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ABSTRACT

Tunnel face stabilization is one of the three key elements of the soft ground tunnelling.
Slurry shields are known to be a reliable excavation method in non-cohesive soils under
groundwater level. In such conditions, they can actively support the tunnel face while
minimising of the support pressure fluctuations. Two fundamental conditions must be
fulfilled to stabilize a tunnel face: A sufficient face support pressure in the excavation
chamber and an efficient pressure transfer of slurry excess pressure onto the soil
skeleton. At the time of introduction of the slurry shield, the theories to describe the
pressure transfer were transferred from diaphragm wall technology, in which the
bentonite slurry supports the open trench. In the past, however, increased pore water
pressures above the hydrostatic level were measured in front of the tunnel face during
excavation. The measurements could not be explained by the pressure transfer
theories from diaphragm wall technology. The increased pore pressure significantly
reduces the efficiency of the face support. It is expected that the increased pore
pressures result from the continuous disturbance of the pressure transfer mechanism
by rotating cutting tools at the tunnel face during excavation. The objectives of this
thesis are to understand the consequences of simultaneous slurry penetration and tool
excavation process at the tunnel face. A further aim is to characterize the pressure
transfer and resulting tunnel face support efficiency for various combinations of slurry

penetration and excavation scales.

Considering the state of the art of slurry face support and of face stability assessment,
two hypotheses about the pressure transfer during slurry shield excavation resulting
from the interaction between cutting tools and pressure transfer mechanism are
formulated. Case A and Case B of the interaction at the tunnel face are introduced
based on local comparison between slurry penetration and tool cutting depth. The
Case A stands for higher cutting depth than slurry penetration depth, while Case B
represents shallower cutting depth than slurry penetration depth. It is concluded that
each case requires different approach of characterization due to repeated primary

slurry penetration in Case A and slurry re-penetration in Case B. To obtain the basis for



VI

the further comparison with slurry penetration scale, the typical relationship between
cutting depth of a tool and the timespan between subsequent tool passing was
determined from reference excavation projects. Following on this the slurry
penetration was investigated experimentally. Time-dependent permeability of soil for
slurry and slurry penetration depth were evaluated for the Case A of interaction. In
contrast, the focus of the investigation for Case B was set on the distribution and
development of pore pressure and effective stress inside and outside of slurry
penetrated zone during the slurry penetration. The investigations for both cases were
conducted using originally designed column tests. Case B was additionally investigated
using the RUB tunnelling device. A transient FE seepage analysis utilizing the
experimentally determined transient permeability coefficients for slurry was necessary
to determine the pressure transfer in Case A due to mutual cutting tracks interaction.
In Case B, the slurry stagnation gradient determined in the experiments could be
directly transferred to the tunnel face conditions to assess the transfer due to presence

of slurry re-penetration.

It is concluded that the pressure transfer efficiency in Case A is significantly reduced
due to increased pore water pressures outside of slurry penetrated zone during
excavation. The methods originating from diaphragm wall technology to predict
pressure transfer are not valid in Case A. Based on the obtained results, it is
recommended to conduct the excavation with a type of interaction according to Case
B. Finally, an integrated approach for the design of minimal required slurry pressure to

stabilize the tunnel face is suggested.
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1. Introduction 1

1. INTRODUCTION

1.1 Motivation

Soft ground tunnelling has three specific key elements: tunnel face stabilization,
segmental lining installation and grouting of the annular gap between the lining and
ground, which can be critical for the tunnel stability. This thesis focuses on the first
element — tunnel face stabilization. Specifically, the thesis concentrates on tunnel face
stabilization during slurry shield excavations. Slurry shields are known to be reliable
excavation method in non-cohesive soils under groundwater level. In such conditions,
they are able to actively support the tunnel face including the minimization the
deviations of support pressure. Thus, disturbances to the surroundings due to the
excavation can be minimised. The technology of using bentonite slurry (suspension) as
a support medium was adapted from diaphragm wall technology. In diaphragm wall

technology, the slurry is used to support the open trench.

Jacob (1975) reported the up to date development of slurry shields and the first
application in Germany. He expressed concerns regarding the application of the
diaphragm wall support technology to slurry shields. The concerns were focused on
the interaction of slurry supported tunnel face with periodically rotating cutting tools.
According to him, experiments were conducted for clarification purposes. The results
of the slurry penetration experiments were that the slurry stagnated between 1 and 2
seconds after the experiment start. Further details about the experiments were not
published. He concluded that the slurry would offer a safe support, despite the
periodical disturbance of the transfer mechanism by cutting tools. With this statement,
concerns were dispelled for a long time. The topic was not touched again even when
Krause (1987) investigated filter cake formation and concluded that it takes between

1 — 2 minutes (in fact he meant slurry stagnation stage during penetration).

The community was still convinced that the local dynamic pressure changes caused by

cutting tools are negligible due to the low rotation speed of the cutting wheel
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(Anheuser, 1987). Anheuser (1989) assumed that the acting thickness of the pressure
transfer mechanism is formed within a few seconds, and that the distance between
cutting tools is in comparison large enough to omit any local disturbances of the
pressure transfer mechanism. Hence, Anheuser (1987) assumed that the adjacent
cutting tools are not influencing each other. Consequently, the application of
unadjusted principles of slurry support from diaphragm wall technology was further
promoted by Babendererde (1991), Maidl et al. (1994) and Jancsecz & Steiner (1994).

Jancsecz & Steiner (1994) reviewed up-to-date applications of the diaphragm wall
principles based on previously conducted shield excavation projects (Table 1-1). They
did not report any problems resulting from the interaction of the pressure transfer
mechanism with cutting tools. Janczecs & Steiner (1994) instead focused on the issue
of avoiding deep slurry intrusion into soil for excavations in permeable ground. The
Grauholz Tunnel is an example of such an excavation. The tunnel was excavated in
coarse soil with a characteristic grain size (d1o) up to 2 mm. According to Jancsecz &
Steiner (1994) and Anagnostou & Kovari (1994), in order to guarantee the efficient
support of the imaginary soil wedge at the face in such projects, it is important to avoid
deep slurry penetration. For the assessment of slurry penetration depth, the authors

again adopted the principles previously known from diaphragm wall technology.

Table 1-1: Projects used to review the functionality of slurry face support by Jancsecz & Steiner

(1994)

Project ‘ Location Year

City rail, U8 Berlin, Germany 1987
City rail TA6, Lot 22N Duisburg, Germany 1988 - 1989
Grauholz Tunnel Bern, Switzerland 1990 - 1993

City rail, Lot M1 Cologne, Germany 1992

City rail, Lot 34 Essen, Germany 1992

Main Sewer, Lot 1 Disseldorf, Germany 1992

Concerns about safety level of slurry support during excavation appeared for the
second time with slurry shield excavations in Holland around the year 2000. The
concerns regarded the application of support principles known from diaphragm wall
technology. They were triggered by measurements of increased pore water pressure
above the hydrostatic level in front of the tunnel face during excavation. The
measurements could not be explained by the pressure transfer theories from

diaphragm wall technology. The increased pore water pressures were reported by
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Bezuijen et al. (2001) at the 2" Heinenoord tunnel and by Aime et al. (2004) at the
Groene Hart tunnel. The measurements of increased pore water pressure were later
confirmed by Wendl & Thuro (2011) and Klitzen & Hrdina (2016) at the H 3-4 and H8
projects in Austria, followed by Kaalberg et al. (2014) and Bezuijen et al. (2016) at the
N-S line in Amsterdam in the Netherlands. In contrast to the previously referenced
projects by Jancsecz & Steiner (1994), the excavations with reported increased pore

pressure were conducted in finer soils:

e 2"4Heinenoord Tunnel: dip = 0.14 — 0.2 mm (Broere, 2001)
e H3-4 & H8:d10=0.3-0.7 mm (Kohler et al., 2012)
e Groene Hart: dio = 0.23 mm (Bezuijen, 2002)

It is assumed that the increased pore pressures, which lead to lower face support
efficiency, result from the cutting tool interaction with the pressure transfer

mechanism at the tunnel face during excavation.

1.2 Problem statement and objectives

The problem statement of this thesis originates from the research proposal of the
subproject A6 of SFB 837 submitted by Schoesser & Schanz (2014).

Simultaneous soil excavation and slurry support characterizes the processes at the
slurry supported tunnel face during excavation. The cutting tools of different types are
fixed at the arms of the cutting wheel. The tools are rotating with the cutting wheel at
particular rotation speed. Thrust jacks at the end of the machine push the shield
forward and enable the excavation. The passing of cutting tools through a local point
at the tunnel face disturbs the pressure transfer mechanism. After each passing of a
cutting tool, the pressure transfer mechanism has to form again. The formation of the
pressure transfer mechanism is characterized by slurry penetration into the soil. The
slurry penetrates up to certain distance depending on the difference between slurry
chamber pressure and groundwater pressure. The timespan for the transfer
mechanism formation is given by the periodicity of passing of the cutting tools at the

local point of the tunnel face.

The chronological superposition of the slurry penetration and the excavation results in

a local transient process at the particular point on the tunnel face. The local
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disturbation process may cause a reduction of efficiency of the entire slurry face
support during excavation. Thereby, the conditions at the slurry supported tunnel face
are different than that on the vertical wall of the open trench stabilized by slurry as

known from diaphragm wall technology.

The objectives of this thesis are to understand the time-scale of the slurry penetration
and the excavation process. A further objective is to characterize the pressure transfer
and the resulting tunnel face support efficiency for the particular slurry penetration
and excavation depth. Based on the characterization, the tunnel face stability can be
assessed. A methodology is to be developed, which would enable us to characterize
the efficiency of the pressure transfer for every excavation condition. Furthermore, the

measures that can improve the efficiency of the pressure transfer should be suggested.

The last objective is to improve the reliability of the face stability assessment process.
On one hand, it is to clarify for which conditions the contemporary design methods,
taken from diaphragm wall technology, are applicable without a risk of insufficient face
support. On the other hand, it is to specify for which conditions the contemporary
methods may deliver unsafe results. In this thesis, an update of the models will
eventually be suggested. The decrease in face support safety in comparison to
contemporary methods can be seen in the increased pore water pressure during

excavation outside of slurry penetrated zone.

1.3 Methodology and structure

In order to fulfil the presented objectives of this thesis, various methodological
approaches are pursued. Based on the interpretation of field excavation data of slurry
shield machines, statements are made about the tool cutting depth and cutting
frequency. Experimental investigations are carried out for understanding of the time-
scale of the slurry penetration. The characterization of the pressure transfer efficiency
under consideration of cutting process is conducted on the basis of numerical and
analytical calculations. For improving the reliability of the face stability assessment,
recommendations for a practical design approach are formulated based on the findings
of the thesis. The realization of this methodology is described by the following

structure of the work.
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The literature research starts with the review of the state of the art and practice of the
field of tunnel face stability assessment in slurry shield tunnelling. The important steps
conducted in the tunnel face stability assessment specifically for slurry shields is the
evaluation of pressure transfer from fluid pressure of the slurry to the effective stress
in soil skeleton. A further step of the literature research is dedicated to the review of

slurry-soil interactions on different scales resulting in the slurry pressure transfer.

The literature research leads to the development of research issues. The possible and
eventually required adaptations of the contemporary pressure transfer models for the
purposes of slurry shield excavations are discussed in chapter 4. Hypotheses about the
pressure transfer during slurry shield excavation resulting from the interaction
between cutting tools and pressure transfer mechanism are formulated in this chapter.
Two cases of the interaction at the tunnel face are derived in this chapter depending
on the comparison between the tool cutting scale and the slurry penetration scale. The
demands for the experimental research for the particular case are highlighted here to

confirm the established hypothesis.

Field data evaluation focuses in chapter 5 on the characterization of the shield
excavation scale. Excavation data obtained from three reference slurry shield projects

are assessed here together with the analysis of cuttings wheels.

Experimental research starts in chapter 6. The experimental investigation of the
shallow slurry penetration scale (Case A of interaction) is conducted in this chapter and
its results are presented and discussed. The results from chapter 6 cannot be directly
transferred to the tunnel face without the procedure from chapter 8. In contrast, the
deep slurry penetration scale (Case B of interaction) is experimentally investigated in
chapter 7. The experimental modelling of interaction of cutting tools with the slurry

pressure transfer mechanism is emphasized here for both cases of interaction.

The last block of the thesis starts in chapter 8 and deals with the implementation of
the field data evaluation and laboratory experiments into analysis of tunnel face
stability. In this chapter, numerical seepage analysis is employed to model the flow in
front of the tunnel face in Case A while considering the experimental results for the
shallow slurry penetration scale from chapter 6 and the tool cutting scale investigated
in chapter 5. In similar way, the implementation is discussed in chapter 9 for the Case

B of interaction. The experimental results from chapter 7 are considered. The findings
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of the thesis resulted in recommendations for practice, which are summarised in
chapter 10. In this chapter, an updated integrated design approach for the minimal
support pressure is suggested. The thesis is finalized with a conclusion and an outlook

for further research in chapter 11.
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2. FACE STABILITY OF SLURRY SHIELD
DRIVEN TUNNELS

Chapter 2 is based on the paper: Zizka, Z.; Thewes,
M. (2016): Recommendations for Face Support
Pressure Calculations for Shield Tunnelling in Soft
Ground, published by Deutscher Ausschuss fuer
unterirdisches Bauen e.V. German Tunnelling

Committee.

Stabilization of the tunnel face is a fundamental aspect of mechanized tunnelling in
soft ground. This is reflected by the DAUB Recommendations for selecting and
evaluating Tunnel Boring Machines (DAUB, 2010), because it classifies the full face soft
ground shield machines based on face support type (Figure 2-1). One of the five
systems listed as Shield Machines with Full Face Support represents the slurry support
deploying clay (bentonite) suspensions for a supporting medium. The code for slurry

type support is SM-V4.

Open TBM SM-V1, no

Gripper-TBM face support

Widening TBM
ETBM

Shielded TBM
TBM-S
ShieldMachines |
Full Face Excav. :
SM-V
Shield Machines
SM
— Shield Machines
Partial Face Exc
SMT R

SMV2, mechanical
face support

SM-V3, compressed air
application
SM-V4, slurry face
support

SM-V5, earth pressure
suppo

Tunnelling Machines
™

SM-V5-0OM, no face
support, screw transport

SM-T1, no support
SM-T2, partial support

Combined Shield
Machines
KSMs SM-T3, compr. air

SM-T4, slurry support

Figure 2-1: Simplified differentiation of tunnelling machines related to their prevalent ground of
application according to DAUB (2010)
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2.1 Fundamentals of slurry shield tunnelling method

The first application of a machine that can be called a slurry shield was in 1959/60 in
the United States. Hydraulic mucking was deployed for the first time on this machine.
However, the working chamber of the machine was not pressurized (Maidl et al.,
2012). Consequently, Lorenz (1966) obtained a patent for his development of a
mechanically excavated tunnel face supported by thixotropic fluid - slurry (Maidl et al.,
2012). As Anheuser (1987) points out, this development in slurry shield technology was
triggered by the success of clay suspensions (slurries) in diaphragm wall technology to

support an open trench.

The Japanese company Mitsubishi constructed the first slurry shield in 1967 (Maidl et
al., 2012). Thereby, the Japanese line of development started and was later patented
by Yamazaki (1978). The typical characteristics of a Japanese line is that the support
pressure is regulated directly by the pumping velocity in the slurry circuit consisting of
the slurry feed and discharge pipe. This characteristic distinguishes the Japanese line
from the German line. The company Wayss & Freytag started the German line of slurry
shields with the first prototype in 1974 (Anheuser, 1987). The prototype introduced an
additional working chamber with a compressed air bubble, which was used for support
pressure regulation. Nowadays, the German line is predominantly employed
throughout the world for excavations of traffic tunnels. The machines belonging to this
line are also called Hydro-Shields (Babendererde, 1991) or Mix-Shields (Herrenknecht,
1994). Nevertheless, the internationally acknowledged label “slurry shield” will be used
in this thesis also and exclusively for the machines from the German line of

development.

There are several projects from history, which can be considered milestones due to
extension of the feasible range for the slurry shield tunnelling. The first project to
mention is the 4" Elbe Tunnel excavated between 1995 and 2003. The slurry shield
machine at this project was equipped with a man-accessible cutting wheel. This feature
considerably simplified the replacement of cutting tools under high pressures. Further
improvement was achieved at the construction of the Westerscheldt tunnel, which was
constructed between 1996 and 2003. Saturation diving (Holzhauser et al., 2006) was
introduced to slurry shield tunnelling during this project, which made tunnel face
interventions under very high pressures possible without necessity of man-accessible

cutting wheel. Following projects such as the Eurasia tunnel, excavated between 2011
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and 2016, benefitted from these developments. Another project to mention is the
Wehrhahn-Line tunnel in Disseldorf, which was completed between 2007 and 2014.
This project pushed the boarders in terms of very shallow overburden and many
surface constructions. The excavation was conducted with almost zero settlement
(Schindler et al., 2016).

2.1.1 Slurry shield construction and application range

The slurry shield technology can be viewed as a combination of a shield in the ground
and a separation plant, usually located at the surface. While the shield (Figure 2-2) is
responsible for the excavation of the cavity, the plant separates the excavated material
from the slurry. Details about separation plants used in tunnelling can be found, for
instance, in Maidl et al. (2012) or Paya (2015).

The front area of the shield consists of an excavation chamber (front chamber) and a
working chamber (back chamber). The excavation chamber is separated from the
working chamber by a submerged wall. An opening is located at the bottom of the
submerged wall to enable pressure balance between the chambers. The excavation
chamber is completely filled with slurry, while the slurry level in the working chamber
is usually adjusted to be slightly above the machine axis. Fresh or regenerated slurry is

continuously supplied into the working chamber by a slurry feed pipe. Additionally, the

m 1. Cutter head

B 2. Bulkhead

B 3. Air cushion

W4, Submerged wall

W 5. Slurry
discharge pipe

W 6. Stone crusher

W 7. Slurry feed pipe

Figure 2-2: Longitudinal cut through Slurry shield machine (Herrenknecht AG)
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machine is equipped with a sieve grill and stone crusher located in front of the suction
inlet in order to reduce the size of boulders or cobbles for hydraulic transport by the
slurry discharge pipe. Through the suction inlet and the discharge pipe, a mixture of
excavated soil and suspension is extracted by centrifugal pumps (Babendererde, 1991)
to the separation plant at ground level. The slurry in the excavation chamber might be
lowered and exchanged by compressed air during stoppages to allow maintenance at
the cutting wheel. Excavations with partially lowered slurry in the excavation chamber

are possible but very rare.

The front shield area is divided from the back area with atmospheric pressure by a
bulkhead. An erector, which manipulates concrete segments and assembles lining
rings, is located in the atmospheric pressure area. The thrust cylinders are braced
between the bulkhead and the last assembled lining ring. These cylinders are

responsible for moving the machine forward during the cutting phase.

As pointed out, slurry shield excavations are usually conducted in non-cohesive soils.
The typical application range of slurry shields is shown in area A of Figure 2-3. Grains
within this range are small enough to ensure efficient face support by usual slurries but

large enough to allow for a simple treating of the excavated material in the separation
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Figure 2-3: Application ranges of shield machine with slurry supported tunnel face (Thewes,
2009)
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plant. In zone B, which consists of fine-grained soils and clays, the separation effort
becomes more difficult, and clogging of the shield may occur (Thewes, 2009). Zone C
consists of very coarse-grained gravels with high permeability. In these soils, the face
support mechanism might be inefficient due to deep slurry penetration without
stagnation (see chapter 3.3). In this case, fillers should be added to usual slurries to

plug the larger pores of the ground (Bayer et al., 2016).

2.1.2 Fundamental requirements for the support medium and pressure

Bentonite slurry is a mixture (suspension) of water and bentonite. Bentonite consists
dominantly from a clay mineral montmorillonite. A bentonite suspension has to fulfil
two fundamental functions for slurry shield tunnelling. First, it is a hydraulic means of
conveying the muck with the use of a pipe system. For this function, it is beneficial to
keep the yield point and thus the apparent viscosity of the slurry as low as possible to
simplify slurry pumping (Longchamp et al., 2005). Similarly, Anheuser (1987) appoints
a high yield point of slurry as an obstacle for pumping and separation. Moreover, the
density of the discharged fluid must not exceed a particular design density due to
pumping reasons (Wehrmeyer, 2009). Despite treatment of the used slurry in the
separation plant, the content of fines and thereby the density still increases

successively during excavation.

The second function of the slurry is to stabilize the tunnel face. Two viewpoints are
distinguished; the support pressure transfer to soil grains to ensure both global and
local micro stability. The slurry’s yield point is the most important parameter of the
slurry involved in the analysis for both cases, if the traditional theory (Kilchert &
Karstedt, 1984), which was adapted from diaphragm wall technology, is considered
(see chapter 3.3). The standardised approaches for determination of slurry properties
can be found, for instance, in Triantafyllidis (2004), Longchamp et al. (2005) or DIN
4127 (2013). The slurry properties are discussed in detail in chapter 3.1.2 of this thesis.
It is reported in the literature, that saline and brackish water may significantly damage

the functionality of slurry (Talmon et al., 2013).

In order to sufficiently support the face, the slurry needs to be pressurized to a
particular level, which was determined by the face stability calculation (see chapter
2.4). The required pressure level is achieved and maintained by a compressed-air

reservoir (also called an air cushion or air bubble) in the working chamber. The
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reservoir acts as an elastic spring element (Babendererde, 1991) and the chamber
pressure becomes more or less independent from pressure deviations in the slurry
circuit (Krause, 1987). Moreover, the described design allows the volume of slurry in
the excavation chamber to fluctuate due to sudden losses of support medium without
failure of the tunnel face (Maidl et al., 2012). Nevertheless, some deviations of the
support pressure during excavation occur anyway. The “Samson-pressure-unit” has a
pressure steering tolerance of +/- 0.05 bar (Babendererde, 1991). An additional source
of the deviations might be the device for slurry level regulation in the pressure
chamber (Thienert, 2011). To add a certain safety gap to this value, the entire steering
tolerance of the support pressure is usually adopted as +/- 0.1 bar (Krause, 1987).
Interestingly, the amount of pressure deviation suggested in 1987 is still considered in

the design process nowadays without any narrowing (ZTV-ING, 2012).

