo-
gy and particle size of the excavated material,
in particular the significant influence of the
water content and/or water inflow and the
resulting (change of) consistency of the mate-
rial could be identified.

With the cone pull-out test a practical labora-
tory test to investigate different soils with
respect to their clogging behaviour could be
designed and put into practice. Based on the
newly defined parameter »adherence« a draft
for a classification scheme for the clogging
potential has been developed. Anyhow, the
new tests still needs to be verified by the EPB
tunnelling praxis.

In the context of a comprehensive examination
of the chemomechanical coupling of clays the
influence of different pore fluids and their
impact on the mechanical behaviour has been
investigated. Shear tests and cone pull-out
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tests show the effectiveness of modified elec-
trolyte concentrations as well as the applica-
tion of an electric charge to the steel parts with
respect to a reduction of the adhesion.

Finally, the different factors affecting the clog-
ging propensity, that have been identified so
far, will be studied in a TBM-like medium-scale
test. The respective test setup is currently in the
concept state.
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