2.1.3 Cutting tools used in slurry shield tunnelling

The cutting tools are fixed at the cutting wheel and are responsible for removing the
soil from the tunnel face. Originally, only scrapers were employed as excavation tools
in slurry shield tunnelling, since slurry shields were used primarily for excavations
within homogeneous non-cohesive soft soils (Burger, 2006). Nowadays, several types
of cutting tools are placed at the cutting wheels to improve the excavation process and
to make the shields more adaptable. The following are typical (Maidl et al., 2012) and

are shown in Figure 2-4:

e Discs

e Rippers
e Scrapers
e Buckets

Each type of tool fulfils a different function on the cutting wheel. Within soft soil
excavations, discs are installed on the cutting wheel to protect other cutting tools from
damage, e.g. when the shield encounters some boulders or artificially made structures.
Jet-grouted bodies, diaphragm walls or pile walls represent mostly such structures.
Therefore, the discs are located slightly in front of other cutters in the excavation
direction (Figure 2-4). The offset of the discs in front of the cutting wheel plane is
usually 175 mm (Koppl, 2014). The discs are usually located in the middle of the cutting-
wheel-arms in order to induce high cutting forces. The chosen rotation direction of the
cutting wheel does not influence the interaction between discs and the soil at the

tunnel face.
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Rippers represent the second type of tool. Rippers may be located in the same position
on the cutting wheel as discs and they are interchangeable with discs (except for
calibration discs). However, the deployment of rippers is not very frequent in slurry
shield tunnelling. The chosen rotation direction of the cutting wheel does not influence

the interaction between rippers and tunnel face.

Figure 2-4: Cutting tools at the cutting wheel (adapted from Herrenknecht AG and from Koppl,
2014)

Buckets and scrapers are located slightly behind the discs, considering the excavation
direction, and they are responsible for actual soil cutting within soft soil excavations.
These tools are usually placed in pairs (tandems) on one cutting wheel arm in order to
permit both directions of cutting wheel rotation. The blades of buckets and scrapers
are usually located 140 mm in front of the cutting wheel in the longitudinal direction
(Koppl, 2014). The tools are placed at the edges of the wheel arms in order to deliver

the cut soil to the excavation chamber.

The cutting blades of outlined cutting tools have different widths depending on the
tool type (Koppl, 2014):

e Discs: 12 — 25 mm (single ring or two rings type)

e Rippers: 50-200 mm

e Scrapers: 100 — 250 mm (narrow & wide type —Maidl et al., 2012)

e Buckets: areal cutting tool, no general size
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Due to the blade width and the type of movement, the tools interact differently with
the pressure transfer mechanism at the tunnel face as will be discussed in chapter 5 of
this thesis.

2.2 Failure modes of the slurry supported tunnel face

The failure modes of the tunnel face are distinguished based on their initial extent.
While the local failure mode may start with destabilization of single soil grains, the
global failure mode is usually comprised of a soil body with dimensions comparable to

the tunnel diameter.

2.2.1 Local failure modes

The local failure mode denotes the possibility of single soil grains falling out of the soil
skeleton at the slurry supported vertical wall (Mdiller-Kirchenbauer, 1972). This wall
might be represented by a trench for diaphragm wall, which was the original focus of
Miller-Kirchenbauer (1972). Van Rhee & Bezuijen (1992) investigated the influence of
seepage on sand slope stability. They suggested also the local single particle mode
besides the failure mode described by Miller-Kirchenbauer (1972), which they called
local continuum mode. Based on performed experiments, Van Rhee & Bezuijen (1992)
concluded that the particular local failure mode depends on flow direction of fluid
through the free face. It turns out that the slope stability of soil subjected to inflow, as
an analogy to the tunnel face, is governed by the single particle mode. However, as
pointed out, Bezuijen & van Rhee (1992) focused on flow of water. Hence, if a different

type of liquid is considered, the local continuum mode might be decisive.

Additionally, Xanthakos (1979) described the possibility of grain failure utilizing the
peel-off mechanism. Contrary to Miiller-Kirchenbauer (1972), he states that only a
sufficient yield point of slurry in comparison to grain size (Weiss, 1967) of soil can
counter this failure. The influence of the yield point is later discussed in section 3.4.1.

A corresponding sketch is also provided in this section.
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2.2.2 Global failure modes

The shape of the global failure mode of the tunnel face is on one hand predetermined
by encountered ground conditions. On the other hand, the overburden thickness
above the cavity is decisive for the failure propagation towards the surface. Cohesive,
fine-grained soils tend to cause wide sinkholes in both the longitudinal and transversal
directions at the surface involving large amounts of material. In contrast, the non-
cohesive, coarse-grained soils generate slim, funnel-like failure bodies (Leca & New,
2007). Leca & New (2007) conducted a wide literature review and realised that an
agreement on this issue exists between analytical calculation models and centrifuge

experiments.

Two types of failure propagation to the surface are possible. For a deep tunnel with
Cover/D > 2.5 and the corresponding first failure mode, a zone with loosened soil
appears close to the cavity. This zone is approx. 1.5-times tunnel diameter high and
hence does not reach the surface. For a shallow tunnel with Cover /D < 2.5 (Figure 2-5),
the second failure mode usually occurs (Leca & New, 2007). The second mode consists
of a rigid soil body stretching up to the surface (Figure 2-5). These types of face

collapses could also be observed in numerical calculations by Vermeer & Ruse (2004).

(a) clay (b) sand

Figure 2-5: Face collapse in cohesive - clay (a) and granular soils — sand (b) and its propagation
pattern adapted from Broere (2001), Leca & New (2006) and Fillibeck (2011)

2.3 Local stability assessment

The local face stability is particularly important for slurry shield tunnelling, due to the

employment of a liquid support medium. To prevent local failure mode, the slurry
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support pressure has to induce a certain support pressure gradient over the soil grain
at the tunnel face. Miller-Kirchenbauer (1972) found that the slurry induces a pressure
gradient, which depends on its yield point. Thus, a check of local stability may be done
indirectly by calculation of the minimally required yield point of the slurry (DIN 4126,
2013). For details about the correlation between slurry yield point and pressure
gradient see chapter 3.4.1. Eq. 2-1 defines the minimally required yield point of the
slurry based on ground conditions and was developed by Kilchert & Karstedt (1984).
DIN 4126 implies that the yield point should be determined for the purposes of this
equation by a ball harp or pendulum device after 1 minute of rest time. This is later

discussed in section 3.1.2.

dqo Yo
2 ’ tan(g’) ’ (1 - np) (Vs — YF,fresh) Y6 = TF Eq.2-1
with
dio Characteristic grain size of the soil (to be obtained from grain distribution curve) [m]
n, Soil porosity [-]
Vs Unit weight of soil grains [kN/m3]

Yo Partial safety factor for permanent load case in GZ1C acc. to DIN 1054 (= 1.00) [-]
YF fresnUnit weight of fresh slurry [kN/m?]

Yo Partial safety coefficient for drained soil within the status GZ1C in load case LF2 acc. to DIN
1054 (=1.15) []

@' Characteristic drained friction angle of the soil [°]

ur Safety factor accounting for deviations in the yield point of suspension (= 0.6) [-]

T Yield point of slurry [kPa]

The main weakness of this equation is that it does not consider the flow of slurry
induced by slurry excess pressure. This seems satisfactory for the stability calculation
of a slurry-supported trench for a diaphragm wall, which is the original application field
of DIN 4126 (2014), due to this type of action. However, it is a significant simplification

of the slurry supported tunnel face during tunnel excavation.

2.4 Global stability assessment

The aim of the global stability assessment is to determine the minimal required face
support pressure, which will prevent the occurrence of global failure. The second aim
is to avoid over-excavation (Babendererde, 1991). Thus, the support medium must
counteract the earth and groundwater pressures to stabilize the tunnel face. The

minimal support pressure calculation focuses solely on the stability criterion, so that
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the calculations do not consider any potential ground deformations as design criterion.
Hence, this approach is called “the Ultimate Limit State Approach”. Various methods
to determine the required support pressure due to the acting earth pressure can be

found in literature. All available approaches can be divided into four fundamental

groups:
. Analytical methods
. Empirical methods
. Experimental methods
. Numerical methods

In this thesis, only the analytical methods are extensively discussed due to their later
application. The analytical calculation methods concerning the ultimate limit state
approach are presented in the following chapters. For a thorough description of the
other methods the reader is referred to publications by Broere (2001), Kirsch (2009) or
Zizka & Thewes (2016). It is necessary to note that slurry pressure in non-cohesive soils

cannot be lower than groundwater pressure during excavation.

Analytical methods include limit equilibrium and limit state methods. These methods
assume a possible failure mechanism of the tunnel face or a stress distribution in the
ground, respectively, and from that determine a support pressure at collapse. The
support pressure at collapse is then considered to be the minimal support pressure
required. A common feature of most analytical methods is that they are based on one
of two most widely used laws of failure in soil mechanics. The first law, the Mohr-
Coulomb law of failure, is broadly adopted for frictional or frictional-cohesive
materials where the associated flow rule dominates the formulations. The second law,

the Tresca law of failure (associated), is mostly applied for purely cohesive materials.

2.4.1 Limit equilibrium solutions

The limit equilibrium methods can be characterised by the required assumption of a
kinematical failure mechanism of the tunnel face. The first limit equilibrium failure
mechanism was suggested by Horn (1961) and assumes a sliding wedge in front of the
tunnel face that is loaded by a rectangular prism stretching up to the terrain surface
level (Figure 2-6-b). This sliding wedge mechanism for the investigation of tunnel face
stability was introduced to mechanised tunnelling by Anagnostou & Kovari (1994) and

Jancsecz & Steiner (1994). The equilibrium condition of the stabilizing and destabilizing
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forces is formulated on the sliding wedge. The wedge’s weight and the load from the
overlaying prism are listed as destabilizing forces. The stabilizing forces are composed
of the tunnel face support force and shear resistance forces at the boundary planes of
the failure mechanism. Moreover, an assumption of the horizontal earth pressure
acting on the vertical triangular planes of the wedge is needed to determine the shear
resistance on them. Recently, Anagnostou (2012) suggested a method that eliminates
the required assumption of horizontal stresses on the triangular planes. The method
originates from the method of slices (Walz & Pulsfort, 1983) and formulates the
equilibrium condition on an infinitively slim horizontal slice of the wedge. The
equilibrium condition is subsequently integrated over the whole wedge. Hu et al.
(2012) generalized the shape of the sliding wedge and of the overlaying prism to allow
for a variable width along their vertical axis. Furthermore, the boundaries of the failure
mechanism do not necessarily have to have a planar shape as Mohkam & Wong (1989)
suggested a failure wedge with inclined slide surface consisting of a logarithmic spiral.
The limit equilibrium formulations commonly used in practice will be presented in

detail in the section 2.6.

Particularly in German-speaking countries, a limit equilibrium method based on
DIN 4085 is used to calculate the component of support force due to the earth
pressure. This method assumes a three-dimensional failure body (Figure 2-6-a)

suggested by Piaskowski & Kowalewski (1965).

The theoretical works dealing with tunnel face stability were often validated by
experimental results using centrifuges or 1-g experimental devices. Among limit
equilibrium methods, the formulation by Anagnostou & Kovari (1994) achieved the
best accordance with experimental investigation as referred to by Messerli et al. (2010)
and Bezuijen & Messemaeckers-van de Graaf (1997) (cited by Broere, 2001). For
saturated sand, it has been reported by Plekkenpol et al. (2005) that the formulation

of Jancsecz & Steiner (1994) achieved the best correlation with the preformed tests.
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b)

Figure 2-6: Failure mechanism acc. to a) Piaskowski & Kowalewski (1965) and b) Horn (1961)
adapted from Zizka & Thewes (2016)

2.4.2 Limit state solutions

Various solutions for the tunnel face stability have been formulated based on bound
theorems within the plasticity theory. This group of approaches is often known as “limit
state methods”. The solution for the tunnel face stability can be obtained by adopting

the upper or the lower bound of the plasticity theory.

The upper bound theorem is also known as the kinematical solution (Kolymbas, 2005)
and it is based on plasticity theory, as it assumes a kinematically possible failure
mechanism. Adopting the upper bound solution, the tunnel face will collapse as if the
work done by the failure mechanism and by external forces acting on it is higher than
the work done by internal stresses (Kirsch, 2009). Unfortunately, this approach will give
a lower value of support pressure at collapse than what is actually needed in reality.
Therefore, the upper bound solution is always taken to be on the unsafe side compared

to reality.

The lower bound solution signifies a static approach based on plasticity theory. The
lower bound solution of the tunnel face stability is found by determining a statically
admissible stress distribution within a soil body that balances the external forces at the
boundaries of the body without the yield being exceeded in any point of the soil body
(Yu et al., 1998). The lower bound solution always delivers a higher support pressure

than at actual tunnel face failure.

In summary, it can be expressed, that if the applied support pressure is higher than the

pressure obtained by the lower bound theorem, the tunnel face will not collapse. The
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tunnel face will collapse if a lower pressure is applied than what is calculated by the
upper bound theorem. The tunnel face may be stable if a tunnel face pressure between

upper and lower bound is applied.

Davis et al. (1980) developed both upper and lower bound stability solutions for a
tunnel heading through purely cohesive soil assuming undrained conditions. In order
to describe the real behaviour of the tunnel, they investigated three different cases
that included two simplified cases and one with real three-dimensional tunnel
geometry:

1) Plane strain unlined tunnel — approximates infinitely long tunnel

2) The plane strain heading — approximates infinitely wide tunnel

3) Cylindrical tunnel heading — only lower bound solution derived — attempt to
describe real conditions

For each case, the authors determined the critical stability ratio, while adopting one of
the bound theorems. The critical stability ratio has to be higher than the stability ratio
determined for the particular face conditions. The stability ratio is calculated by
subtraction of the support pressure (sgs) from the vertical stress (o, 44i5) at the
tunnel axis, then dividing by the undrained shear strength (c.) of the soil (Eq. 2-2). This
methodology was originally developed by Broms & Bennermark (1967). The direct
subtraction of the vertical stress and horizontal support pressure can be carried out
since the coefficient of lateral pressure is equal to 1 here. When the stability ratio
achieves the critical ratio, the tunnel collapses. Davis et al (1980) found that the critical
stability ratio is variable, since it depends on the ratio between overburden and tunnel
diameter. This was confirmed upon the comparison with experiments performed by
Mair (1979). Davis et al (1980) concluded that actual collapse pressures can be found
“fairly exactly” by adopting the lower bound solution for case 3) — cylindrical tunnel
heading. However, these results cannot be completely generalized as the authors
recommended to use the suggested approach for tunnels with an overburden/tunnel

diameter (C/D) ratio lower than 3.

In contrast to Davis et al. (1980), Broms & Bennermark (1967) found that, based on
multiple laboratory experiments, the stability ratio is constant. However, Broms &
Bennermark (1967) employed a different experimental set-up, modelling a circular
opening in the vertical sheet pile wall (Figure 2-7). They concluded that the purely

cohesive soil within a vertical opening is stable, if the stability ratio is lower than 6.
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Figure 2-7: Layout of a circular opening in the vertical sheet pile wall (Broms & Bennermark,
1967)

Leca & Dormieux (1990) formulated the upper and lower bound solutions of the face
stability for excavation through frictional soils and frictional - cohesive soils by adopting
the Mohr-Coulomb failure law and the assumption of drained conditions. Hence, in
comparison to previous limit state methods, this one would be applicable for the
ground conditions focused on in this thesis. Leca & Dormieux (1990) investigated three
possible failure modes of the tunnel face by assuming multiple conical rigid blocks as
the failure mechanism. These blocks had an elliptical cross-section at the intersection
of the tunnel face. The collapse support pressures were calculated for active failure
and blow-out. It should be noted that Leca & Dormieux (1990) were actually
investigating the pressure at passive failure of the tunnel face instead of the blow-out
pressure of the support medium. Subsequently, the authors compared the
theoretically calculated face pressures at collapse with experimentally obtained values
by Chambon & Corte (1994). Leca & Dormieux (1990) concluded that there was a close
agreement between upper bound solutions and experimental results. Thus, no lower-

bound based solutions are recommended to use in frictional soils.
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Further improvement of the upper bound solution was suggested recently by Mollon
et al. (2010). The new failure mechanism is similar to the original ones by Leca &
Dormieux (1990). However, it has a circular cross-section at the intersection of the
tunnel face. This calculation approach allows an additionally tension cut-off for the soil

failure formulation.

2.4.3 Comparison and evaluation of the models

As summarised by Zizka and Thewes (2016), various methods were developed to
investigate the face stability and determine the face support pressure at collapse. The
laboratory experiments were used to validate some of the theoretical calculation
methods. Some of the developed theoretical models were also applied successfully in
practice. The limit equilibrium methods were mostly used for calculations for
excavations in non-cohesive soils. However, no real scale in-situ validation of the
support pressure at the face collapse is known to the author of this thesis. In literature,
references concerning centrifugal testing are available (Mair, 1979 or Chambon &
Corte, 1994).

The aim of the analytical face stability calculation within the excavation design process
is to define the minimal support pressure, for which the tunnel face will be stable. As
in other geotechnical applications with stability investigations, safety factors are to be
employed. The safety factors have to be introduced not only due to insufficient
accuracy of the particular method but also due to possible locally variable properties
of soil. Hence, the calculation method is intended to conduct a quick and transparent
calculation. The transparency for the practicing engineer is required to enable clear
presentation of the influences on the results. This is fulfilled by the limit equilibrium

methods.

In contrast, the application of limit-state-based-methods for non-cohesive soils does
not seem to be advantageous. The main disadvantage of the upper-bound-limit-state
methods is their difficulty. A non-trivial optimization approach is necessary to find the
minimal pressure at the collapse, when the shape of the adopted failure mechanism is
realistic. The calculation process requires a certain amount of time. Thereby, the
advantage of quick and transparent calculation of analytical models becomes smaller
in comparison to the numerical machine-ground interaction analysis. It is worth

mentioning that the use of safety coefficients would also be required for the limit state
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calculations. Moreover, there is only limited reference concerning the use of limit state
methods for the face stability assessment in non-cohesive soils in practice.
Furthermore, no analytical stability calculation method can offer the benefit resulting
from the application of the numerical analysis of machine-ground interaction. The
machine-ground interaction (Zizka & Thewes, 2016) investigates not only the minimal
support pressure at the collapse, but also the entire reaction of the ground for different

levels of the support pressure.

Based on the discussed requirements and goals of the face stability assessments, it can
be concluded that the limit equilibrium methods based on Horn’s failure mechanism

are the most suitable in non-cohesive soils.

2.5 German safety concept for the face stability analysis

The practical aim of the face stability analysis is not only to define the minimally
required support pressure, but also to determine the maximally allowed support
pressure. These two pressures are called operational lower and upper limits and are
introduced in the German regulation ZTV-ING (2012) and RiL 853 (2011).

The lower support pressure limit has to ensure a minimal support force (S,;), which
consists of two components and their respective safety coefficients (Eq. 2-3). The first
component of the support force (E},4x i) has to balance the earth pressure, and is
calculated by any method described in section 2.4 adopting drained conditions. In
Germany, however, variants of Horn’s failure mechanism are preferred to determine
this component. The second component of the support force (W,;) has to balance the
groundwater pressure and is determined based on the elevation of the groundwater

level above the tunnel crown considering fully saturated conditions.

Sci=Mng* Emax,ci +nw W Eq.2-3
with
n, Safety factor for earth pressure force (= 1.5) [-]
Ny Safety factor for water pressure force (= 1.05) [-]
Sci Required support force (circular tunnel face) [kN]

Ernaxci  Support force due to earth pressure (circular tunnel face) [kN]
W, Support force due to groundwater pressure (circular tunnel face) [kN]
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The upper support pressure limit is defined as a limiting pressure to avoid a break-up
of the overburden or blow-out of the support medium. Therefore, the maximal support
pressure has to be smaller than 90 % of the total vertical stress at the tunnel crown.

The background of Eq.2-4 is explained in Bayer et al. (2016).

Break-up/ blow out safety as defined in ZTV-ING (2012):

1< 0.9- Oy crown,min Eq. 2.4
scrown,max
with
Ov, crown, min Total vertical stress in the tunnel crown considering minimal unit weight of soil [kPa]
Scrown,max Maximal allowable pressure in the tunnel crown due to break up safety / blow-out

safety [kPa]

This classical limit does not take into account any resistance of the overburden, in
contrast with the recently developed approach by Vu et al. (2015). Further studies have
been conducted numerically by Chen et al. (2018) to determine the upper limit
pressure by evaluation of fracturing tendency. However, the authors obtained

fracturing for slurry pressures outside of realistic range.

The operation range of support pressure defined by the two limits is visualized in Figure
2-8. The two limits are generally valid for all tunnel advance phases, i.e. excavation,
stoppage, standstill. The limits are further narrowed by support pressure deviations,

which have to be taken into account (see section 2.1.1).

Furthermore, it is recommended in ZTV-ING (2012) to consider different unit weights
of soil for the calculation of minimal support pressure (lower limit) and of the blow-out

(upper limit). The average unit weight, as defined by the by geotechnical consultant,
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Support pressure at the
tunnel crown

@ Deviations L Lower limit pressure to avoid

Scrown,min active failure

Figure 2-8: Allowable operational pressures at the tunnel crown of a shield machine (Zizka &
Thewes, 2016)

should be used for the lower limit and the minimal unit weight for the upper limit. ZTV-
ING (2012) additionally prescribes, in the case of compressed-air support, that the
support pressure at the lowest point of air contact with the tunnel face must have a

minimal safety factor of n = 1.05 compared to the local groundwater pressure.

ZTV-ING (2012) further defines for slurry face support that the efficiency of the slurry
support mechanism and the local stability have to be investigated according to DIN
4126. To obtain the local stability, a certain minimal yield point of slurry depending on
the characteristic grain size of the soil has to be achieved (section 2.3). To calculate the
required pressure for the global stability according to DIN 4126 (2013), while
considering the efficiency of the transfer, the required support force due to earth
pressure (E;,4x ;) has to be additionally divided by factor n: (Table 2-1) depending on

the achieved stagnation gradient of slurry. The term stagnation gradient of slurry is

Table 2-1: Coefficient defining the efficiency of the pressure transfer mechanism, Stagnation

gradients is explained in detail in section 3.4.1

Stagnation gradient Pressure transfer coefficient
fso [kN/m’] na [-]
higher than 200 1
200 - 100 0.85
100-50 0.8
smaller than 50 0.7
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extensively discussed in section 3.4.1. Table 2-1 was originally developed for
diaphragm walls and considers certain simplification applicable only for diaphragm
walls. An update for of Table 2-1 for the purposes of mechanized tunnelling is

suggested in chapter 9.

The optimal support pressure for the excavation is located somewhere between the
maximal and minimal limit in Figure 2-8. The design of optimal support pressure
involves operational considerations, as an unnecessarily high support pressure is
detrimental to the excavation progress. Furthermore, it results in issues regarding
work safety during compressed air interventions. It may be the case that a higher
support pressure does not automatically mean more safety for the excavation due to
possible resulting break-ups of the overburden or blow-outs of the support medium.
On the other hand, a face pressure above the minimum required level may contribute

to a reduction of settlement.
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2.6 Practice oriented calculation of minimal support pressure in

non-cohesive soils using Horn’s failure mechanism

As pointed out in chapter 2.5, the Horn’s failure mechanism (Figure 2-9) is typically
used in Germany for calculation of the support force component due to earth pressure.
The advantages of using this method are discussed in section 2.4.3. The calculation of
the minimal support pressure employing the Horn’s failure mechanism will be
presented in this chapter. The method considers effective shear parameters of soils.

Therefore, it is particularly suitable for non-cohesive soils.
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Figure 2-9: Forces acting on the wedge and prism (Zizka & Thewes, 2016)

The method based on Horn’s failure mechanism offers two options for geometrically
approximating the tunnel face. The circular tunnel face can be modelled with a square
whose edge length is equal to the shield diameter (Jancsecz & Steiner, 1994), as a first
option. The second option is to approximate the circular tunnel face with a square of
the same cross-sectional area as the circular tunnel face (Anagnostou & Kovari, 1994).
Thereby, the front plane of the sliding wedge is defined (Figure 2-9). For simplicity, the
formula adopting the edge length to be equal to the diameter will be followed in the

upcoming equations.

Once the sliding wedge is assumed, the forces acting on it can be determined (including
the support force). The forces must be in a limit equilibrium, meaning that the bearing
capacity of the wedge is just fully mobilized. The support force and the mobilized soil

shear resistance act as stabilizing forces, while the wedge’s own weight and weight of
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the overlaying prism cause destabilizing forces. The equilibrium conditions are
formulated on the inclined sliding surface (Figure 2-9) in perpendicular and in parallel

direction.

By summing two equilibrium conditions, the required support force can be calculated
by Eq.2-5. The summarized equilibrium condition is expressed dependent on the

sliding angle of the wedge (9) as its critical value is not yet known.

2
(G +Py) - (sin(®) — cos(9) - tan(p})) — 2 T — ¢ " oo
E..(¥) = - sin(d) Eq.2-5
re sin(¥9) - tan(g3) + cos(VI) q:
With
Ere Support force due to the earth pressure [kN]
G Own weight of wedge [kN]
P, Vertical load from the soil prism [kN]
T Shear force on the vertical slip surface [kN]
) Sliding angle [°]
) Friction angle of soil [°]
c, cohesion of the soil [kPa]
D Shield diameter [m]
Q Shear force on inclined surface [kN]

Subsequently, the critical sliding angle (9,,;;) of the wedge which requires the highest
support force (E,, 45 e) must be found. Thus, the support force is maximized by varying
the sliding angle (Figure 2-10). From this point onward, the determination of variables

for Eq.2-5 is shown. Assumptions used to determine particular forces vary among
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Figure 2-10: Example of the determination of the highest required support force (Emax,re) by
variation of the sliding angle (9) (Zizka & Thewes, 2016)
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authors. The following pages explain a variety of available options for those

calculations.

Two options are available to determine the force P, acting on the wedge by the prism’s
weight. P, can be calculated by multiplying the area on top of the wedge with the

vertical effective stress acting on the wedge (Eq. 2-6).

P, = Ao av(tcrown) =D —19 ' ov(tcrown) Eq.2-6
tand
with
P, Vertical load force from the soil prism on the wedge [kN]
0y (terown) Vertical surcharge from the prism on the wedge [kPa]
Asito Cross-sectional area of the silo / of the top of the wedge [m?]

The stress is calculated considering the full weight of the overburden (Eq.2-7) or
accounting for a soil arch above the wedge according to Janssen’s silo theory (1895)
thatleads to a decrease in vertical stress (Eq. 2-8). The criterion used to select between
the two approaches is defined by the overburden height. If the overburden height is
lower than twice the tunnel diameter, the full weight of the overburden is applied.
Janssen’s silo theory may be adopted if the overburden is higher. However,
Anagnostou & Kovari (1994) suggest always using Janssen’s equation. The coefficients
of the lateral earth pressure at the lateral planes of the silo vary significantly among
different authors (Table 2-1). Schmidderich et al. (2017) performed finite element
verification of these coefficients. It turned out that for a deep tunnel, the coefficient
should be higher than active earth pressure. So the assumption of K; as active earth

pressure is safe.

O'V(Z) =YI,av'Z+as fOT terown = 2-D Eq'2-7
with
0,(2) Vertical stress at the elevation z [kPa]
Yi,av Average soil unit weight in the overburden area [kN/m?]
V4 Vertical coordinate starting from the terrain surface [m]
terown Overburden height [m]

Oy Surcharge on the surface (traffic load) [kPa]
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4, ¢ v
o,(z) = Ilil_y::—;;((pui . (1 _ e—Z-Krz-tan((Pl)) + Eq.2-8
- e_%'Kl'z'm"(""l) forteown>2:D
with
A Cross-sectional area of the silo / of the top of the wedge [m?]
U Circumference length of the silo [m]
K1 Coefficient of lateral earth pressure within the silo (see Table 2-1) [-]

The force G, which describes the wedge’s own weight, is defined by Eq. 2-9.

1 D3
G=-.——" . Eq.2-9
2 tan(ﬂcrit) Yaav
with
G Own weight of the wedge [kN]
D Tunnel diameter [m]
Y2,av Average soil unit weight in the tunnel face area [kN/m?3]

The most contentious point in the limit equilibrium calculation approach is the
determination of the shear resistance force on the vertical triangular planes of the
wedge. The shear resistance force consists of two components, the friction force and

the cohesion force (Eq. 2-10).

Table 2-2: Suggested coefficients of the lateral pressure in the silo area (Zizka & Thewes, 2016)

Assumed coefficient of the lateral earth
Author
pressure
Terzaghi & Jelinek (1954) K; =1.0
Melix (1987) K, = 0.8
Anagnostou & Kovari (1994) K, =0.8
L\ 2
Jancsecz & Steiner (1994) K, =k, = (tan (45 — %))

Mayer, Hartwig, Schwab
(2003)
Kirsch & Kolymbas (2005) K; =k, =1 —sin(@’;)
Girmscheid (2008) k, <K; <k, K; = 1 recommended

Ky =1.0if tergwn < 5°d
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T=Tr+T, Eq.2-10
with
T Shear resistance force on the vertical triangular plane of the wedge [kN]
Tr Shear resistance force due to friction [kN], alternatively Tg ; or Tg , see Eq. 2-12 and
Eq.2-13
T, Shear resistance force due to cohesion [kN]

On one hand, a relative agreement exists about the formulation of the cohesion
component since it is independent of the lateral earth pressure acting on the wedge
(Eq.2-11).

I, 2
To=— 202" Eq.2-11
2- tan(ﬁcrit)
On the other hand, discrepancies are found in the formulation of the shear force
component due to friction. Three assumptions must be made as discussed by Broere
(2001). The assumptions include:

1) presence of soil arching effects next to the wedge

2) the distribution of the vertical effective stress next to the triangular planes
of the wedge

3) the coefficient of the lateral earth pressure acting on the vertical triangular
planes of the wedge

For the first assumption (1), the level of vertical stress next to the wedge is usually
assumed to be the same as on the top plane of the wedge (see Eq.2-7 and Eq. 2-8).
There are two possibilities that exist regarding the distribution of the vertical stress
next to the triangular planes of the wedge. This results in two possible equations to
calculate shear friction force on the triangular plane. In the first possibility, it is
assumed that the same stress is present next to the top level of the wedge as next to
the vertical plane of the wedge and simultaneously, at the bottom of the wedge, a
stress (0, pottom) is Present, which solely corresponds to the weight of the soil located
along the vertical plane of the wedge. These assumptions are found in Girmscheid
(2008), DIN 4126 (2013) and Anagnostou & Kovari (1994). The corresponding

distribution of the vertical stress next to the vertical triangular slip surface can be seen
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in Figure 2-11-a). The shear friction force at the triangular side of the wedge is

subsequently defined by Eq.2-12.

D% 0,(t) D3y,
Trq, = tan(g,) K ( L Eq.2-12
R1 2 2 3 tan(ﬁcrit) 6" tan(ﬂcrit)
with
o, (t) Vertical effective stress in tunnel crown [kPa]
K> Coefficient of lateral earth pressure in the wedge area (see Table 2-2) [-]

The second possibility also states that the vertical stress at the top of the wedge is also
equal to the stress next to the wedge. However, in this case, the vertical stress linearly
increases along the vertical plane according to the unit weight of present soil (Figure
2-11-b). This assumption is found in Kirsch & Kolymbas (2005). The shear friction force
is subsequently defined by Eq.2-13.

2, 3.
D Jv(t) D Y2 > Eq 2-13

Tpz =t Kz
R2 an(‘PZ) 2 <2 . tan(ﬁcrit) 6- tan(ﬁcrit)

These particular assumptions for the vertical stress distribution next to the wedge are
connected with the coefficients of lateral pressures at the wedge. The coefficients that
are outlined in Table 2-3. Zizka & Thewes (2016) suggest to consider the Kz as proposed
by Janczecs & Steiner (1994), due to the consistency of assumptions regarding the

stress redistribution during excavation.

a) b)
> »
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Figure 2-11: Two possible distributions of vertical stress next to vertical triangular plane of the
wedge: a) Girmscheid (2008), DIN 4126 (2013) and Anagnostou & Kovari (1994) b)
Kirsch & Kolymbas (2005)
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In addition to the support force due to earth pressure, the support force due to
groundwater pressure must also be determined. The groundwater pressure force is

easily found by using Eq.2-14, assuming that there is no groundwater flow to the

tunnel face.
D\ pe Eq.2-14
Wie=Vw" (hw,crown + E) D q.4-
with
hw crown Groundwater level above the tunnel crown [m]
Y Unit weight of water [kN/m?3]
D Tunnel diameter [m]
W, Groundwater pressure force on the rectangular tunnel face area [kN]

Table 2-3: Suggested coefficients for the lateral earth pressure on the triangular vertical planes of
the sliding wedge (Zizka & Thewes, 2016)
Assumed coefficient of the lateral

Author
earth pressure
Anagnostou & Kovari (1994) K, =04
ko +k
Jancsecz & Steiner (1994) , = %
Mayer, Hartwig, Schwab (2003) Shear resistance is neglected
Girmscheid (2008) ks <K, <k,
Kirsch & Kolymbas (2005), DIN 4126 (2013) K, = ko = 1 —sin(¢5)

Consequently, the obtained forces are recalculated from the rectangular wedge face
to the circular tunnel face and summed after multiplying with the partial safety
coefficients (see Eq.2-3 in section 2.5). The required support force due to earth
pressure should be further adjusted based on Table 2-1. The minimal required support
pressure at the tunnel crown is obtained from the force while assuming the pressure
distribution according to the own weight of slurry (Krause, 1986 and Anheuser, 1987).
The required minimal support pressure for the tunnel crown can be calculated based
on Eq. 2-15.

s o _Sa___ D
crown,min - D2 Ys 2 Eq.2-15

4
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with
Vs Unit weight of the support medium [kN/m?]
Scrown,min Support pressure in the tunnel crown [kPa]

2.7 Conclusions about face stability assessment of slurry shield

driven tunnels

Slurry shield excavation technology has been successfully applied for many years. It
was shown in this chapter that various methods were developed in the past to assess
the face stability for both local and global failure modes. The calculation methods for
minimal face support pressure were successfully verified by experimental
investigation. For the typical application range of slurry shields (drained ground
conditions), the calculation process of the minimal support pressure is formalized in
ZTV-ING (2012), including recommended safety factors. ZTV-ING (2012) implicitly
suggests to use a limit equilibrium method to determine the acting earth pressure at
the tunnel face. The application of these relatively simple methods is beneficial due to
their transparency, calculation time and objectives of the face stability calculation
within mechanized tunnelling. It is worth mentioning that no general stability problems

with slurry supported face were reported in practice.

However, when assessing the required minimal face pressure in practice, a significant
theoretical shortcoming occurs. The shortcoming can be seen in the very common
assumption that the full amount of slurry pressure is efficiently transferred at the
tunnel face to counter the water and earth pressure. The assumption regarding the
countering of earth pressure is based on a simplified check which defines the minimum
required yield point of slurry that results in certain stagnation gradient for the
particular ground condition. The simplified check directly investigates the local stability
and pressure transfer efficiency (DIN 4126), while adopting principles from diaphragm

wall technology.

Hence, the practice-oriented approach determines the minimal support pressure
without thorough analysis if the support pressure acts efficiently depending on

excavation conditions.
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3. SLURRY-SOIL INTERACTION AND
THE SLURRY PRESSURE TRANSFER

The importance of slurry pressure transfer in slurry shield tunnelling has already been
highlighted by Babendererde (1991). As shown in the previous chapter, practice does
not generally place much emphasis on this topic. Babendererde (1991) claimed that
the efficiency of slurry face support depends on effectively transferred constant
pressure from the support medium to the surface of the tunnel face. Accordingly, the
support pressure transfer can be described as a transformation of the hydraulic stress
of the slurry into effective stress in the soil skeleton. However, only part of the slurry
pressure is subjected to this transformation. When a certain slurry pressure is set up
in the working chamber of the machine, it automatically splits up into two components.
The first component is equal to the hydrostatic groundwater pressure at a particular
point on the tunnel face. The second component, usually called support excess or
slurry excess pressure, is defined by Eq. 3-1. The second component is the most
important for consideration in the pressure transfer analysis, because its success in
being transformed efficiently into effective stress in the soil is not always guaranteed.

The efficiently transferred pressure counters the earth pressure and avoids tunnel face

failure.
AScrown = Scrown — Ucrown Eq.3-1
with
AScrown Support (slurry) excess pressure [kPa]
Werown Hydrostatic water pressure in the tunnel crown [kPa]
Ucrown Support pressure at the tunnel crown [kPa]

Three basic elements are involved in the pressure transfer. The suspended bentonite

particles, water and porous soil skeleton. Fully saturated conditions are expected in
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general, because slurry shield excavations are carried out mostly under groundwater

level.

This chapter is dedicated to analysing the interaction between these three
components, that is to say, the transfer of slurry excess pressure. The basic properties
of the interacting components are first described. The flow of suspensions through
porous media can be observed on different scales. Philip & Smiles (1982) defined three
possible scales. These scales are the molecular scale, the microscopic or Navier-Stokes
scale and the macroscopic or Darcy scale. The molecular scale is not considered in this

thesis.

Following this, the strategies for description of flow in soils will be explained with the
background of porous media theory. Using these theories, the soil-slurry interaction
might be considered as bulk flow (Darcy scale). In contrast, the slurry soil interaction
can be observed also on the particle level (microscopic scale). Thus, theoretically
possible cases of slurry-soil interaction will be analysed. Finally, the theories developed
to calculate the transfer of excess slurry pressure on Darcy’s scale for the purposes of
geotechnical engineering will be reviewed. The theories will be compared with the

basic theoretical interaction cases at the bulk and particle level.

3.1 Basic properties of interacting materials

In this section, the basic properties of materials involved in slurry soil-interaction will
be characterized. Fundamental methods for description of their properties used later

in this thesis will be also described.

3.1.1 Definition of non-cohesive soils

Soil is a natural aggregate consisting of mineral grains which can be easily separated
(Terzaghi et al., 1996). Unlike in rock, there is no bonding between the minerals in soil
grains. These grains are also called the solid phase or skeleton (Prinz & Strauss, 2011).

Voids (pores) are located between the grains.



38 3. Slurry-soil interaction and the slurry pressure transfer

Cohesive and non-cohesive soils are distinguished in DIN 1054 (2006) based on their
grain size and plasticity. Coarse grained soils, represented by gravels and sands, are
automatically considered as non-cohesive (Table 3-1). The mixed soils are sands and
gravels with fraction of fines. They are only considered as non-cohesive soils if the
fraction of fines does not have any influence on the soil’s behavior, that is, if the soils
are without plastic behavior. Terzaghi et al. (1996) defines the grain size of fines to be
smaller than 0.074 mm (conversion from American units). The main objective of this

thesis are non-cohesive soils as the main application field of slurry shields.

Figure 3-1: Shapes of soil grains — a) spherical b) flat c) needle-shaped d) rounded e) edged f)

sharp-edged (Enzmann, 2000)

Soils may have grains of various shapes and roughness (Figure 3-1). In general, grains
of non-cohesive soils are spherical and prismatic (Boley, 2012). This allows their
reasonable approximation with sphere in packed bed theories (section 3.2.2) to

describe the hydraulic processes in soils.

The hydraulic properties of soils will be discussed in chapter 3.2 on the background of
porous media theory. The discussion of mechanical properties of soil including the
principle of effective stresses is omitted in this thesis and can be referenced for
instance in Terzaghi et al. (1946) or in Mitchell & Soga (2005).

Table 3-1: Soil classification based on grain size

Grain size Clay Silt Sand Gravel
From [mm] 0 0.002 0.063 2
To [mm] 0.002 0.063 2 63

3.1.2 Basic properties of bentonite slurries

Bentonite slurry (suspension) is a liquid which consists of bentonite particles dispersed
in water. As already pointed out in section 2.1.2, the bentonite particles consist of 60
— 80 % montmorillonite mineral. Montmorillonite belongs to a group of three-layer-
minerals called smectites. Natural bentonite is characterized into different types based

on the presence of sodium or calcium cations in the crystal structure. Natural
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bentonites are often artificially processed before delivery to construction site. The
typical treatment is the activation of calcium bentonite or the addition of polymers
(Praetorius & Schoesser, 2016). Grain density of bentonite is approx. 2.65 g/cm?

(Product sheet of bentonite B1 — see appendix ).

The most characteristic property of bentonite is its high swelling capacity, which results
in an ability to bind water in large quantities. Triantafyllidis (2004) reports that the
water adsorption ability of bentonite particles also determines the rheological
properties of bentonite suspensions, e.g. yield point. Usually, the decisive amount of
swelling is completed after 10 hours for typical bentonite slurries (Weiss, 1967). After
this time, any ongoing swelling no longer considerably affects the yield point.
Wu (1990) mentions that the physical behavior of fluids with a yield point is explained
by an internal structure in three dimensions, which needs to be destructed before
enabling the movement of the fluid. In literature, two possible views on bentonite
suspensions (slurries) are suggested. The first assumes slurry as a suspension of solid
particles and a Newtonian fluid, which is water. This approach is used often in
chemistry and is comparably advantageous for the evaluation of the interaction of
slurry and porous media (e.g. soil) on a microscopic scale. It enables the formulation of
all forces that are acting on the particle as well as the assessment of the forces with
dominant impact based on grain size of suspended bentonite particles (Herzig, 1970).
The grain size distribution of suspended particles in fresh slurry can be seen in Figure

3-2 for reference. However, a loaded slurry from a construction site, which was

B1lslurry - 5%
concentration
of solids

Volume density (%)

0 LI 1) B 1) s e 3 S R 011 ]
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Figure 3-2: Left — Particle size distribution of suspended bentonite particles in B1 - 5% fresh slurry
(Malvern report, 2017) determined by the technique of laser diffraction Right -
Bentonite particle form B2 - 15% fresh slurry diluted in ratio 1:100 under
Lasermicroscope Leica TCS SP8 (Herpers, 2015)



40 3. Slurry-soil interaction and the slurry pressure transfer

previously cleaned by the second hydrocyclone stage may have a different grain size.
Grain distribution curves characterized by Dso from 10 um to 50 um are reported in
literature (Pulsfort & Thienert, 2013).

The second approach considers slurry as homogeneous (bulk flow), but unlike the first
approach, it acts as a non-Newtonian fluid. This approach is typical in slurry shield
tunneling, diaphragm wall technology and the oil & gas drilling industry. The approach
can be also reasonably used for soil-slurry interaction assessment on a macroscopic
level. This approach will be employed later within this thesis for characterization and
monitoring of slurry properties in experiments (chapters 6 and 7). Therefore, greater
attention will be given to the review of particular properties and their determination

in lab conditions or on a construction site.

As can be expected, these two points of view differ in variables describing the slurry
properties. If the first approach micro level characterization is adopted, the following
properties of slurry have to be determined (Herzig et al., 1970):

e Particle diameter

e Particle shape

e Particle size distribution

e Particle concentration in fluid

e Bed porosity

e Diameter of bed pores

e Newtonian properties of the carrier medium (water)

Figure 3-3: Devices required for the determination of physical properties of slurry a) density b)
pH, electrical conductivity, temperature
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To determine the outlined properties, advanced laboratory devices are usually
required, such as laser diffraction analysis, to determine particle size distribution in
slurry. These types of characterizations will not be further reviewed here. If the second
approach considering slurry as a homogenous fluid is adopted, the physical and
rheological properties of slurry need to be determined (Triantafyllidis 2004). Slurry
density, pH, electrical conductivity and temperature typically belong to the basic
physical properties. Praetorius & Schoesser (2016) note that these properties should
also be investigated for the water used for slurry mixing. The devices for measuring the
main physical properties of slurry are shown in Figure 3-3. It is important to note that
the physical properties can be directly measured, while the rheological parameters can
be usually only determined when a rheological model or shear profile is previously

adopted.

b)

Figure 3-4: Representants of simple devices used for the determination of rheological properties
of slurry a) ball harp b) Marsh funnel

Devices for measuring rheological properties may be divided into two groups. The first
group includes simple devices, usually located at construction sites. The handling of
the devices is formalized in codes DIN 4127 (2014) or API 13B (2014). The devices
correlate a measured parameter with a rheological variable from a table or diagram
provided in the respective code. On this basis, the ball harp device correlates the
number of spheres sunken in slurry during the test with the static yield point of slurry
under consideration of a slurry’s density. The particular sphere is characterized by its
volume and density (Figure 3-4-a). The table for correlation was developed based on
Eq.3-2 and isincluded in DIN 4127 (2014).

T;5=0.15-Dg, - (Ysp — ¥r) Eq.3-2
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with

Trs Static yield point of slurry [Pa]
Dg, Diameter of the sphere [mm)]

Ysp Unit weight of the sphere [kN/m?]
VE Unit weight of slurry [kN/m?3]

Eq.3-2 includes an assumption of a rheological model. This assumption is that the
sinking behavior of a sphere into slurry is exclusively governed by the static yield point
of that slurry. It is assumed that the sinking process is slow with very low shear rate, so
that the obtained yield point can be considered without any viscosity influence. A
similar approach is utilized for the pendulum device as defined by DIN 4127 (2014),
which accommodates a sphere fixed at the end of a wire. Deflection angle of the
pendulum is subsequently correlated with the static yield point of slurry using the same
rheological model as the ball harp (Eq. 3-2). The static yield point determined by these
devices was in the past designated as gel strength of slurry (Simons & Ruppert, 1982).

Figure 3-5: a) Standardised direct indicating viscometer after APl 13b b) General viscometer

While the ball harp and pendulum device are used to investigate static properties of
slurry, the Marsh funnel (Figure 3-4-b) focuses on rheological slurry properties during
flow. The Marsh funnel was originally referred to as a funnel viscometer by
Marsh (1931). He stated that this device may be used only for comparative
measurements of dynamic viscosities. The comparison can be done acc. to
Marsh (1931) with water or other fluids, only if their rheological properties have been
determined by another viscometer, e.g. by the type developed by Bingham (1911) as
Marsh (1931) suggests. In DIN 4127 (2014), however, a procedure for obtaining the
absolute dynamic yield point and the dynamic viscosity by Marsh funnel is described.
These properties are determined based on the correlation of the timespan required
for the outflow of 1.0 and 1.5 liter of slurry from the funnel. The code DIN 4127 (2014)

offers a diagram and Eq. 3-3 for this purposes (note that the number 1000 represents
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a shear rate with units s). The origin of the diagram, including the adopted rheological
model, is not clear to the author of this thesis and thus not explained here. DIN 4127
(2014) only shows the comparison of the dynamic yield point to the previously
introduced static yield point by a diagram (Figure 3-6) visualizing the viscous behavior
of slurry. In chapters 6 and 7 of this thesis, the Marsh funnel measurement is used only

for monitoring the consistency of the properties of used slurries.

_ T1000 — Tf,dyn }
Mayms =—70500 £a-53
With
Kdyn,s Dynamic viscosity [Pa.s]
T1000 Shear stress reading from the diagram in DIN 4127 [Pa]
T dyn Dynamic yield point [Pa]
stat rp -
| [ |
5 10 h 16

Figure 3-6: Static and dynamic yield point after DIN 4127 (2014) in dependence on time

Ballhoff et al. (2011) recently reported an approach for determining Herschel-Bulkley
parameters of a slurry by Marsh funnel. The approach was further studied by Schoesser
& Thewes (2015). In contrast, Longchamp et al. (2005) assessed measurements by

Marsh funnel as hardly representative of slurry characterization.

The second group of devices for the investigation of the rheological properties of slurry
are called viscometers. Bingham (1911) developed one of the first viscometers for
determining the rheological properties of clay suspensions. Nowadays, rotational
viscometers are mostly used. APl 13b (2014) defines the requirements for a
standardized direct-indicating viscometer to be employed in the petroleum industry
(Figure 3-5-a) and also for operation of the device. The fluid is placed in a gap between

two cylinders. The inner cylinder rotates, while the outer cylinder remains static, so
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that a certain shear rate, which depends on the rotational velocity of the inner cylinder,
is induced in the gap between them. The shear stress is consequently measured for
defined shear rates. The following shear profile is required for the determining the
viscosities and yield point:

1. Rotation at 1100 RPM
2. Rotation at 600 RPM
3. Rotation at 300 RPM

The first rotation speed is used for destroying the thixotropic structure in the slurry,
whereas the shear stresses are logged for the other two rotation speeds (Praetorius &
Schoesser, 2016). The shear stresses read from the standardized device are input into
the equations Eq.3-4, Eq.3-5 and Eq.3-6 to calculate the plastic and apparent
viscosity, and the Bingham vyield point (see APl 13b). The units are not perfectly
matching in these equations. The numbers 300 and 2 in the equations are supposed to
have unit s'*. Note that the Bingham flow rule is hereby adopted and that the equations

are applicable only for the standardized direct-indicating viscometer.

T600 — 7300
HBing = —300 Eq.3-4
with
T600 Shear stress reading from the viscometer at RPM 600 [Pa]
T300 Shear stress reading from the viscometer at RPM 300 [Pa]
UBing Bingham (Plastic) viscosity [Pa.s]
Typ = T300 — 300 " Uping Eq.3-5
with
Ty B Bingham vyield point [Pa]
T600
Ha = T Eq 3-6
with
Ua Apparent viscosity [Pa.s]

In addition to the standardized direct-reading viscometer, a fully variable direct-

reading viscometer is also available on the market (Figure 3-5-b). With the help of the
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fully variable viscometer, an entire flow curve of slurry at variable shear rates can be
determined without previously adopting any flow rule. However, an introduction of a
measuring constant may be required to obtain comparable results with the
standardized viscometer acc. to APl 13b (2014).

The entire flow curve is also called a consistency curve (Luckham & Rossi, 1999). The
flow curve is first obtained from the fully variable viscometer and one of the flow rules
(explained below) is adopted and the rheological parameters are found using the curve
fitting approach to the measured curve (Schoesser & Thewes, 2015). In general, there
are four basic flow rules. These are Newtonian, pseudoplastic (Herschel-Bulkley),
Bingham plastic, and dilatant (Figure 3-7). Herschel-Bulkley and Bingham plastic flow
rules are mostly utilized for bentonite suspension. Dilatant and Newtonian flow rules

are provided here for comparison.

Newtonian flow is typical for ideally viscous fluids, such as water. The Bingham plastic
flow rule applies to a fluid requiring a particular shear stress to start the flow. This
stress is called the yield point of the fluid. After exceeding the yield point, the shear

stress change starts to be linearly dependent on shear rate change (Eq. 3-7).

T=1yp + UBing 14 Eq.3-7
with
TyB Bingham yield point [Pa]
UBing Bingham (Plastic) viscosity [Pa.s]
y Shear rate [1/s]

In comparison to the Bingham flow rule, the Herschel-Bulkley flow rule is more
adaptable in accurately approximating the measured flow curve of slurry. This is due
to the parameter p, which describes the plastic thinning of slurry at higher shear rates
(£q. 3-8). In other words, the parameter p can describe the shear rate-dependent

viscosity of the fluid. The introduction of the parameter p also enables during curve
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fitting for small shear rates to achieve lower yield point of slurry (Schoesser & Thewes,
2015).

Dilatant Bingham Plastic

Pseudoplastic

Newtonian

Shear stress

Shear rate

Figure 3-7: Basic consistency curves for different type of flow — Newtonian, pseudoplastic,
Bingham plastic, dilatant (Luckham & Rossi, 1999)

T=Tyup+ Uup ' V? Eq.3-8
with
Ty HB Herschel-Bulkley yield point [Pa]
Uyp Herschel-Bulkley Viscosity [Pa.s]
D Parameter describing shear thinning [-]
y Shear rate [1/s]

When reviewing the flow rules, it is necessary to point out that the yield point of a
single slurry determined from the curve fitting of a flow curve will be different for the
Herschel-Bulkley and the Bingham flow rules. Moreover, the difference in parameters
occurring within the Bingham flow rule may be due to the use of either a direct-reading
viscometer at defined shear rates or a variable reading viscometer, and the
consequential general flow curve approximated by curve fitting. Therefore, it is always
necessary to specify the flow rule used to find slurry properties and the method based
on which the parameters were determined. In the case of the yield point, the
differences may be very significant. Therefore, many researchers state that the yield
point of slurry as a material characteristic does not even exist. The determination of
rheological properties of slurries is further complicated by the fact that they are time-
dependent (Luckham & Rossi, 1999). This behaviour of slurries is referred to in
literature as thixotropy, as viscoelasticity or as work softening (Sochi, 2007). When the
slurry is in static conditions without flow (y= 0), the yield point and the viscosity

increase with time to a certain value. This can also be seen as a sign that the suspension
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is stiffening. Shortly after the flow, a reduced value of the yield point and viscosity is
measured. The process is reversible and it is believed that thixotropy is caused by
forces of attraction and repulsion between the bentonite particles (Triantafyllidis,
2004).

Attempts to simplify the modelling of rheological properties of Non-Newtonian fluids
with a single constant have been reported in literature. A common approach is to find
a suitable definition for the effective viscosity for the particular flow process, which
will continue to have the dimensions and physical significance of Newtonian viscosity
(Sochi, 2010). Nevertheless, the geotechnical engineering field tends to use yield point
of slurry as a single variable for characterization of slurry flow in soil as will be shown

in section 3.4.

Another relevant testing device used for slurry characterization is the filter press,
according to the DIN 4127 (2014) and API 13b (2014) standards. During this test, the
slurry is pressurized to 7 bar and the volume of filtrate outflow through filter paper is
measured for 7.5 minutes. The volume of filtrate characterizes the stability of slurry.
After opening the device, the thickness of the filter cake settled on the paper can also
be measured for characterization. Other researchers have employed the filter press to
investigate the consolidation behaviour of slurry (section 3.4.2) and to determine its

consolidation coefficient (Talmon et al., 2013).

3.2 Characterization of flow processes in soil by the theory of

porous media

The aim of this section is to obtain theoretical framework for characterization of flow
in soil and later to choose a characterization method, which suits to the objectives of

this thesis.

The theory of porous media plays an important role in soil mechanics especially for
describing the interaction between the soil skeleton and the liquid filling its pores (de
Boer, 1998). The theory is also used in the characterization of flow within a porous
medium (Sochi, 2010). Hence, it is also suitable for describing the slurry-soil
interaction. Bear (1988) summarized the requirements for a soil to be considered a
porous medium:

e Heterogeneous or multiphase matter consisting of a solid matrix and pore space
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e Specific surface of the solid matrix is relatively high and the various openings
comprising the void space are relatively narrow

e At least some pores between solids are interconnected and evenly distributed,
so that any two points within the medium are connected by a free path

Reality Porous medium

A A

+

Ee——
Microscopic Mixture theory Volume fractions
structure theory

Figure 3-8: Modelling of the porous medium through homogenization of surrogate medium and
the concept of volume fractions (Benke, 2003)

The porous media theory distinguishes the macroscopic and microscopic approach
while describing the soil. The microscopic approach focus on the structure of single
pores including their geometry and avoids using continuum-based description of the
medium. However, it is still very difficult to employ the microscopic approach to
characterize the porous medium and obtain reasonable results of a macroscopic
physical phenomenon (Wu, 1990). Therefore, the macroscopic approach is often used
in both theory and applications (Wu, 1990). The macroscopic approach follows two
basic principles. These principles are the volume fraction concept and the mixture
theory. The volume fraction concept involves distributing the mass of solid and the
liguid space based on volume porosity numbers in the representative elementary
volume (de Boer, 1998). This approach includes a fundamental assumption that the
pores are statistically distributed in the representative volume and only liquids or gases
can move in the pores (Figure 3-8). The concept of volume fractions neglects the exact

description of pores structure and the localisation of components (Benke, 2003).

The mixture theory assumes that the individual parts of the mixture cover the entire
elementary volume and are completely mixed (de Boer, 1998). The individual
constituents in the continuum mixture theory have their own degrees of freedom (de
Boer, 1998). In the theory of porous media, however, the solid and liquid phase are

immiscible, so that the mixture theory combined with the volume fractions theory
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offers the best framework for treating the fluid saturated porous media. In this way,
the complexities of microscopic pore structure can be avoided by using macroscopic
properties for description and characterization of the porous medium (Sochi, 2010).
The macroscopic approach leads to the determination of “smeared” properties for the
porous media (de Boer, 1998), for instance the porosity, intrinsic permeability (Section
3.2.1) and the macroscopic homogeneity. The macroscopic homogeneity is usually
explained as the absence of local variations in macroscopic properties on a scale of
representative volume. Hence, the local variations have negligible influence on the
macroscopic properties (Sochi, 2010). Furthermore, it is possible to assume that the

average areal porosity is equal to the volumetric porosity (Bear, 1988).

The basic aim of the flow description in porous media is to determine the pressure
drop during a particular flow length. To describe the flow in porous media, the
following theories have been developed (Sochi, 2010):

e Continuum approach
e Capillary bundle approach (sometimes combined with sphere pack models)
e Pore-scale network modelling (Numerical methods)

The continuum and capillary approaches are the macroscopic methods, while the pore-
scale network modelling theory is a microscopic method. The microscopic approach is
usually a combination of pore-scale network modelling with either the finite volume or
finite difference method (Sochi, 2010). In the next two subsections, the basic
approaches for describing the flow in porous media (continuum and capillary bundle
approaches) will be explained. Newtonian liquid within the pores is here assumed for

the sake of simplicity.

3.2.1 Continuum approach of flow characterization in porous media

In the continuum model, all details of pore structures result in bulk properties, and
flow physics at the pore level are ignored. The most important model in this group is
the Darcy model. Darcy’s model (law) is a basic relationship used in many disciplines
for the mathematical description of flow through porous media (Pascal, 1981) and is
often used in soil mechanics. Darcy reported in 1856 on the proportionality of the
volume of flowing water and the loss of pressure head while performing flow tests in
vertical homogeneous sand filters (Bear, 1988). As noted by de Boer (1998), in 1930,

Darcy’s law was extended by Nutting for fluids with various viscosity based on
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experimental investigation. Darcy’s model (Eq. 3-9) adopts continuous liquid motion
through rigid porous body. It establishes a dependency of average flow velocity (v) on
the permeability coefficient of the ground (kf) and the hydraulic gradient (i). The
hydraulic gradient is determined by groundwater head loss during flow (Ah) within a

particular macroscopic flow distance (AL).

v:ﬁ.i:ﬁ.A_h Eq.3-9
n, n, AL
with
v Bulk flow velocity in pores [m/s]
ks Coefficient of permeability [m/s]
i Hydraulic gradient [-]
Ah Change in hydraulic head [m]
AL Macroscopic flow path [m]
n, Porosity [-]

The permeability coefficient can be determined experimentally by measuring the
discharge through a cross-sectional area (Eq.3-10), while knowing the pressure
gradient. The determination of the permeability coefficient is formalized for soils in

DIN 18130-1 (1998). The code also recommends a suitable set-up for conducting the

tests.
T L) Eq.3-10
Q=v- -4 ks = 173 q
with
Q Discharge [m3/s]
A Cross-sectional area of the flow [m?]
v Bulk flow velocity in pores [m/s]
i Hydraulic gradient [-]
ks Coefficient of permeability [m/s]
Ny Porosity [-]

If the permeability coefficient (k¢) and the viscosity of fluid (1) are known, the intrinsic
permeability (K) can be calculated as a fluid-independent constant characterizing a
porous medium — soil (Bear 1988). The intrinsic permeability (Eq. 3-11) of the medium
represents the flow geometry by a square of a length scaling the porous network
(Coussy, 2004).
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Priuid
g

= - Eq.3-11
Pfluid 9

K

Intrinsic permeability [m?]
Coefficient of permeability [m/s]
Dynamic viscosity of fluid [mPa.s]
Density of fluid [kg/m3]

Gravity acceleration [m/s?]

The application of Darcy’s law has certain limitations regarding the flow regime and

fluid properties (modified from Hafner et al. 2009):

with
Re

Only stationary laminar flow can be considered, so that kinetic energy and
inertial effects can be neglected (Bear, 1998). Hence, the viscous forces need to
dominate (Coussy, 2004). The presence of laminar flow can be assessed based
on the calculation of the Reynolds number (Re). In literature, various limits of
Reynolds number for laminar flow are referenced: after Herzig et al. (1970) for
Re < 10, after Coussy (2004) for Re < 100, after Bear (1988) Re <1 — 10 (if the Re
was calculated adopting an average grain diameter). The Reynolds number can
be determined using £¢. 3-12. The equation was recommended by Herzig et al.
(1970) for suspensions in porous media.

Sliding effects between the permeating medium and the soil have to be
excluded (Klinkenberg effect). Note that this effect is relevant only for gases or
gas-liquid-mixtures (Coussy, 2004).

The flow has to be controlled by the average properties of the soil, so that the
size of the flow cross-section is large enough in comparison to the grain size.
This assumption is basic for the porous media approach and is also included in
DIN 18130-1 (1998), defining the minimal dimensions of the experimental
device for soil permeability testing.

Constant viscosity of the fluid with regard to its shear rate is required, so that
the product from flow volume and viscosity remains constant.

Chemical or physical reaction between fluid and pore structure must be
excluded.

Nearly incompressible fluid is necessary (Bear, 1988).

Re = Um* dg " Pcarrier Eq.3-12
6 - (1—1no) " Uearrier

Reynolds number [-]
Suspension approach velocity [m/s] v,,= v (mean interstitial velocity) - n,
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dg Grain mean diameter [m]

Pearrier Density of carrier fluid [kg/m?]

no Initial porosity of the medium [-]
Ucarrier Dynamic viscosity of carrier fluid [kPa.s]

Darcy’s law, including the equations presented above, was originally developed for
one-dimensional flow. Bear (1988) states that it is possible to generalize it for three-
dimensional flow, as it was theoretically predicted and later also confirmed by

numerous experiments.

3.2.2 Capillary bundle approach of flow characterization in porous media

The flow in pores of soil is usually assumed to be laminar and therefore a certain
similarity to flow in a tube exists (Zamani & Maini, 2009). Hence, the flow in a capillary
tubes can be characterized by Hagen-Poisseuille’s law (Figure 3-9). This law is
considered to be the governing law for steady-state flow in all capillary bundle models
for porous media (Bear, 1988). The flow through a single tube can be described with
Eq.3-13 for a Newtonian fluid. From this equation, it is visible that the flow velocity is

linearly dependent on pressure gradient.

Figure 3-9: Simple capillary tube models (Bear, 1988)

T dipype - Psiuid* g Ah

Qf,tube = 128 u H = V¢ " Qeype Eq.3-13
with
Qf tube Discharge from a tube [m?3/s]
diupe Diameter of a tube [m]
u Viscosity [mPa.s]
Pfluid Density of fluid [kg/m?]
Vg Average velocity in tube [m/s]

Atyupe Cross-sectional area of tube [m?]
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g Gravity acceleration [m/s?]

The cross-sectional area of the porous medium with side lengths (a) and (b) can then
be approximated with the number (N) of tubes (Figure 3-9). The tubes can be either
parallel with uniform diameter or parallel with changing diameter to consider
bottlenecks or tortuous tangled tubes. In the tortuous angle tubes, it is necessary that
the Navier-Stokes equation is applicable (Bear, 1988). Another option is that the tubes
are bowed. The specific discharge of porous medium with parallel uniform tubes can
be easily characterised by Eq. 3-14. From the equation, the analogy to Darcy’s law can
be observed due to the formulation of the intrinsic permeability (K) of the porous
medium (Bear, 1988). In contrast to Darcy’s law, the physics of flow is taken into

account here.

N-Qs _ mdipePriiad b Mydiye Priiad Ah 1 .
g, = a_‘i _ ;Z::Z dg.ﬂ =2 b .Pﬂ”dgﬂ; K=2mn, d} e Eq.3-14
with
qs Discharge [m3/s/m?]
Qs Discharge from a tube [m3/s]
diupe Diameter of a tube [m]
7 Viscosity [mPa.s]
Pfluid Density of fluid [kg/m?]
K Intrinsic permeability [m?]
n, Porosity n, = N * 1 - dfype /4
1/32 Parameter describing the porous structure
g Gravity acceleration [m/s?]

The formulation in Eq. 3-14 for intrinsic permeability enables “parameter 1/32” to be
modified for other numbers in order to describe the porous medium more accurately.
Nevertheless, a serious shortcoming in the described model is that it assumes that the
volumetric porosity only considers pores in the parallel direction to flow, which is not
true. Hence, it is usually adapted so that only 1/3 of pores of the medium is placed

parallel to the flow direction. Accordingly, the parameter 1/32 is changed to 1/96.

Kozeny proposed an approach characterizing the flow velocity of fluid through porous
medium while considering its properties more accurately (Chapuis & Aubertin, 2003).
He also assumed the porous medium to be a bundle of parallel tubes with equal length
and derived Eq. 3-15. The equation is called the “Kozeny equation” for the

determination of intrinsic permeability of the porous medium. The tubes in the model
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could have various cross-sections, from circular to equilateral triangular. The shape of

the tube was taken into account by the constant c,.

) 3
K = S0 Mot Eq.3-15
M2
with
K Intrinsic permeability [m?]
Nyol Volumetric porosity [m]
M Specific surface of porous material [m™], M = As/V}, pores
A Total interstitial surface area of pores [m?]
Vb pores Unit bulk volume of pores [m?]
Co Kozeny constant [-]

As referred by Chapuis & Aubertin (2003), Carman experimentally verified the Kozeny
equation in 1937 and further developed it. The first development was made by
introducing a hydraulic radius and reformulating the specific surface of the porous
medium. The specific surface was newly formulated as a surface area of the particle in
a packed bed, divided by particle’s volume. The second further development was done
by introducing ¢, = 0.20. As noted by Bear (1988), it is possible to change the term
“specific surface Ms of spheres” to d,,, = 6/M;. This delivers the final term for the
intrinsic permeability of porous medium known as the Carman-Kozeny equation

Eq.3-16). The developed equation is valid only for laminar flow.

K = Gm Twot® Eq.3-16
180-(1 - nvol)z
with
K Intrinsic permeability [m?]
Nyol Volumetric porosity [-]
dm Mean particle size — diameter of sphere [m]

The Carman-Kozeny equation delivers good results in comparison to other experiments
for flow in sand, but is not suitable for flow in clays (Chapuis & Aubertin, 2003). The
model is one of the most popular models used in fluid dynamics for flow in porous
packed bed (Sochi, 2010). One of the reasons is that the Carman-Kozeny model for

III

Newtonian-fluids enables better estimation of the “real” flow velocity in pores than,
for instance, Darcy’s model. Hence, the model is considered to be a semi-empirical

relation (Sochi, 2010). It is called a semi-empirical model and is classified as a
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macroscopic model because it does not consider all the complex features of the void

space.

The description of the capillary bundle approach for porous media includes also a
certain simplification. The simplification is highlighted in the following example
formulated by Civan (2015). If a single pore is assumed to have zero flow velocity at
the boundary and the maximum velocity at the pore centre, a certain flow velocity
gradient must exist inside the pore. The pores, however, also include enlargements
and contractions. Therefore, it is improbable for the flow velocity gradient in the pore
to have the parabolic distribution as assumed in the Hagen-Poiseuille law.
Nonetheless, the advantage of the model is that it is easy to combine the capillary
bundle approach with various other flow rules for liquids. For instance, the Bingham or

Herschel-Bulkley type liquid behaviour can be considered (Sochi, 2010).

It is worth mentioning that Lemppenau (2015) conducted an analysis of the
penetration depth of bentonite slurry in soil, employing various flow rules for slurry
and approximating the pore space of soil using both the Darcy and Blake-Kozeny-
Carman models. The analysis saw only a limited success when compared to

experimentally determined slurry penetration depths.

3.3 Fundamentals of suspension filtration and flow through porous

media

The aim of this section is to introduce basic types of suspension filtration through
porous media, as they are distinguished in chemistry. Following this, a particularly
relevant case of filtration for slurry shield tunnelling will be discussed further. In
contrast to the previous section, which considers interaction between slurry and soil

to be a bulk flow, this section focuses on the filtration at the particle level.

3.3.1 General types of suspension filtrations

The goal of filtration is to separate suspended solids from their carrying liquid. The
process occurs when slurry, representing the liquid, flows through soil, the filter
(porous) medium. The filtration process must be induced by external forces. This
external force may be pressure, gravity, or a vacuum or centrifugal force. In the case

of tunnel face support, pressure induces the filtration. Hermia (1982) defined four
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basic particle retention mechanisms occurring during filtration. The type of filtration
mechanism that occurs depends on the comparison between the pore size of the
medium and the particle size in the suspension:

e Complete blocking (Figure 3-10-a) is when every retained particle blocks a single
pore of the medium, so that the pore entrances are sealed (Grenier et al., 2008).

e Intermediate blocking (Figure 3-10-b) is when a finite probability exists that the
particle will block a pore. In this case only a large fraction of the suspended
particles seal the entrance pores and the rest is deposited on top of them
(Grenier et al., 2008).

e Cake filtration (Figure 3-10-c) is when particles are retained by a so-called cake,
which grows over the course of the filtration and increases in resistance

e Standard blocking (Figure 3-10-d) is when particles are retained within the

medium and thereby cause narrowing of the pores (also known as deep bed
filtration)

v i
o«

Standard blocking
filtration

Complete Intermediate
blocking filtration blocking filtration

Cake filtration

Figure 3-10: Basic filtration models (Tien & Ramarao, 2011)

Tien & Ramarao (2011) point out that deep bed filtration mechanism results from
standard blocking, while intermediate or complete blocking is required to initiate the
cake filtration. Hence, some authors do not distinguish “filter cake” as a separate type

of filtration, but only as a result of one of the other three filtration types.

The blocking mechanisms can be shown in a simplified manner by blocking equation
(Eq.3-17) for constant filtration pressure. The equation relates the cumulative volume
of the filtrate flowing through the filter medium in time with the coefficient g;. The

coefficient might be understood as a blocking speed (Gosele & Alt, 2005).
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2 q1
_dat q1.<—dt ) Eq.3-17
2

deiltrate deiltrate
with
Vittrate Cumulative volume of the filtrate [m?]
t Time [s]
q1 Constant describing the interaction between fluid and porous media [-]

The type of interaction taking place, described above, can be distinguished based on
this constant. The typical values of the constant, which depend on the type of

interaction, are provided in Table 3-2.

Table 3-2: Coefficient q; describing the interaction

Intermediate Standard  Complete
blocking blocking blocking
filtration filtration filtration

q [-] 0 1 1.5 2

Type of Cake

filtration filtration

However, it can be generally expected that more than one filtration type is
simultaneously present (Gosele & Alt, 2005). Moreover, Tien & Ramarao (2011) point
out that the values of the coefficient q1 are only approximate. The procedure for
determining q, is not trivial. The determination procedure from experimental data is
described by Tien & Ramarao (2011) in detail. The procedure is not utilised in this

thesis.

3.3.2 Standard blocking filtration (deep bed filtration)

The standard blocking mechanism is one of four fundamental mechanisms used to
describe the interaction between the suspension and the porous media. Based on the
size comparison of suspended bentonite particles with the pores of non-cohesive soil,
it seems to be the most common form of interaction. Standard blocking filtration
represents a framework for describing the deposition of suspended bentonite particles
in a porous medium (bed). In this section, the elementary mechanisms of slurry particle
clogging within the soil skeleton will be described. Particle transport and deposition
(clogging) in porous media are two fundamental processes which occur during
standard blocking filtration (Zamani & Maini, 2009).
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Several mechanisms are involved in the process of standard blocking filtration. These

mechanisms bring suspended particles in contact with retention sites, fix the particles

on retention sites (colmatage or clogging) and potentially break away (decolmatage or

scouring) previously fixed particles (Herzig et al., 1970). The rates of deposition and of

particles breaking away within a porous medium depend on the forces interacting

between the filter medium, the carrier fluid and the suspended particles (Sharma &
Yortsos, 1987).

i

Surface sites Crevice sites Constriction sites Cavern sites

Figure 3-11: Particle retention sites in porous media during deep bed filtration (Herzig et al.,

1970)

As previously pointed out, suspended particles are transported to retention sites

during filtration. The retention sites in a porous medium in deep bed filtration can be

divided in four types. These types are:

Surface sites (Figure 3-11-a) — A suspended particle stops and is fixed on the
surface of a pore.

Crevice sites (Figure 3-11-b) — A suspended particle is wedged between the
convex surfaces of two grains. Theoretically, each size of particle can be
retained in a crevice. However, a particle needs some kinetic energy to be
wedged in the crevice instead being fixed on a face. According to Herzig et al.
(1970), wedging is only probable for particles with a maximum size 20-times
smaller than the bed grains.

Constriction sites (Figure 3-11-c) - If a particular pore is smaller than the
suspended particle, the particle can be retained. Geometrically, a spherical
particle can be strained in a triangular constriction if it has a maximum diameter
6.5 times smaller than the spherical bed grain. If three uniform spherical
particles are involved in straining, they can be a maximum of 10 times smaller,
according to Herzig et al. (1970). The straining may also happen due to the
successive stoppage of particles in each crevice of the constriction.

Cavern sites (Figure 3-11-d)— Particles are retained in pocket areas formed by

adjacent grains.
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Besides retention sites, Herzig et al. (1970) identify several retention forces. Retention
sites can be coupled with particular retention-triggering forces. These forces are:

e Axial flow pressure of the fluid — The pressure may hold a particle retained at
the opening of the constriction.

e Friction forces — Particles retained in a crevice may be held in place by friction.
Axial flow pressure and friction forces together are sometimes considered
mechanical stresses acting on the particles (Sharma & Yortsos, 1987).

e Surface forces — Surface forces are a combination of attractive Van der Waals

forces and electrical forces. The electrical forces (Coulomb’s forces) between
suspended particles and grains may be either attractive or repulsive depending
on physiochemical conditions. Van der Waals forces can be neglected for
particles larger than 10> m, hence, for a fraction of suspended bentonite
particles. The electrokinetic forces depend on the pH, the ionic strength of the
solution and the nature of the particles and ions. The electrokinetic forces may
appear both between suspended particles and between particles and grain bed.
Ives (1987) points out that suspended clay particles in water and porous bed
particles have the same charge. Thus, the electrostatic repulsion might be
overcome by Van der Waals” forces.
During small particle filtration, particles can flocculate due to electrokinetic
forces and can influence the interaction with porous media. In general, surface
forces have very small action ranges, so they can only capture particles if they
flow very close to the grains.

e Chemical forces — These forces are relevant for colloidal particles with
theoretically possible chemical bonding. Colloidal particle deposition can cause
a change in the morphology of pores and influence the porosity of the porous
medium. The change in pore structure induces local pressure gradients (Zamani
& Maini, 2009). Additionally, colloidal forces, as a type of compound forces, can
be considered as separate group. These forces are London—van der Waals
forces, electrical double layer forces, solvation forces, hydrophobic forces and
steric forces. They are considered to be compound since they are both described
by the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory. This theory offers
a framework for the prediction of total interparticle interaction (Liang et al.,
2007).

The existence of retention forces causes the grains of porous medium to capture the

suspended clay particles. These processes displayed in Figure 3-12 are (Herzig et al.,
1970):

e Sedimentation - This process is induced by gravitational force if it is larger than

the flow force. Sedimentation plays an important role if the density of particles

is significantly higher than the density of the carrier fluid (Zamani & Maini,
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2009). The efficiency of a single collector can be described by Eq.3-18 using

the gravitational sedimentation parameter.

N = 2-g- Dpz “(Ps — Pcarrier) Eq.3-18
¢ 9 Uearrier " Veh
with
Ng Gravitational parameter [-]
Ps Particle density [g/cm?]
Ven Characteristic velocity [m/s]
D, Radius of suspended particles [m]
Ucarrier Viscosity of carrier fluid [mPa.s]
g Gravitational acceleration [m/s?]
Dcarrier Density of carrier fluid [g/cm?]

e Inertia — Due to the different densities of the particles and fluid, the particles
cannot maintain the same trajectories as the fluid and might deviate from the
streamlines. The deviation may bring the particles into contact with the grains.
The inertial forces become more significant in comparison to gravity forces as
the flow velocities of suspended particles increase and the grain size of the
porous media decreases. However, Zamani & Maini (2009) say that inertial
collection efficiency is lower for higher flow rates of liquids. The inertial effect
can be characterized by the Stokes number (Eq. 3-19). According to Zamani &

Maini (2009), the Stokes number quantifies the inertial force in the motion

equation.
2
N, = 2P ¥m Dy Eq.3-19
9-u-dy
with
Ng; Stokes number [-]
Ps Particle density [g/cm?]
VU Suspension approach velocity [m/s] v,,,= v (mean interstitial velocity) - n,
D, Radius of suspended particles [m]
u Viscosity of carrier fluid [mPa.s]
dg Radius of bed grain [m]

e Hydrodynamic effects — Due to the flow field resulting from non-spherical pore
geometry, the particles conduct random drifting motions across streamlines.
This type of movement increases the probability of collision with bed grains
(Zamani & Maini, 2009).
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Particle:

A Sedimentation
B Direct

C Brownian motion

Direct interception — Direct collisions with grains occur in the pore tortuosities,
due to the size of the particles. The fraction of suspended particles which come

particle diameter

2
into contact with grains is proportional to ( ) (Figure 3-12). A

constriction radius

collision happens when a particle flows in a streamline at a distance closer to
the grain than the radius of the particle.

Diffusion by Brownian motion — The suspended particles may reach areas
outside of the flow of the suspension due to diffusion. They may be
subsequently fixed at these areas. Brownian motion is usually the dominant
factor for the deposition of very small particles in the absence of electrostatic
forces (Zamani & Maini, 2009). Brownian motion may usually be neglected for
the bulk flow of bentonite slurry through a porous medium, because the
viscous drag of fluid restricts this movement for particles larger than 1 um
(lves, 1970).

Attached particles

Particle
trajectory

Suspended particles

= = = Streamline

Grain

Trapped particles
Pore throats ppedp

interception

Pore bodies

Figure 3-12: Left - Three dominant capturing processes of suspended particles, grain = collector

(modified from McDowel-Boyeret al., 1986 ), Right — particles within a porous
medium (Sharma & Yortsos, 1987)

The process of capturing particles is reversible in some cases. The process in which

particles separate from grains is called decolmatage, as previously noted. Herzig et

al. (1970) distinguish two decolmatage processes:

Spontaneous decolmatage — This occurs when the pressure or flow rate
spontaneously changes the flow close to the retained particles. Another
scenario might be that a flowing particle collides with the retained one.
Provoked decolmatage — Provoked decolmatage results from outer impulses,
when the flow rate or pressure is changed in the entire porous medium.
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Generally, the ratio between the diameter of the suspended particle and the diameter
of the bed grain is important for the retention of “large” particles. In contrast, the
specific surface of porous beds plays the most important role in the retention of

|”

“small” particles. According to Herzig et al. (1970), the previously described interaction
mechanism within deep bed filtration can be classified depending on the size of
suspended particles. This means that for a certain particle size, the prevailing retention
sites, capture mechanisms and governing forces can be defined (Table 3-3). The ratio
between bed grain and particle size defines the manner in which the retained particles
change the free passage and facilitate the retention of other particles. Consequently,
permeability reduction of porous media through which a suspension is flowing, may
happen due to the following processes (Sharma & Yortsos, 1987):
e Particles larger than pore throat — These particles are captured in the pore
throat and thereby abruptly reduce the area allowed for suspension flow.
e Particles considerably smaller than pore throat size — These particles are
uniformly captured over pore bodies and throats. Hence, permeability is

reduced successively during ongoing flow through the porous medium.

Table 3-3: Types of standard blocking filtration (Herzig et al., 1970), compare with Fig. 3-2

Type of

Particle
standard

Retention
forces

Retention
sites

Capture
mechanism

Spontaneous Provoked
decolmatage decolmatage

blocking
filtration

constrictions, | _ . .. ., | Sedimentation, flow
. : Friction, fluid . . . .
Mechanical > 30 crevices, ressure direct improbable direction
caverns P interception reversal
Van der
. . . Waals and Direct . increase in
Physiochemical [ 1-3 | surface sites L . . possible
elektrokinetic | interception flow rate
forces
Van der
Waals forces, .
elektrokinetic Direct increase in
Colloidal <0.1 | surface sites interception, possible
forces and e flow rate
. diffusion
chemical
bonding

In the past, a number of theoretical models have been developed for the
characterization of particle deposition within various sizes of porous media. Models
which consider deep bed filtration to be the governing interaction mechanism are

reviewed in Shirato et al. (1978) and Zamani & Maine (2009). Two important
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representations of models for standard blocking filtration are discussed here. Iwasaki
et al. (1937) derived an equation for particle deposition in sandy porous media
(Eq.3-20) for constant pressure conditions. The equation introduces a constant filter
coefficient (A). The equation includes certain simplifying assumptions. These
assumptions are (lves, 1970):

e The suspension is homogeneous, non-flocculating and flows at a constant rate.

e The porous medium is isotropic and uniform.

e The porous medium is initially clean and thus does not contain any deposited
particles.

e Every layer of the filter is equally efficient.

e The suspension entering and leaving the porous medium is uniformly dispersed.

ac il
- %ﬂ:le =2 Cparticle Eq.3-20
with
Cpartcite Particle concentration [-]
y Distance from the inlet face of the porous media
A Filter coefficient (a measure of the efficiency of clarification of the suspension)

In comparison to Iwasaki, lves (1970) presented a more general equation for the
filtration coefficient of sand. The equation accounts for variations of the filtration
coefficient during ongoing filtration due to successive particle deposition (Eq.3-21).
The aim of the equation is to highlight the importance of pore geometry and interstitial
velocity (lves, 1970). It considers the increase of the specific surface of the filter due to
localized coatings of grains by deposited particles in the first term in brackets. The
second term in brackets of Eq. 3-21 stands for the diminution of the specific surface in
the filter since the particles are accumulated in the side spaces of pores. The third term
indicates that interatrial velocity increases when pore cross-sections are narrowed by
deposited particles. Ives (1970) expects that further particle deposition is not possible
when the limiting velocity is reached, so that a specific deposit reaches the saturation

value.

n n
A=Ay <1 + M) y (1 _ "spef)"z : (1 _ Ispec ) Y Eq.3-21
ny Gu,spec

with
bgrains Geometric constant related to packing of the filter grains [-]
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Oy,spec Ultimate saturation value of the specific deposit [-]

A Filter coefficient (a measure of the efficiency of clarification of the suspension) [-]
Ospec Specific deposit [-]

Ao Initial value of the filter coefficientatt=0s [-]

nq, Ny, N3 Empirical exponents

no Initial porosity (clean bed)

As noted by Arwanitaki (2009), the model formulations developed in chemistry have
not yet been used for practical purposes in geotechnical engineering practice, due to
their complexity and sometimes ambiguous output. The complexity can easily be seen
in the non-existence of a closed analytical solution. However, they offer a good
framework for the analysis of slurry-soil interaction for the purposes of geotechnical
engineering. The interpretation of the experiential results in chapter 6 and 7 of this

thesis is inspired by this framework.

3.4 Theories of support pressure transfer at the tunnel face

The support pressure transfer theories describing the interaction between bentonite
slurry and the soil skeleton will be presented in this section. In contrast to the previous
sections, this section focus exclusively on approaches used in geotechnical engineering
or on approaches, which have been developed for the purpose of geotechnical
engineering. The theories discussed in this section are divided in groups depending on
factors which are taken into account while assessing the pressure transfer. These
groups of theories are as follow:

e Theories not considering time factor

e Theories considering time factor

e Theories considering time factor and the interaction with cutting tools on the
level of entire tunnel face

The theories for pressure transfer used in geotechnical engineering will be also later
coupled with the fundamental theories from the previous sections to obtain deeper
understanding of the processes. The approach also offers clues about processes at the

micro-level for the later evaluation of the macroscopic experiments.
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3.4.1 Theories not considering time factor

The representatives of this first group originate from diaphragm wall technology. They
do not take into account any time-dependent processes or any interaction between

the pressure transfer mechanism and the cutting tools of a shield machine.

Morgenstern & Amir-Tahmasseb (1965) conducted one of the first attempts to analyse
the interaction between slurry and soil for the purposes of open trench stabilization.
The authors pointed out that at the time of publishing their paper, several mechanisms
like hydrostatic pressure, arching of the soil and electro-osmotic forces were discussed
as the main mechanisms responsible for the slurry support of non-cohesive open
trenches. They concluded based on an analysis of a case study that the yield strength
of slurry is not the factor that directly contributes to the stability of the trench.
According to the authors, the role of yield strength can be seen in the increased
carrying capacity of the slurry for cuttings produced during the excavation. The floating
cuttings in the slurry subsequently increase the slurry’s bulk density, which increases
the trench stability by increasing hydraulic pressure. Thus, the hydrostatic pressure
induced by the self-weight of slurry is the mechanism enabling the support of the
trench. The authors also stated that the presence of suspended bentonite particles in
the slurry is essential for the formation of an impervious membrane at the interface of
the slurry and non-cohesive soil. However, the authors did not establish any
connection between the rheological properties of slurry and its penetration behaviour.
Their theory expects that all of the slurry excess pressure is transferred at the soil

skeleton.

Weiss (1967) performed laboratory experiments dealing with stabilization of non-
cohesive soils by bentonite slurry. In his experiments, he visualized the penetration
behaviour of slurry in the pores of soil and suggested that the penetration depth can
be calculated from the equivalent pore diameter and the yield point of slurry. In his
research, Weiss (1967) observed the formation of filter cake in soils with low
permeability coefficients, and slurry penetration inside the skeleton for coarse soils
with high permeability coefficients. He concluded that the yield point has considerable
influence on trench stability, and hence on the pressure transfer. He summarizes the
stability condition as three partial conditions:

e The first condition requires a certain yield point of slurry to achieve the
equilibrium of forces on a single soil grain (Eq. 3-22).
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e The second condition is that the slurry pressure exceeds the groundwater
pressure.

e The third condition requires the slurry excess pressure to counter the earth
pressure.

From the pressure transfer point of view, only the first condition is important. This

condition results from the assumption that yield strength should retain the movement

of soil grains.
T 0>i'd25'()’ —¥r) Eq.3-22
f' - 3 1T s
with
T 0 Yield point immediately after mixing the slurry [Pa]
dys Characteristic grain size of soil (25% passage) [mm]
Vs Unit weight of soil grains [kN/m?]
Y Unit weight of slurry [kN/m?3]

Further research on the stability of slurry-stabilized trenches was conducted by Miiller-
Kirchenbauer (1972). Miller-Kirchenbauer performed both, experiments and
theoretical analysis. He stated that penetration of slurry in the pores of soil influences
the slurry pressure transfer on the soil skeleton. The penetration behaviour of slurry is
determined by the grain size distribution of soil and the stagnation gradient of slurry.
Miller-Kirchenbauer (1972) distinguishes two cases of slurry-soil interaction. The first
is the formation of a filter cake at the soil’s surface and the second is slurry penetration
inside soil’s pores without any aggregation of slurry particles at the surface. In case of
slurry penetration, the shear resistance of the pore channel wall is activated. The shear
resistance is in equilibrium with the excess hydraulic head of the slurry in the trench at
the end of the penetration process. The final penetration depth is described by a
stagnation gradient, which can easily be determined from an experiment using to Eq.
3-23.

_As Eq. 3-23
max
st
with
lax Final penetration distance of slurry in soil [m]
As Excess hydraulic head of the slurry [kPa]

fsomc Stagnation gradient of slurry in soil [kN/m?3]
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Figure 3-13: Left - Sketch of slurry supported open trench with slurry penetrated area (abd) and
the slurry penetrated area which is stabilizing the trench (abc) Right — Mechanism of
the single grain sliding out of the wall for a = 30° and 45° (Miiller-Kirchenbauer, 1972)

Based on the stagnation gradient, Miller-Kirchenbauer (1972) calculated the force
induced by slurry pressure, which is supporting the trench. While calculating the force,
he only considers the stabilization effect of slurry, which stagnated inside the soil
wedge. The soil wedge to be stabilized is assumed to be two-dimensional (plain strain
conditions assumed) and is visualized in Figure 3-13. The supporting force is calculated
using Eq.3-24. Thereby, he considers that the entire slurry excess pressure is
transferred at the soil skeleton anyway. The same approach was applied by
Anagnostou & Kovari (1994), when they evaluated pressure transfer on three-

dimensional soil wedge.

Fslurry =Afs fs0" YF Eq.3-24
with
Fsiurry Retaining force due to slurry pressure [kN]
Agg Area of the slurry penetrated soil inside the wedge [m?]
Y Unit weight of slurry [kN/m?3]
fso Stagnation gradient of slurry in soil [kN/m?3]

Miller-Kirchenbauer (1972) also offers an equation for predicting the stagnation
gradient based on the equivalent pore diameter of the soil and the yield point of slurry
(Eq.3-25).
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_c.2 e 1 Eq.3-25
st,MC ¢ Rpore YF 1
with
C A constant [-]
Rpore Equivalent pore radius [m]
T 0 Yield point immediately after mixing the slurry [N/m?]
VE Unit weight of slurry [kN/m?3]
fsomc Stagnation gradient of slurry in soil acc. to Miller-Kirchenbauer [kN/m?3]

In addition to the global pressure transfer, Miller-Kirchenbauer (1972) also points out
the necessity of the stabilization of single grains as a precondition for the successful
conduction of slurry pressure transfer. In contrast to Weiss (1967), he considers a
different, theoretically possible movement direction for grains sliding out of the
skeleton. The direction is defined by the inclination of the tangency plane between two
grains (Figure 3-13). The inclination may have an angle between 30 and 45 degrees.
Subsequently, the minimal yield point of the slurry can be calculated (Eq.3-26). He

confirmed the validity of the procedure using an experimental set-up.

2- Sin(“incl - ﬁ) .

Tfo = 3 dzo- (Vs —VF) Eq.3-26
with
T 0 Yield point immediately after mixing the slurry [Pa]
d,o Characteristic grain size of soil (20 % passage) [mm]
Vs Unit weight of soil grains [kN/m?3]
Aincl Inclination of tangency plane between two grains (30-45 degrees)
B Inclination of the soil plane to the vertical line [degrees]
Y Unit weight of slurry [kN/m?3]

Kilchert & Karstedt (1984) presented the next development in slurry pressure transfer
investigation. The authors identify three pressure transfer mechanisms and
corresponding ways of pressure transfer. The authors specify the necessary properties
of slurry to enable the pressure transfer:

e Yield point

e Certain penetration behaviour of the slurry in the soil

e Self-weight of slurry
e Stability of the slurry against separation into solid particles and water
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The authors reference Miiller-Kirchenbauer (1977) regarding his hypothesis, stating
that an interrelation exists between the type of support pressure transfer and the
penetration behaviour of the slurry. The three types of pressure transfers are discussed
in Table 3-4 and visualized in Figure 3-14. By introducing these three types of pressure

transfer, the “classical theory” for slurry-soil interaction in diaphragm wall technology

was completed.

Table 3-4: Pressure transfer mechanisms and their characteristics (adapted from Kilchert &
Karstedt, 1984)

Type | Type ll Type lll
. . Incompletely formed
Characteristics  Completely formed Pure slurry .
. . filter cake reduced
filter cake penetration ;
penetration
Penetration No penetration in void . Intermediate, not
Deep, predictable .
Depth space predictable
Slurry plugs pore
entrances, thin
. Shear stresses Transfer
Pressure membrane with .
- transferred from the simultaneously over
transfer reduced permeability .
o . fluid on the walls of both fundamental
principle converts hydraulic .
. pores mechanisms
pressure into the
normal effective stress
Constant over the
penetration depth,
Very high over the however, two
Pressure . . Low, constant over the L
radient thickness of the filter enetration depth inclinations are
& cake P P observable. 1) filter
cake area 2)
penetration area
. Additional aggregates
Pressure Settling of slurry . . ‘gg 8 )
. Slurry particles are in | are present in the filter
transfer particles at the . . .
. . direct contact with cake, slurry particles
mechanism interface of slurry and . .
N . pore walls penetrate into soil
constitution soil
pores
. . Intermediate / coarse,
Typical soil . . .
tvoe Fine, d1g < 0,2 mm Coarse slurry with floating
P aggregates
Permeabilit 2.2-4*10" m/s for
coefficienty soil with 10* m/s Not investigated Not investigated
(Arwanitaki, 2009)
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Recently, it was additionally suggested by Koenig & Schroeder (2015) to distinguish the
Type lllb of pressure transfer. The mechanism is almost completely the same as the
mechanism Type Ill. The only difference is that soil particles floating in the slurry may

penetrate the soil pores again and clog them.

Type | Type ll Type Il
Completely formed filter cake Pure slurry penetration Incompletely formed filter
cake with reduced penetration
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Figure 3-14: Visualization of slurry pressure transfer models (modified from Thienert, 2011)

In case of pure slurry penetration, Type Il, the penetration depth depends on the yield
point of the slurry, the characteristic grain size of the soil (dio) and the excess slurry
pressure. The penetration distance is directly proportional to the slurry excess
pressure. The factor of proportionality between these two variables is called the
stagnation gradient (Kilchert & Karstedt, 1984). The stagnation gradient corresponds
to stagnation gradient originally introduced by Mdller-Kirchenbauer (1972) in Eq. 3-23.
As Kilchert & Karstedt (1984) state, the dependency of the pressure (stagnation)
gradient (Eq.3-27) on the characteristic grain size (dio) and the yield point of slurry
was derived from experiments conducted by Weiss (1967), Muller-Kirchenbauer (1977)
and Simons & Ruppert (1982). Thienert (2011), however, supposes that the static shear
stresses due to the yield point of slurry are not solely responsible for the transfer during
ongoing penetration. He remarks that transferred shear stresses also depend on the

plastic viscosity of the slurry.

a- Ts As
st,KK = d - lmax,calc = Eq.3-27
10 [sokk
with
fsokx Slurry stagnation gradient acc. to Kilchert & Karstedt [kN/m?/m]
a Empirical factor from the experiments; 2 or 3.5 [-]
dio Characteristic grain size of soil (10 % passage in sieve analysis) [mm]
Tf s Static yield point of slurry [Pa]
As Slurry excess pressure [kPa]

Lnax.calc Slurry penetration depth [m]
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As mentioned in Eq.3-27, two possible values exist for the empirical fitting factor (a).
If the value a =2 is chosen, the evaluation of the referenced experiments considers the
standard deviation of the results. If a = 3.5 is taken, it corresponds with the evaluation
of referenced experimental results considering average values. Simons & Ruppert
(1982) state that the coefficient might be between 2.5 and 4. Another doubt exists
regarding the yield point of slurry to be used in Eq.3-27. Despite his statement of
viscous pressure transfer during penetration, Thienert (2011) suggests, in accordance
with Weiss, to consider the yield point of the slurry after 1 minute of thixotropic
solidification. This implies the use of a ball harp or pendulum device for the
determination (compare section 3.1.2). This is supported by the argument by Koenig &
Schroeder (2015) who noted that all described classical theories expect static pressure
transfer governed exclusively by the yield point of slurry. However, the research of
Koenig & Schroeder (2015) dealt with diaphragm walls, in contrast to the work of
Thienert (2011). Hence, the input of the yield point of the slurry obtained by the ball
harp (section 3.1.2) in Eq.3-27 has purely empirical meaning not distinguishing

between slurry application for a diaphragm wall or a slurry shield.

According to Kilchert & Karstedt (1984), the precondition for the global pressure
transfer is also the local stability of single grains. However, Kilchert & Karstedt (1984)
are analysing the local stability in different way than Weiss (1967) or Miiller-
Kirchenbauer (1972). The local stability according to Kilchert & Karstedt (1984) is
automatically fulfilled for Type | pressure transfer (Table 3-4). For Type I, the local
stability of grains is provided by the minimal required yield point of the slurry, which
ensures a certain slurry pressure gradient over the grains. The required gradient for
the local stability can be calculated using Eq.3-28. The equation is based on the
calculation of the slope stability of non-cohesive soil (Terzaghi & Jelinek, 1954). The
pressure gradient represents a stabilizing effect which can be compared to flow

pressure induced by liquid flowing into the slope.

sin(B)
fsoreq=(1—1p) (¥s— V)" (W - cos(ﬁ)) Eq.3-28
with
fso,req Required pressure gradient [kN/m?/m]
ny Porosity of soil [-]

Vs Unit weight of soil grains [kN/m?]
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Y Unit weight of slurry [kN/m?3]
B Inclination of trench wall, usually § = 90 deg [deg]
@' Friction angle of soil [deg]

The pressure gradient offered by the slurry (Eq. 3-27) according has to be according to
Kilchert & Karstedt (1984) at least two-times higher than the required pressure
gradient (Eq.3-28). The factor 2 is here a purely empirical factor for the purposes of
local stability calculations. If the equation Eq. 3-27 and Eq. 3-28 are put together while
considering the factor, the minimal yield point of slurry can be derived (£g. 2-1). Acc.
to Jancsecz & Steiner (1994) this approach for local stability is not exact for soils
without uniform grain size distribution, because it does not include forces and

moments on single particles.

Krause (1987) suggests that the support of soil by cutting wheel and by shield
circumference tip should be considered as additional safety margins for the tunnel
face. He identifies three cases of slurry excess pressure transfer (Figure 3-15) at the
tunnel face dependent on the grain size of soil. The cases partially correspond to the
types discussed in Table 3-4. Type | (Table 3-4) pressure transfer acts the same at the
slurry-supported tunnel face as it does at the diaphragm wall (Figure 3-15-a). For Type
Il pressure transfer, Krause (1987) suggests that the main difference between
diaphragm walls and slurry shields is the additional formation of a filter cake at the
slurry supported tunnel face (Figure 3-15-b). He also assumes this behaviour in coarse-
grained soil. However, he does not explicitly discuss the source of different behaviour
in comparison to the diaphragm walls. He designates the case (Figure 3-15-c), in which

shear stresses induced by slurry in a soil skeleton are very low, to be the boundary case

a) b) c)

Fine-grained soil Coarse-grained soil

Very coarse-grained
soil

Pressure
transfer
—t—

Figure 3-15: Pressure transfer mechanism and pressure drops in dependence on grain size of soil
(modified from Krause, 1987)
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with insufficient pressure transfer. Krause (1987) expects, in accordance with previous
investigations for diaphragm walls, that the entire slurry excess pressure is transferred
to the soil skeleton (Figure 3-15). However, the full transfer occurs after the formation
of the pressure transfer mechanism, which he considers as a time-dependent process
(section 3.4.2). It is worth mentioning that Krause (1987) does not distinguish in terms
of efficiency, in comparison to Miller-Kirchenbauer (1972), whether the transfer

occurs inside or outside of the sliding wedge to support.

Despite his suggestion that both filter cake and the penetration zone simultaneously
exist at the tunnel face, Krause (1987) later only goes into detail about the penetration
zone. He explains that the slurry penetration distance is determined by the shear stress
transferred from the fluid on the walls of the soil’'s pore channel (Eq.3-29). After
evaluation of his experiments, Krause (1987) suggested introducing the factor “b” for
the calculation of slurry penetration depth. The factor can vary between 5 and 15. He
agreed with Kilchert & Karstedt (1984) about considering the influence of characteristic
grain size, but used the gel strength of slurry instead. As gel strength of slurry, he
considers the yield point determined by rotational viscometer. Krause (1987) further
investigated which gel strength should be employed, regarding the thixotropic
behaviour of slurry. First, he assumed the gel strength of a slurry already stagnated in
the ground to be higher than the gel strength of a penetrating slurry. Consequently, he
expected the penetration depth to be smaller by repeated penetration. In order to test
the assumption, Krause (1987) performed a single control test. In the test, he
conducted the slurry penetration. After stagnation, he removed the first 4 cm of the
penetrated soil and repeated the slurry penetration. The procedure and test results
are visualized in Figure 3-16. He reports negligible differences without any clear trend
regarding the penetration depth change due to changed gel strength during re-
penetration. However, he does not provide any time-sequence for conducting the re-
penetration. Despite its different goal, the investigation can be seen as the first

attempt to investigate the re-penetration behaviour of slurry (see section 4.1).

As - le ! erause

lkrause = Eq.3-29
Tgr
with
As Slurry excess pressure [kPa]
lkrause Slurry penetration distance [m]

bkrause Empirical factor by Krause, =5 - 10 [-]
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dio Characteristic grain size of soil (10 % passage in sieve analysis) [mm]

TG Gel strength of slurry (see section 3.1.2) [kPa]

An interesting point of his work is the comparison of slurry penetration experiments in
two different spatially oriented set-ups. In the first set-up the slurry penetrated the soil
horizontally, while in the second, the slurry penetrated vertically. Krause (1987)
concludes that both set-ups delivered comparable results, however, conducting

experiments with horizontal set-ups was much more complicated.

Soil installed in the cylinder «  Slurry concentration 5 %
Penetration depth - * Slurry exces pressure 0.2 bar
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Figure 3-16: Pressure transfer mechanism and pressure drops in dependence on grain size of soil
(adapted from Krause, 1986)

Pulsfort & Thienert (2013) investigated the role of loaded slurry with fine particles in
support pressure transfer. Along with Kilchert & Karstedt (1984), they suggested that
a Type lll pressure transfer activates (Table 3-4) in this case. Pulsfort & Thienert (2013)
developed an experimental methodology to assess the pressure gradient of the hybrid
model (Type Ill). In the experiments, they investigated the penetration depth of loaded
slurry in soils. They called the obtained penetration depth the critical penetration
depth (Eq.3-30).

1 dys
birie = mexp(186 kpw) <D_85 — 6. 46) Eq.3-30

with
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Lirie Critical penetration distance [m]

kf_w Permeability coefficient of soil for water [m/s]

dis Grain size of soil (15% passing in sieve analysis) [mm]

Dgs Grain size of particles suspended in slurry (85% passing) [mm]

While combing the experimental methodology with the calculation of the theoretical
pressure gradient, they determined the partial contributions of pressure transfer by
filter cake and by shear stresses on the soil’s pore walls. The contribution of shear
stress to the entire pressure transfer is described by Eq.3-31. They concluded that
taking the loading of slurry into consideration significantly benefits the increase in

pressure gradient and therefore also improves the local stability for the Type Il model.

lkrit

ASshear = "As Eq.3-31
lmax,calc
with
ASghear Pressure partially transferred over the shear stresses between slurry and pore walls of
soil [kN/m?3]
Lirit Critical penetration distance [m]
Lnax,caic Penetration depth acc. to £g. 3-27 [m]
As Slurry excess pressure [kPa]

It is worth mentioning that the expectation of Pulsfort & Thienert (2013) for hybrid
mechanism in shield tunnelling was already previously in-situ confirmed by Arwanitaki
(2009) for diaphragm walls. She discovered that the filter cake (Type | in Table 3-4) at
the construction sites of diaphragm walls additionally contains the particles of the
subsoil up to a certain size. The maximum size of the particles was determined by the

carrying capacity of slurry characterized by its yield strength.

Recently, Min et al. (2013) experimentally investigated “filter cake formation” in highly
permeable sand during tunnelling (Figure 3-17 and Table 3-5). They confirmed the
three types of pressure transfer mechanism from Table 3-4. Additionally, Min et al.
(2013) suggested a methodology to predict which of the three types occurs. The
methodology is based on the comparison between the average pore sizes of soil (D)
with the size of soil particles suspended in slurry (Dgs). Dy can be determined from
Eq.3-32, based on the permeability coefficient of soil and the porosity of soil. The
authors do not provide any notice regarding the amount of transferred slurry excess

pressure.
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Apores = Eq.3-32
with
dpores Average pore size of soil [m]
ks w Permeability coefficient of soil [m/s]
ny Porosity [-]

Table 3-5: Type of slurry soil interaction depending on particle size comparison (Min et al., 2013)

Corresponding type of slurry soil

Dgs/dores interaction
>1 Filter cake (Type 1)
05<x<1 Filter cake with infiltrated zone (Type Il)
<0.5 No filter cake (Type )

Figure 3-17: Experimental visualization of theoretically possible cases of slurry soil interaction
(Min et al., 2013), Type : filter cake — all grains of slurry are lodged on the surface of
soil, Type Il: filter cake with an infiltrated zone - some grains of slurry are penetrated
into the soil, Type lll: infiltrated zone without filter cakes - all grains of the slurry are
penetrated into the soil

3.4.2 Theories considering time factor

As pointed out in the previous section, Krause (1987) emphasized the significance of
considering the time-factor in the analysis of support pressure transfer for the first
time. He stated that the pressure transfer mechanism is damaged each time a cutting
tool passes through a local point. After passing, the mechanism has to be renewed
before the slurry pressure can be transferred again. He decided to investigate time-
dependent slurry penetration behaviour over a 60-minute timespan without a closer
analysis of the cutting processes at the tunnel face. He conducted numerous

experiments with varying slurry types, slurry excess pressures and soils. Krause (1987)
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concluded that the time-dependent behaviour can be approximated within two
bounds of “comparative” penetration depth (Eq.3-33, Eq.3-34 and Eq.3-35). As
mentioned before two phases of flow are not considered by Krause in these equations.
Furthermore, it is necessary to point out that the flow in front of the tunnel face during

excavation was not part of his investigation.

Lg(t) = lg comp * Le(t = 60min) Eq.3-33
with
Iz () Time dependent slurry penetration distance [m]
lg comp Comparative penetration distance — upper or lower bounds [%]
Iz (t = 60min) Slurry penetration distance at 60 minutes [minutes]
Lg comp = 199min o1 the upper bound Eq.3-34
’ 1+tnin
lgcomp = l:f't"f"" for the lower bound Eq.3-35
with
lg comp Comparative penetration distance — upper or lower bound [%]
tmin Timespan since the penetration start [minutes]

Krause (1987) distinguishes two phases during the penetration process. The first phase
is characterized by fast flow, while the flow velocity in the second phase slows down
significantly and asymptotically approaches zero velocity. Krause (1987) assigns the
reduced slurry flow velocity in the second phase to the formed pressure transfer
mechanism. The major shortcoming of this approach is the principal unsuitability for
those types of interactions, in which the penetration is finished earlier than within the

timespan of 60 minutes after the start of penetration.

Anagnostou & Kovari (1994) developed a theoretical model determining the time-
dependent slurry penetration depth specifically for slurry shield tunnelling. The
authors consider only Type Il slurry-soil interaction (Table 3-4). Their model is based on
the theory of immiscible fluids and assumes one-dimensional flow in front of the tunnel
face. The time-dependent slurry penetration distance is dependent on the

permeability coefficient of soil and the ratio between slurry and water viscosity. The
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theory developed by Anagnostou & Kovari (1994) delivers the following behaviour of

slurry during penetration:

e slurry excess pressure decreases linearly over the penetrated area
e infiltration velocity of slurry decreases with increasing penetration distance
e pressure (stagnation) gradient decreases gradually with increasing penetration

distance

The time-dependent penetration depth of slurry after Anagnostou & Kovari (1994) is
described by Eq.3-36. The equation needs to be solved iteratively by inputting
penetration depth up to the maximal penetration depths and calculating the

corresponding timespans.

=np'ﬂdyn,s'YW'Ap.[_ l —ln(l—l' l )] Eq.3-36
kf,w "Wy f ?0 lnax lnax
with

t Timespan since slurry penetration start [s]

n, Porosity of soil

Hayn,s Dynamic viscosity of slurry [Pa.s]

Yw Unit weight of water [kN/m?3]

Ap Slurry excess pressure [kPa]

l Penetration distance at timespan t [m]

Lnax Maximum penetration distance of slurry [m]

ks w Permeability coefficient of soil for water [m/s]

Uw Dynamic viscosity of water [Pa.s]

fso Slurry stagnation gradient [kN/m?]

The theory suggested by Anagnostou & Kovari (1994) implies that the slurry excess
pressure is always entirely transferred to the soil skeleton at every stage of
penetration. This causes a changing pressure (stagnation) gradient depending linearly
on the penetration depth. Hence, it is only decisive for the efficiency if the pressure
transfer occurs inside the soil wedge to be stabilized (Figure 3-13), or outside it. Only
the transfer inside the wedge can be considered as efficiently supporting the tunnel
face. Time-dependency of the pressure transfer can be seen in the statement that at
the start of the penetration the entire slurry excess pressure is transferred inside the
wedge. The authors mean the wedge from Figure 2-9. With ongoing time, the slurry
penetrates further into the soil and may even leave the area of the wedge. If the slurry

leaves the wedge area, the efficient pressure transfer is reduced. To evaluate eventual
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flowing out of slurry, the forward movement of the shield has to be considered. The
forward movement of the shield increases the pressure (stagnation) gradient acc. to
Eq.3-37.Hence, the increased advance rate of the shield may have a positive influence

on the pressure transfer.

Eq.3-37

w  Krw
with
n, Porosity of soil [-]
Hayn,s Dynamic viscosity of slurry [Pa.s]
Yw Unit weight of water [kN/m?3]
ks w Permeability coefficient of soil [m/s]
Uw Dynamic viscosity of water [Pa.s]
UreMm Advance rate of the shield [m/s]
fs Slurry stagnation gradient considering AR of shield [kN/m?/m]
fso Slurry stagnation gradient [kN/m?/m]

Talmon et al. (2013) published a work that does not explicitly focus on slurry face
support, but also deals with time-dependent slurry penetration and consequent
stagnation. The authors have specified four processes responsible for the stagnation
of slurry in ground and hence, responsible for the support pressure transfer:

1) Hydraulic resistance of pore water flow within the body of surrounding soil (the
influence of this process is negligible in their test cell)

2) Hydraulic resistance of non-consolidated slurry invading in the granular soil

3) Dewatering properties of the consolidated slurry in the filter cake

4) Mechanical filtration of suspended solids

Talmon et al. (2013) distinguish two phases of slurry penetration, as Krause (1987) did.
They call the first phase a viscous mud spurt, since in this phase the slurry is penetrating
the soil very fast. In the following second phase, slurry consolidation is ongoing and the
filter cake forms according to the authors. Thus, the flow slows down. Their
experimental investigation focused on the transition between mud spurt and slurry
consolidation, and the corresponding time-scale. They expect that during the
transition, slurry behaviour changes from undrained to drained. The authors see the
pressure transfer as a competition of mud spurt and filter cake formation in general.
They establish a theory, which predicts whether mud spurt or filter cake formation will

be dominant. They derive the decision about the dominant effect from the Peclet
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number (Pe). They consider the Peclet number to be higher than 10, if the slurry
behaves undrained (with mud spurt). To support this statement, they refer to the book
by Winterwerp & van Kesteren (2002). The authors consider the Peclet number to be
a ratio of the timescale of changes in flow velocity within a soil’s pores to the timescale
required for slurry consolidation. Hence, they can obtain the Peclet number from pore
velocity, Terzaghi’s consolidation coefficient of slurry and hydraulic pore diameter
(Eq.3-38).

pe = Usturry dnyd Eq.3-38
c’l]
with
Pe Peclet number [-]
Ahya Hydraulic pore diameter
Cy Terzaghi’s consolidation coefficient of slurry to be obtained from filter press test [m?/s]
Vsturry Velocity of slurry in pores [m/s]

The equation can be rewritten assuming Herschel-Bulkley fluid (section 3.1.2)
behaviour in the pores of the soil, as shown by the authors. Hence, the Peclet number
can be obtained based on a comparison between actual penetration and the final

penetration depth of the slurry (Eq. 3-39).

Ay (Tyup\s (L >
p -
Pe — hyd . ( y,HB)P . ( max 1) 'COS(@) Eq. 3-39
8-c, \muyp l
with
Pe Peclet number [-]
Ahya Hydraulic pore diameter
Cy Terzaghi’s consolidation coefficient of slurry to be obtained from filter press test [m?/s]
Ty HB Yield point of slurry (Herschel-Bulkley) [Pa]
Unup Viscosity of slurry (Herschel-Bulkley) [Pa.s]
D Parameter describing shear thinning in Herschel-Bulkley flow rule [-]
lnax Maximum penetration depth of slurry [m]
l Penetration depth [m]
6 Inclination of model tubes in comparison to bulk flow direction [48 deg]

However, their determination of the Peclet number contains some simplifications.
First, they assume a soil to be a bundle of straight tubes. They then assume the flowing

slurry as a Newtonian fluid, and determine its shear rate. Later, however, while



3. Slurry-soil interaction and the slurry pressure transfer 81

calculating the shear stress exerted on the pore wall by the flowing slurry, they

consider the slurry as a Herschel-Bulkley type fluid.

Talmon et al. (2013) subsequently compared their theory with laboratory
measurements, and concluded that the duration of the majority of experiments was
significantly shorter than the time-scale required for the mud spurt termination.
However, they still consider the theory to be reasonable for describing the penetration
behaviour of slurry. The authors considered a relationship to calculate the pressure
transfer depending on slurry penetration depth and slurry velocity in pores (Eq. 3-40).
The relationship states that the entire slurry excess pressure will be transferred at the

end slurry penetration.

p
8-v
TyHp + HHB " % Ea.3.40
ds_62 §'1—np'd15 q-°°
dx 2. | d
31-n, 15

with
ds Slurry excess pressure transfer [kPal]
dx Time-dependent slurry penetration depth [m]
Ty HB Yield point of slurry adopting Herschel-Bulkley flow rule [Pa]
Unup Viscosity of slurry (Herschel-Bulkley) [Pa.s]
p Consistency index (Herschel-Bulkley) [-]
n, Porosity of soil [m]
dis Grain size of soil corresponding to 15 % falling [m]
Vsturry Velocity of slurry in pores [m/s]

3.4.3 Theories considering time factor and the interaction with cutting tools

globalized over the entire tunnel face

The theories characterizing support pressure transfer with regard to the interaction of
the transfer mechanism with cutting tools were exclusively developed for the purposes

of slurry shield excavations.

Bezuijen et al. (2001) formulated a theory which explains the groundwater head
increase due to adjacent slurry shield excavations and determines the amount of slurry
pressure transferred on the soil skeleton. The theory states that rotating cutting tools
very frequently damage the pressure transfer mechanism, so that there is only a short

timespan between each subsequent pass of the cutting tools. During the timespan, the
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transfer mechanism has no time to form. Thus, no filter cake forms during excavation,
and the pressure is transferred due to the flow of water into the soil skeleton (the flow
pressure) without a pressure drop over the filter cake. The theory was developed based
on a measurement of pore pressure in front of the tunnel face at the 2" Heinenoord
tunnel (Figure 3-18). The distribution of the pore pressure head is described by
Eq.3-41. The equation was developed by solving steady state groundwater flow in

three dimensions.

X
ND=d-1 |1+ (_) _Z Eq.3-41
¢x) = ¢ 2 R
with
o (x) Pore pressure head in dependence on the distance to the tunnel face [m]
[0) Pore pressure head in the excavation chamber [m]
X Distance from the tunnel face [m]
R Excavation radius [m]
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Figure 3-18 Left - Measurement of pore pressure heads in front of the shield and derived
approximation of the excess pressure head distribution (Bezuijen et al. 2001), Right —
pressure drop over the mean filter cake (As:) and resulting pore pressure head
distribution (Au(x,z)) acc. Broere & van Tol (2000)

The pressure transferred acc. to Bezuijen’s et al. theory (2001) is determined from a
pressure gradient in front of the tunnel face. The gradient within this theory exclusively
depends on the excavation radius and slurry excess pressure in the excavation
chamber (Eq. 3-42). Thus, the rheology of the employed slurry and the revolution per
minute of the cutting wheel or penetration rate of the machine do not play any role

here.
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ip=¢- - Eq.3-42
R
with
ip Average hydraulic gradient at the tunnel face acc. to Bezuijen et al. (2001) [-]
[0) Slurry excess pressure in the excavation chamber [m]
R Excavation radius — D/2 [m]

The transferred slurry pressure (Eq.3-43) is calculated as a difference between the
pore pressure head in the excavation chamber and the pore pressure head at the
distance from the tunnel face, which corresponds to the length of the sliding wedge at
the tunnel axis. Eq.3-41 is used here to determine the pore pressure head at the

intersection of the sliding wedge and the tunnel axis.

Asp = (¢ - ¢(lwedge)) Yw Eq.3-43
with
Asp Support excess pressure transferred [kPa]
Lwedge Length of the sliding wedge at the tunnel axis [m]
d(Lweage) Slurry excess pressure at the distance corresponding to lyyeqge [M]
Y Unit weight of water [kN/m?3]

Kaalberg et al. (2014) developed Eq. 3-44 to consider a certain pressure drop over the
formed pressure transfer mechanism, filter cake or penetration zone at the tunnel face

during excavation. For this purpose, they introduced parameter a (Eq. 3-44).

do=¢ a Eq.3-44
with
do Excess pore pressure at the interface between pressure transfer mechanism and pure
soil [m]
¢ Slurry excess pressure in the excavation chamber [m]
(04 Parameter for consideration of pressure transfer mechanism formation [-]

According to Bezuijen et al. (2016), the parameter a can either be less than or equal to
1. If this parameter is equal to 1, it denotes the absence of the formation of a pressure
transfer mechanism during excavation, and the original equation (Eq. 3-41) is obtained

again. This additionally emphasizes that the globally observed penetration velocity of
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slurry at the tunnel face is smaller than the advance rate of the shield (Bezuijen et al.,
2016). Thus, the support pressure is transferred only due to flow pressure of slurry
penetrating the soil. This is according to the authors, because no plastering occurs at
the tunnel face (no plastering phase as described by Talmon et al, 2013). In contrast, if
the parameter a decreases below 1, formation of the pressure transfer mechanism is
possible. This enables the slurry penetration velocity to be higher than the excavation
velocity of the shield. However, the higher velocity can only be observed at the start of
the excavation, because after some excavation cycles the slurry penetration velocity
becomes equal to the excavation velocity due to the yield point and viscosity of slurry
(Bezuijen et al., 2016). The assumption of equal slurry penetration and excavation
velocities enables the calculation of the parameter a (Eq.3-45). According to the

authors, Eq.3-45 is valid only if a < 1.

a= "R Vrem Eq.3-45
¢- kf,w
with
n Porosity of soil [-]
[0) Slurry excess pressure in the excavation chamber [m]
kf’w Permeability of soil for water [m/s]
Vrem Advance rate of the shield [m/s]
R Excavation radius of the shield [m]
(04 Parameter for consideration of pressure transfer mechanism formation [-]

The inputting of Eq. 3-45 into Eq. 3-44 has an interesting implication. It delivers that
the pore pressure at the interface between slurry penetrated zone and soil becomes

independent from slurry excess pressure in the excavation chamber.

Broere & van Tol (2000) developed a different theory with the same aim to explain the
increased groundwater heads during slurry shield excavations. In contrast to Bezuijen
et al. (2001), it considers incomplete formation of the pressure transfer mechanism
due to disturbance of the mechanism by cutting tools. The theory, however, does not
distinguish calculation procedures for slurry penetration and filter cake formation. This
theory homogenizes the formation state of the pressure transfer mechanism over the
entire tunnel face, and adopts an existence of a “mean” filter cake. Hence, the slurry
excess pressure drops only partly over the mean filter cake, and the rest transforms in

the excess pore water pressure in front of the tunnel face (Figure 3-18-right). The
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authors used for calculation of pore pressure heads in ground the storage theory of
semi-confined aquifer. They concluded that the support pressure required to stabilize
the tunnel face has to be increased, not as a consequence of the reduced slurry
pressure transfer on the soil grains, but as a consequence of the excess pore water

pressure to be counterbalanced.

In the calculation procedure, the theory of a mean filter cake uses a relationship
experimentally obtained by Krause (1987) for the time-dependent slurry penetration
distance (lmean) in Eq.3-46. In contrast to Krause (1987), Broere & van Tol (2000)
consider the parameter “b” in Eq. 3-46 as the timespan, during which 50 % (I¢* = 50 %)

of the slurry penetration is reached.

tmin
l =—"T .1 ! Eq.3-46
mean b + tmm max,cailc
with
lnean Mean slurry penetration depth achieved during excavation [m]
b The timespan during which 50% of upper penetration bound by Krause (1987) is
reached, b =1 min [min]
timin The timespan between subsequent removal of the filter cake [min]
Lnax.calc Slurry penetration depth acc. to Eq. 3.27 with a =3.5 [m]

It is necessary to note that Broere & van Tol (2000) used the equation for maximal
penetration depth of slurry (Eq.3-27), according to Kilchert & Karstedt (1984) in
Krause’s equation (Eq. 3-33) for the calculation of time-dependent penetration depth,
as opposed to the 60-minute penetration depth that Krause (1987) proposed. Broere
& van Tol (2000) subsequently linearized the dependence between the penetration

distance of slurry and the pressure drop (4ss) over the transfer mechanism (Eq. 3-47).

3.5'1
fs -
ASfc = lmean'd— Eq3 47
10

with
Asfe Pressure transfer over the mean filter cake [kPa]
Trs Yield point of slurry [kPa]
lean Mean slurry penetration depth achieved during excavation [m]

dqo Characteristic grain size of soil [m]
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In linearizing, they state that, in contrast to Anagnostou & Kovari (1994), the pressure
(stagnation) gradient remains constant during penetration and the transferred
pressure depends only on the penetration distance. By adopting this approach and
considering the pressure (stagnation) gradient as a solely static variable, they are
neglecting the flow force which occurs during formation of the pressure transfer. The
remaining part of the slurry excess pressure at the end of the mean pressure transfer

mechanism is consequently causing the groundwater flow (Au,.).

The model by Broere & van Tol (2000) assumes stationary groundwater flow in semi-
confined aquifer. Therefore, according to the authors, the model is only valid for cases
in which the equilibrium state can be achieved immediately after the start of the
excavation. Broere & van Tol (2001) extended the theory for transient groundwater
flow. Thus, the model enabled the calculation of transient formation and dissipation of
the excess pore pressure. However, the fundamental characteristic of the model

regarding the pressure transfer described by Eq. 3-47 remained unchanged.

The theories of Bezuijen et al. (2016) and Broere & van Tol (2001) were compared by
Xu & Bezuijen (2018). The authors showed that despite of different background of flow

calculation, they deliver similar results.

3.5 Conclusion about state of the art of the slurry-soil interaction

and the slurry pressure transfer

The volume of pore space of non-cohesive soils can be described on the macroscopic
level by porosity. From the grain distribution curve of soil, information regarding their
pore geometry can be obtained. However, no direct link exists between macroscopic
porosity and the size of pores derived from a soil distribution curve. This brings up the
first issue in slurry-soil interaction analysis. The second issue is the characterization of
bentonite slurry properties during interaction. Characterization of physical properties
of slurries is clear and unambiguous, while the determination of their rheological
properties requires adopting a certain flow rule. Moreover, consideration of the slurry

flow history is necessary (thixotropic behaviour).

The review of flow processes characterization in soil based on the theory of porous
media showed that considering the physics on the pore scale is still complicated. It

turned out to be reasonable to use “smeared” characterization, for instance, to employ
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Darcy’s law. The permeability coefficient can, after certain adaptation, substantially
characterize the pressure drop of slurry during flow within a porous media. The benefit
offered by the Carman-Kozeny equation cannot be fully utilized for slurry-soil
interaction due to the impossibility of exact consideration of a soil’s pore structure
from its macroscopic properties. Consequently, due to inexact knowledge of the flow
rate of slurry in pores, the shear stress between slurry and soil cannot be determined
satisfactorily. An additional problem of handling the slurry-soil interaction as a bulk
flow in porous media is that this approach does not take into account any change in
the structure of the pores during the interaction. This change can be captured by
approaches developed in chemistry for characterization of filtration processes. For the
interaction of non-cohesive soils with slurry, it seems that complete blocking and filter
cake filtrations are not likely (filter cake as defined in section 3.3). At the particle level,
some pores of non-cohesive soils are always larger than some suspended slurry
particles. Hence, intermediate filtration and deep bed filtration seem more probable.
However, both basic filtration mechanisms may lead to the filter cake formation in later
stages, when soil pores are modified by settled slurry particles. This highlights the
necessity of considering the time factor within the interaction assessment.
Additionally, the review showed that the size of the suspended particles further plays
an important role in deep bed filtration. More abrupt change of a soil’s permeability
coefficient is expected for larger suspended particles within comparably smaller pores.
The review shows also that there is always some retention of suspended slurry
particles during flow through the porous media. Numerous theories for pressure drop
during suspension flow in porous media exist based on particle and bed grain
interaction analysis. These theories require many experimentally determined
constants. The determination of the constants is not trivial. Thus, they are not used in

geotechnical engineering.

Two basic interaction mechanisms between slurry and soils are usually assumed in
geotechnical engineering. The calculation of slurry excess pressure transfer is
conducted with respect to these mechanisms. These models are the slurry filter cake
model and the slurry penetration model (as considered in section 3.4), for which non-
cohesive soils correspond with intermediate filtration and with deep bed filtration
model (as considered in section 3.3), respectively. The two basic geotechnical models
assume that the slurry excess pressure is immediately transferred in its entirety within

the slurry penetrated area. Methods exist to describe the time-dependent penetration
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behaviour of slurry. However, the methods do not sufficiently characterize various
pressure transfer mechanisms during different formation stages of the mechanism.
Finally, models considering the interaction of pressure transfer mechanism with
cutting tools can be found in literature, however, these models adopt the interaction
with tools in a homogenized way for the whole tunnel face. Thus, they are not able to
take into account different local formation stages of the pressure transfer mechanism
during excavation, which are believed to be of relevance for the entire process.
Furthermore, the methods do not provide a direct link between excavation settings of

the machine and between soil and slurry properties and the pressure transfer.

Krause (1987), Broere & von Tol (2000), Bezuijen et al. (2001) on one side and
Anagnostou & Kovari (1994) and Kilchert & Karstedt (1984) on the other have noted
essential discrepancies between theories on support pressure transfer during
excavation. Three questions result from the discrepancies:

e Does the pressure (stagnation) gradient change during the slurry penetration
process?

e What might be the source of the eventually reduced amount of transferred
slurry excess pressure?

e Are there any dependencies on the excavation process?
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4. THEORETICAL CONSIDERATIONS
CONCERNING THE ADAPTATIONS OF
PRESSURE TRANSFER MODELS

The formation of the pressure transfer mechanism is a successive process requiring a
certain timespan as demonstrated in section 3.4.2. During excavation, however, the
soil on the face including the pressure transfer mechanism is periodically disturbed by
the passing cutting tools (section 2.1.3). The necessity for formation of the pressure
transfer mechanism to stabilize the tunnel face can be demonstrated in an example
from practice referenced by Anheuser (1989) and also Jancsecz & Steiner (1994).
According to the authors, stability problems with a slurry supported tunnel face were
reported during excavations through ground with water-saturated sand or gravel
lenses. The problems occurred when the surrounding ground was less permeable than
the saturated lenses. These lenses could not be supported by slurry. The reason for not
stabilizing these lenses is obviously impossible formation of the pressure transfer
mechanism. The impossibility of formation was caused due to the impossibility of
water outflow from the lenses into less permeable surrounding ground, which would
enable slurry infiltration at the tunnel face. This very well-known example from
practice has interesting implications:

e Flow of liquid in front of the tunnel face is necessary for the establishment of
the pressure transfer mechanism. When a formed pressure transfer mechanism
is damaged by cutting tools, the flow is also required for the re-establishment.

e Due to continuous damage and re-establishment of the pressure transfer
mechanism, the slurry shield can be considered an additional source of liquid
causing flow in the ground

The flow of liquid in front of the tunnel face will inevitably cause increased pore water
pressure. Bezuijen et al. (2001) reported that the increased pore pressures are

observable only during excavation stage and not during ring building stage
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(section 3.4.3). Hence, the measurements confirm that a considerable flow appears
only when the pressure transfer mechanism is disturbed by cutting tools and has to
rebuild. Furthermore, Broere & van Tol (2001) expect that a larger amount of support
fluid enters the soil only just after the pressure transfer mechanism is removed. Due
to the lack of disturbance of the pressure transfer mechanism in diaphragm wall
technology (section 3.4.1) and assumption of its full development, increased pore
pressures are not expected in these models. Hereby, the decisive influence of the

cutting process on the increased pore pressures in soil is displayed.

The frequency of damage depends on the actual revolutions per minute (RPM) of the
cutting wheel and on the arrangement of cutting tools (See chapter 5). When a cutting
tool has passed through a particular point (Figure 4-1), the pressure transfer
mechanism is partly or even completely damaged, and has to be formed again. The
amount of damage depends on the penetration depth of the slurry compared to the
tool cutting depth per passing. Hence, the movement of a cutting tool within a
concentric cutting track causes an instantaneously heterogeneous “formation state”
of the transfer mechanism within the track (Figure 4-1). The whole process results in a
heterogeneous “formation state” of the pressure transfer mechanism over the entire

face in every moment during excavation due to offset of cutting tools in different

tracks.
Cutting wheel rotation
‘f
- . .
Highest achieved
Freshly disturbed « formation state of the
pressure transfer pressure transfer
mechanism mechanism

I Cutting tool

Figure 4-1: Disturbances of the pressure transfer mechanism by cutting tools (Schoesser & Schanz,
2014)
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Generally, two cases may be obtained, which predetermine the heterogeneity of the
formation state and influence the pressure transfer. Case A and Case B are derived
from the comparison of slurry penetration scale and tool penetration scale (Figure 4-2).
Similar considerations have been presented by Wehrmeyer (2000) regarding the
cutting process while analysing muck composition for the purposes of excavation

control. Both boundary cases A and B are discussed in detail in the following sections.

CaseB

direction

Global excavation

Figure 4-2: Two theoretically possible cases at the slurry supported tunnel face — Case A and Case
B (Zizka et al., 2017)

4.1 Case A - Tool penetration deeper than pressure transfer

mechanism

In Case A, the cutting depth of a single tool is deeper than the depth of slurry
penetrated soil, when observed locally. In contrast, it seems that the average primary
slurry penetration velocity is lower than the advance rate of the shield, when observed
globally. The average penetration velocity is considered for the timespan of one
excavation cycle. Case A results in a periodic removal of the entire pressure transfer
mechanism with every pass of the cutting tool. Due to the entire removal of the
pressure transfer mechanism, abrupt changes in the reaction occur when a tool passes.
This causes transient local pressure gradients, which are highest at a particular point
on the tunnel face just before a cutting tool passes through this point, because the
pressure transfer mechanism achieves here its highest formation state (Figure 4-1).
When a tool passes, the gradient causes flow of slurry and decreases. The abrupt
change of the conditions at the particular point when a tool passes results in a more

heterogeneous pressure transfer mechanism, relative to Case B.
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The heterogeneous state of formation of the mechanism within the tunnel face implies
that the slurry excess pressure is being transferred during excavation according to one
of the three following modes depending on the actual formation state of the pressure
transfer mechanism (compare with mechanisms responsible for slurry stagnation
referenced by Talmon et al. (2013) in section 3.4.2). The modes of slurry excess
pressure transfer are:

e Flow pressure — in areas where the soil including pressure transfer mechanism
is freshly cut, comparable to pressure transfer suggested by Bezuijen et al.
(2001)

e Pressure drop over the partially formed pressure transfer mechanism and flow
pressure — in areas where the pressure transfer mechanism is still forming and
has not yet been completely formed, comparable to pressure transfer
suggested by Broere & van Tol (2000)

e Pressure drop over the fully formed pressure transfer mechanism — in areas
where the mechanism is almost completely developed, corresponds to the
transfer suggested by Kilchert & Karstedt (1984)

By all three modes, the entire slurry excess pressure is completely transferred on the
soil skeleton, but in different grades of efficiency, to stabilize the tunnel face. As
pointed out by Anagnostou & Kovari (1994), the slurry excess pressure transfer is only
efficient for face support if it occurs within the stabilized soil wedge (section 2.4.1). On
one hand, it can be expected that the slurry excess pressure would be transferred by
flow within the largest distance (Figure 4-3), so it is likely to be the least efficient mode
of transfer. On the other hand, if the pressure transfer mechanism is completely
formed, the efficiency would be the highest. The efficiency of all three modes of the
pressure transfer can be characterized by resistance against flow of slurry. In the case
of flow pressure mode, the resistance is the lowest because the pore space of soil is
not yet modified by interaction with slurry (section 3.3.1). After the full formation of
pressure transfer mechanism, the resistance is considerably increased due to modified

pore space. Thus, the flow becomes negligible.
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In section 3.2, frameworks for description of flow processes in porous media, including
the resistance against flow, are reviewed. It turns out that the most reasonable is to
use the Darcy’s law, because there is no need to assess the slurry soil interaction on
the micro level (section 3.5). In the case of Darcy’s law, the resistance against slurry
flow is expressible by a single variable. Moreover, this single variable (permeability

coefficient) is directly determinable from experiments.

Sq 51
0 s
b OO _.Kgggf@o .
\,0008 A U —> éﬁﬁﬂ@o@@ i
O — O
SORIIN0 By SN

== Acting slurry excess pressure

Pressure transfer mechanism

Figure 4-3: Two boundary ways of pressure transfer causing different pressure drop — Left by flow
pressure and right by formed pressure transfer mechanism, s; = slurry pressure in the
excavation chamber and uo = far field hydrostatic pore pressure

Based on the discussion in section 3.2.1, however, Darcy’s law seems not to be
applicable for the characterization of slurry and soil interaction without certain
adaptation. The main reason is the expected time-dependent and nonlinear
relationship between intrinsic permeability (K) and the permeability coefficient (ky)
(Eq.3-11). While the time-dependency may result from successive changes of the
soil’s pore space by slurry particles, the non-linearity can be caused by the flow-rate
dependent viscosity of bentonite slurries, as referenced e.g. in Longchamp et
al. (2005). Note that the density change of the fluid during the interaction process will
have a negligible influence non-linearity in (Eq.3-11), since the difference of density

between water and fresh slurry density is only approx. 3 % (Zizka et al., 2017).

Nevertheless, the coefficient of permeability (kf) can be directly determined time-
dependently from experiments as an instantaneous relationship between pressure
gradient and discharge (Eq.4-1) within very small time-steps. The porosity of soil is
assumed to be constant in Eq.4-1. Hence, the entire change of hydraulic resistance of
soil during interaction with slurry is expressed by the permeability coefficient and its

development.
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Q®) AL

k(D) = Ao n, 10, Eq.4-1
with
Q) Time dependant discharge [m3/s]
Acyr Cross-sectional area of the flow [m?]
AL Macroscopic flow path [m]
ks (t) Time-dependent coefficient of permeability [m/s]
Ah(t) Measured time-dependent pressure difference in the set-up [m]
n, Porosity [-]

The spatial distribution of the permeability coefficient at the tunnel face depends on
the comparison between slurry and the tool penetration scale (section 6.4). Due to
expected comparably shallow slurry penetration depth in Case A, it is not essential for
the face stability assessment to evaluate pressure transfer along the slurry penetration
depth. The slurry penetration depth will be always smaller than the dimensions of the
soils wedge that is to be stabilized. Hence, the permeability coefficient development

of the transfer mechanism can be used as a single variable for characterization. The
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Figure 4-4: Mutual influence of adjacent cutting tracks and consequent reduction of the efficiency
of the pressure transfer mechanism. s; = slurry pressure in excavation chamber and u,
= far field hydrostatic pore pressure
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development of permeability coefficient will be investigated experimentally in

chapter 6 of this thesis.

It is expected that mutual influencing of concentric cutting tracks is a significant factor
for the face stability in Case A of pressure transfer (Figure 4-4). It is expected that the
areas with the flow mode of transfer will influence the adjacent areas with formed
pressure transfer mechanism. The flow will increase pore pressure behind the pressure
transfer mechanism in these areas. This will decrease the efficiency of the pressure
transfer for areas with formed pressure transfer mechanism. It seems impossible to
investigate this influence experimentally in the lab. Hence, the mutual influence has to

be numerically simulated.

The simulation will be conducted in chapter 8. For the purpose of the simulation
heterogeneous pressure transfer model (HPT model) is introduced and implemented
in numerical seepage analysis. This model will enable to consider not only the all the
described modes of the pressure transfer simultaneously, but will make possible take
into account the mutual influence of concentric cutting tracks. Furthermore, the
evaluation of the numerical model will be used to check the adopted pressure gradient

in the experiments for investigation of the time-dependent permeability coefficient.

4.2 Case B - Tool penetration shallower than pressure transfer

mechanism

In Case B, the cutting depth of a single tool is shallower than the depth of slurry
penetrated soil, when observed locally (Figure 4-2). In contrast, it seems that the
average primary slurry penetration velocity is faster than the advance rate of the
shield, when observed globally. Case B results in a partial removal of the pressure
transfer mechanism with every pass of the cutting tool. Due to the only partial removal
of the pressure transfer mechanism, the occurring change in the reactions is
comparably less abrupt than in Case A. Thus, lower grade of heterogenity of the
pressure transfer mechanism can be observed within a cutting track and consequently
on the entire tunnel face. It can be derived that the pressure transfer will take place by
pressure drop over the partially or fully formed pressure transfer mechanism and never
by a sole flow pressure. It can be here again expected that the entire slurry excess

pressure will be transferred, as the equilibrium condition requires. Considering the
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efficiency of the pressure transfer, it is equally important as in Case A that the transfer

occurs within the soil wedge.

Ground level = Groundwater level

'y

/ Slurry penetrated zone
?

Figure 4-5: Fundamental question of the Case B pressure transfer: Occurs the transfer mostly
inside or outside of slurry penetrated zone?

The fundamental question in Case B of pressure transfer is the ratio of pressure
transferred inside and outside of slurry penetrated zone (Figure 4-5). Classic theories
expect (see chapter 3) that the transfer occurs entirely within the slurry penetrated
zone for Type Il pressure transfer. The gradient of slurry pressure within this zone is
believed to be constant. Note that, because of the definition of Case B, Type | pressure
transfer is irrelevant in this case. However, the classic theories do not consider the
origin of the pressure transfer zone establishment during excavation and its

consequences for the pressure transfer.

The first insight (section 3.4.2), was suggested by Anagnostou & Kovari (1994),
although they did not include a thorough discussion concerning establishment of this
zone. They propose that the infiltration of slurry takes place simultaneously with the
removal of ground during excavation leading to a “quasi-steady state” after some
excavation cycles (Figure 4-6). The quasi steady-state requires that global average
slurry penetration velocity becomes equal to advance rate of the machine. This is also
assumed by Bezuijen et al. (2016). According to Anagnostou & Kovari (1994), the quasi-
steady state is reached either from point (a) or point (b) in Figure 4-6. From point (a),
when the average slurry flow velocity is first lower than the advance rate, the
penetration distance will be gradually reduced and point (a) will move on the curve

towards the left and up. In contrast, when the average infiltration velocity at some



4. Theoretical considerations concerning the adaptation of pressure transfer models 97

particular time is higher than the advance rate (b), the penetration distance will
increase over the course of time and, consequently, the average infiltration velocity

will decrease.

Due to the definition of Case B, however, the average primary slurry penetration needs
to first be faster than the excavation, because otherwise Case A would appear. The
requirement results in deeper slurry penetration than tool penetration during one
cycle. Hence, the point (b) from Figure 4-6 would be relevant for the Case B. However,
maximal slurry penetration (Imax) has to be assumed at the same time, when excavation
starts. This penetration depth corresponds to the slurry penetration depth of Type II
pressure transfer expected in diaphragm wall technology (section 3.4.1). Thus, this
slurry penetration depth cannot be further increased physically in order to decrease
the flow velocity of slurry. Consequently, a question appears how the quasi-steady

state could be achieved in Case B.

b quasi steady-state
(equilibrium state)

Flow or TBM velocity

v

Imax

Slurry penetration
distance

Figure 4-6: Relationship between slurry penetration distance and slurry flow velocity, excavation
advance rate is equal to the slurry flow velocity at quasi-steady state (Anagnostou &
Kovari, 1994)

It is necessary to introduce the slurry re-penetration concept. Re-penetration is the
process in which slurry penetrates the pore space of soil that already contain slurry
fluid (including particles) from the previous excavation cycle. Due to the already
present slurry particles in the skeleton, it is expected that re-penetration results in a
shallower depth compared to primary penetration. The re-penetration concept is the
only concept that can justify why the thickness of slurry penetrated zone decreases

simultaneously with average penetration velocity during excavation (Figure 4-6) and
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why the equilibrium state (quasi steady state) appears. This happens during excavation
despite the fact that, during primary penetration, the average slurry flow’s velocity is

faster than the advance rate of the machine.

Equilibriumstate achieved
during ring building stage

Equilibriumstate achieved
during excavation stage

Imax

<

B B

4

Iring building = Imax
Iexcavau'on

Figure 4-7: Two boundary cases observable: Equilibrium state without excavation (Left) and
equilibrium state during excavation (Right)

When introducing the re-penetration concept, it is necessary to have a closer look at
the initial state of the pressure transfer mechanism before excavation starts. The initial
state can be described by a pressure gradient (slurry pressure drop), which is
measurable as an excess pore pressure distribution. In general, three options
theoretically are possible (Figure 4-8). While options 1) and 2) are expectable and also
suggested by other authors (Miller-Kirchenbauer, 1972 and Krause, 1986), option 3)
seems unrealistic due to the impossibility of a correlation with any basic filtration
mechanism in section 3.3.1. Therefore, only options 1) and 2) will be further discussed
in regard to the process of achieving an equilibrium state during excavation when
starting from the approximately final slurry penetration depth achieved during the

ring-building stage.
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Figure 4-8: Theoretically possible drops of pore pressure within slurry penetrated zone
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The mechanism for Case B-1, assuming linear distribution of pore pressure 1), is shown
in Figure 4-9. Note that the rotating cutting wheel is adopted in the figure. Thickness
of the slurry penetrated zone at the start of the excavation (at the end of the ring
building phase) corresponds to the slurry penetration depth during primary
penetration. When the excavation starts, the thickness of this zone decreases with
every cutting cycle, because the slurry is at first unable to re-penetrate the same
thickness as the tools are removing. With ongoing reduction of thickness of slurry
penetrated zone, the ratio between slurry penetrated distance and tool cutting
distance within one excavation cycle is successively increasing. When the ratio
becomes 1, the equilibrium state during excavation is achieved. The equilibrium state
corresponds to the quasi steady-state by Anagnostou & Kovari (1994).

Equilibrium state achieved for the

A excavation stage

Iring bulding : 1

excavation

zonein front of the tunnel face

Thickness of slurry penetrated

Time or excavation lenght since the last stop

Figure 4-9: Case B-1 for reaching equilibrium state of the pressure transfer mechanism during
excavation, considering the option 1) from Fig. 4-8

A different mechanism appears when the distribution of pore pressure within slurry
penetrated zone corresponds to the option 2) from Figure 4-8. The mechanism for Case
B-2 is shown in Figure 4-10. Note that the rotating cutting wheel is adopted. The
thickness of the slurry penetrated zone at the start of the excavation corresponds again
to the slurry penetration depth during primary penetration. However, when the
excavation starts, the thickness of slurry penetrated zone starts to temporarily
increase. The temporary increase is connected with slurry penetration depth larger
than the tool cutting depth within one cycle. This is possible due to the higher pressure
gradient close to the soil’s surface from the primary penetration. When this area is
continuously disturbed by the cutting tools, deeper slurry penetration appears.
However, after some excavation cycles, the thickness of slurry penetrated zone

decreases and achieves the equilibrium state during excavation. This happens due to
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the “reconstruction” of slurry penetrated zoned under impact of cutting tools. Itis also
necessary to point out that the slurry and soil interaction in Case B-2 cannot probably
be viewed as a bulk flow of liquid through pores. The equilibrium state again

corresponds to the quasi steady-state by Anagnostou & Kovari (1994).

The distribution of stresses inside and outside of slurry penetrated zone will be
investigated in chapter 7. First, the focus will be given to pore pressure and effective
stress distribution during primary slurry penetration. Consequently, the framework for
a simulation of the re-penetration case in the lab will be presented and the stress
distribution during re-penetration will be investigated. The numerical simulation of
mutual influence of cutting tracks seems to be unnecessary in Case B, so the
experimental result will be directly implemented in face stability assessment in chapter
9. For better face stability assessment, it is necessary to determine the self-bearing
capacity of the soil wedge if only a reduced pressure transfer occurs inside the slurry

penetrated zone.

tEquilibrium state
! achieved for the

| T i excavation stage
ring bulding i

excavation

zonein front of the tunnel face

Thickness of slurry penetrated

Time or excavation distance

Figure 4-10: Case B-2 for reaching equilibrium state of the pressure transfer mechanism during
excavation, considering option 2) from Fig. 4-8
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5. ANALYSIS OF EXCAVATION SCALE

Chapter 5 is based on the paper: Thewes, M.,
Schoesser, B., Zizka, Z. (2016): Transient Face
Support in Slurry Shield Tunnelling Due to
Different Time Scales for Excavation Sequence of
Cutting Tools and Penetration Time of Support
Fluid. Proceedings of the ITA World Tunnel

Congress 2016, San Francisco.

The interaction mechanisms of various cutting tools with soft soil on the tunnel face
are different as already indicated in section 2.1.3. Within this chapter, the particular
interaction types are analysed in detail. In literature, theoretical models can be found
describing the cutting process (Koppl 2014, Rostami & Ozdemir 1993). The evaluation
of the cutting process reported in literature focuses mostly on the interaction between
cutting tools and the soil on the tunnel face as the wear prediction is the main focus of
these models. The tool interaction with filter cake (Type |) or penetration zone (Type

) is usually not discussed.

The cutting mechanism of the disc in soft soil is shown in Figure 5-1. A cutting disc
pushes a groove into the tunnel face while passing through a particular point. The
groove is created by pushing and compacting of the soil. The soil is pushed in an axial
and tangential direction to the disc penetration direction (Képpl, Thuro, Thewes 2015).
Hence, it may be derived, that a disc is also not damaging the filter cake or slurry
penetration zone. The type of disc action may lead only to compaction of the filter cake
or of the penetration zone. A second type of tools is represented by rippers. The
employment of rippers is not frequent in slurry shield tunnelling and therefore they
are not considered here in detail. Buckets and scrapers, the last types of tools, are
located slightly behind the discs on the cutting wheel in the longitudinal direction
parallel to the machine axis. These tools are placed on one cutting-wheel-arm in pairs
(tandems) to permit both rotation directions of the cutting wheel. Therefore, one tool

of the tandem is always actively cutting and the second is passively moving without
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significant cutting. In contrary to the disc cutters, the active scrapers and buckets are
displacing the soil from the tunnel face (Figure 5-1), so that they are responsible for
actual soil cutting within soft soil excavations (Kéhler et al., 2011). The displaced soil is
consequently collected by the cutting wheel arm and fed into the excavation chamber.
K6ppl (2014) expects that the cutting mechanisms of buckets is similar to the scrapers.
The cutting process of an active scraper is illustrated in Figure 5-1 for non-cohesive
soils. It may be assumed based on the cutting action of active scrapers and buckets,
that they are damaging the pressure transfer mechanism. Thereby, they have much
more significant influence on the slurry and ground interaction than disc tools (Thewes
et al., 2016). Thus, only these tools will be considered in analysis of the excavation

scale.

Pressure transfer
mechanism

No Compaction zone

Figure 5-1: Interaction between cutting tools and a pressure transfer mechanism. The way of
interaction is valid for both Type | and Il from Table 3-4

Three reference slurry shield tunnelling projects (Table 5-1) are used here to

characterize the excavation scale at the tunnel face. The projects were chosen with the
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intention of having a similar excavation diameter and being conducted in similar

ground conditions. The chosen projects were constructed during the two last decades.

Table 5-1: Outline of reference slurry shield projects used to determine the excavation scale

Project name @ Shield diameter [m] Ground type
P1 9.8 Sand / Clay
P2 9.8 Sand / Clay
P3 9.5 Sand / Gravel

5.1 Analysis of tool layout on cutting wheels

The cutting wheels of reference slurry shields are analysed based on the number of
tools disturbing pressure transfer mechanism in one concentric cutting track. The
analysis of cutting wheels demonstrates that each wheel can be divided in zones using
this methodology (Figure 5-2). These zones can be recognized as homogeneous cutting
zones due to the equal penetration depth of each tool passing and due to equal
timespan between subsequent tool passing through one particular point within the

zone. The particular zones are indicated with numbers in Figure 5-2.

Figure 5-2: Cutting wheels of reference projects P1, P2 and P3 (up), division into homogeneous
cutting zones including numbers of zones (down) (Zizka et al., 2018)

The resulting number of tools within one track is outlined in Table 5-2. The overlapping

of tool tracks was determined only within one zone on the cutting wheel of the P1
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shield machine. Furthermore, only disc cutters were found on the P3 wheel in zone 5.
Therefore, no soil cutting is expected here and number 0 characterizes this zone in
Table 5-2. A clear construction principle was found that the number of tools within one
track depends on the distance to the centre of the cutting wheel. The highest number
of tools is placed close to the circumference of the cutting wheel and decreases with

the direction towards the cutting wheel centre.

Table 5-2: Division of cutting wheels into homogeneous zones, * denotes 2 active tools if their
overlapping is taken into account

Amount of active tools within one track

Number of the

cutting zone P2 P3
1 6 8 8
2 1(2)* 4 4
3 2 2 2
4 1 / 1
5 No existence 0

The division of the wheels into zones and the number of tools (tandems) within one
track obtained in this section will be used in the following analysis of penetration and

time scale within excavation cycle.

5.2 Tool penetration and timespans between tool passes

A characterization of the excavation scale requires a coupling of timespan between
tool passing and tool penetration. This can be done by an analysis of excavation data
that are logged by every shield machine during tunnel advance. The revolution of
cutting wheel per minute (RPM) and penetration of the cutting wheel per revolution
(PR) belong to these data. While the RPM is logged directly, the penetration per
revolution (PR) is calculated automatically from the RPM and the measured advance

rate of the machine (AR) using Eq. 5-1.

AR

— Eq.5-1
RPM

with

AR Advance rate of the machine [mm/min]

RPM Revolutions per minute of the cutting wheel [revolution/min]
PR Penetration of cutting wheel per revolution [mm/revolution]
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RPM and PR are recorded as actual values or as average values per ring. For the later
purpose of excavation scale characterization, it is more reasonable to take the average
values into account to avoid infrequent peaks. However, neither PR nor RPM are
conclusive for the determination of the excavation scale. The data have to be adapted
to the basis of a single tool. For the adaptation, the three-dimensional movement of
the single cutting tool fixed at the cutting wheel has to be considered. The cutting tool
excavates the soil while the wheel is moving forward and rotating simultaneously.
When these two basic moves are superimposed, a space helix arises (Figure 5-3). Every
cutting tool located on the cutting wheel follows its own helix. Thus, every tool located
within a particular cutting track cuts only a certain part of the whole wheel penetration
(Pwheet) during one-wheel rotation. The size of the part depends on the number of

tools in the cutting track (Eq. 5-2).

PR
Ptoot = Eq.5-2
Nyool
with
Dtool Actual penetration of a single cutting tool per passing through a particular point
Dwheel Penetration of cutting wheel per revolution
Ntool Amount tool tandems within one track (offset in tandem locations between adjacent

cutting tracks is neglected)

On a similar basis, the timespans between subsequent tool passes within one cutting
track can be derived. These timespans define the period during which the pressure
transfer mechanism may form without being disturbed by cutting tools. The timespan
depends on the RPM of the cutting wheel and the amount of the tools within one

cutting track (Eq.5-3).

Figure 5-3: Every cutting tool traces a three-dimensional helix when the machine excavates a
tunnel (Thewes et al., 2016)
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1

tool RPM - Neool q

with

tioor Average timespan between subsequent passing of cutting tools
RPM  Revolutions per minute of the cutting wheel

Ntoor Amount tool tandems within one track

The raw excavation data (PR & RPM) from the reference projects were adapted
according to described methodology and are visualized in Figure 5-4. The raw data
were adapted for each homogeneous cutting zone of the particular shield machine
separately. The same trend regarding the excavation sequence was observed among
all three investigated projects. Obviously, the penetration of one tool per pass
increases with increasing timespan between passes. Furthermore, linear trend lines
are provided for each homogeneous cutting zone on each cutting wheel. The linear

trend lines show within every particular assessed project equal inclination and are only
slightly offset.
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Figure 5-4: Coupling of penetration of one cutting tool with timespan between subsequent tools
passing (different scale of the diagrams) (Thewes et al., 2016)
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The trend lines are visualizing the coupling between a particular timespan and the
typical penetration depth of a cutting tool. If the maximal and the minimal RPM logged
during excavation of the reference shield machines are taken, the minimal and
maximal timespans between tool passing can be calculated using Eq. 5-3. According to
the equations defining linear trend lines for each homogeneous cutting zone, the
respective typical penetration depths of the single tools can be obtained. Hereby, the
bounds for the excavation scale of reference projects could be defined (Table 5-3).

Note that the minimal RPM is coupled with maximal PR and vice versa.

Table 5-3: Resulting excavation scales, *no scrapers disturbing the pressure transfer mechanism are
located in this zone

Timespan .
T | tool
between ypica’' too

H - i -
omoge T penetration per RPM [-]

neous . passing [mm]
zone passing [s]

PR AR
[mm/rev] [mm/min]

i Max | Max Min Min Max

- Zone 1 18.9 6.3 12.9 5.3
o
s Zone 2 75.5 25 51.5 21
3 06 | 1.6 | 69.3 | 31.6 | 41.6 | 50.5
3l Zone 3 56.6 18.8 38.6 15.8
S
a Zone 4 113.2 37.5 77.3 316
~ Zone 1 11.3 5.6 7.6 43
o
-
9| Zone 2 22.5 113 15.2 86 |o067| 13 | 61 |34.2 (407|456
o
a Zone 3 45 225 30.5 17.1

Zone 1 7.8 3.4 3.8 1.4
a8 Zone 2 15.6 6.8 7.6 2.8
-
3 Zone 3 31.3 13.6 15.1 55 096 | 22 [302|11.1] 29 | 244
o
& Zone 4 62.5 27.3 30.2 11.1

Zone 5 Infinity* 0 0
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6. EXPERIMENTAL INVESTIGATIONS:
CASE A — SHALLOW SLURRY
PENETRATION SCALE

Chapter 6 is based on the paper: Zizka, Z.,
Schoesser, B., Thewes, M. (2017): Excavation
cycle dependent changes of hydraulic properties
of granular soil at the tunnel face during slurry
shield excavations”, in: 9th International
Symposium on Geotechnical Aspects of
Underground Construction in Soft Ground, Sao

Paulo.

Chapter 6 is dedicated to the analysis of the slurry penetration scale for Case A of
interaction. First, the experimental set-up and the methodology of the experimental
investigation will be introduced. The results will be presented in the following section
and the whole chapter is finalized with the preliminary check regarding the relevance
for the Case A. In other words, the experimentally determined slurry penetration scale
will be superimposed with tool penetration as discussed in chapter 4. The aim of this
chapter is to determine the time-dependent permeability coefficient of soil during
slurry penetration in laboratory conditions. The transfer of the results to the tunnel
face conditions will be conducted in chapter 8. Further aim of this chapter is to assess

the influence of back-pressure on the development of the permeability coefficient.

6.1 Experimental set-up & methodology

The experimental device aims to investigate Case A slurry-soil interaction for local flow
gradients at the tunnel face. These gradients appear in Case A at the tunnel face, when
the entire pressure transfer mechanism is suddenly cut by a passing tool. Hence, the

hydraulic changes of soil due to the interaction with slurry occur only within very small
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distance in front of the tunnel face in a limited area of the tunnel face close to a cutting
tool. A first approximation for the investigation assuming equal action of the same
slurry excess pressure at the tunnel face and in the experiment was considered here.

The suitability of this assumption will be checked in chapter 8 by numerical simulation.

In literature, set-ups for investigation of transient slurry penetration are referenced
(Krause, 1986, Talmon et al., 2013 and Xu et al., 2017). In the referenced set-ups with
different geometry, the slurry is injected from the top of the soil cylinder, while
simultaneously supplying the top of the cylinder with compressed air (Figure 6-1). This
construction of the set-up leads to generation and overestimation of excess pore
pressures in soil sample, due to combination of two conditions. The first condition is
characterized by the presence of fluid in the bottom drain line in comparison to
presence of a gas in the supply line, which causes significantly higher flow resistance
at the outflow while allowing large volume of gas enter the set-up at the inflow. The
second condition is the flow stream narrowing at the outflow from all pores of the soil
sample into the bottom drain-pipe. The narrowing condition brings comparably larger
hydraulic resistance of the sample against flow, which may be even larger in some
cases than hydraulic resistance of pore water flow within the body of surrounding soil
due to much smaller cross-sectional flow area. The combination of the two conditions
influences the development of the permeability coefficient due to slow dissipation of
the excess pore pressure in the sample. To enable experimental modelling of local

pressure gradients at the tunnel face, a different construction was chosen here.
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Figure 6-1: Experimental set-up for the investigation of transient slurry penetration (Talmon et al.,
2013 - comments added)
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Furthermore, experiments to illustrate the influence of hydraulic boundary conditions

are described and conducted in chapter 7.

The developed experimental set-up was designed based on the device described in DIN
18130-1 (1998) for the investigation of water permeability of soils and can be
designated as a column test. The experimental set-up is visualized in Figure 6-2 and
extensively described in the appendix. The set-up consists of a slurry cylinder, a soil
cylinder with 20 cm inside diameter and a reservoir with free surface for the discharged
fluid from the soil cylinder. The reservoir is located on a scale. Alternatively, the
outflow from the soil cylinder occurs into a pressurized water cylinder with adjusted
back-pressure (the set-up is visualized in the appendix), which is located also on a scale.
The scale is in both cases connected to a computer for continuous data logging during
the experiment. Pore pressure sensors continuously monitor pressures in the slurry

and soil cylinder. The data were logged every 0.25 s.

PWD 3
Sonl filter

/
/ }; -Soil sample

Grlds

Slurry cylinder

Free surface
outflow
reservoir

K T~ scale

Figure 6-2: Experimental set-up for the investigation of the Case A (Zizka et al., 2017)

In the developed set-up (Figure 6-2), two soil filters and two stiff plastic grids stabilize
the soil sample, which is compacted to a prescribed ratio (porosity n = 0.4) and has
thickness of 10 cm. The requirements for the soil filters were adopted based on DIN
18130-1 (1998) taking into account the requirements for filters by Terzaghi & Jelinek
(1954). Thus, the filters have a significantly higher permeability coefficient and
therefore do not influence the flow significantly. The thickness of the bottom filter was
reduced to 2.5 cm to minimize its influence on the slurry penetration behaviour.
Contrary to the bottom filter, the thickness of the upper filter was adopted to 17.5 cm.

Furthermore, the aim of the bottom grid is to ensure uniform distribution of slurry in
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the cylinder before entering the soil pores. The details about the used filters and grids
can be found in the appendix. Hence, the permeability coefficient of the 10 cm thick

soil sample is obtained by the presented device.

First, the experimental set-up is completely saturated with water (incl. also outflow
pipe). Before the experiment starts, the injection pressure is adjusted, and the slurry is
pumped under limited flow rate regulated by a valve in the soil cylinder up to the
bottom interface between the filter soil and the soil sample. The experiment starts
immediately after the dissipation of eventually occurring excess pressure from the
previous procedure. It means that after the start of the experiment, slurry enters the
soil cylinder with overpressure and first has to establish excess pressure there. The
author assumes that this is the most realistic way to physically simulate slurry
penetration at the tunnel face. 15 minutes were chosen as a limiting time span for the

experiment duration.

The original intention was to assess the time-dependent slurry penetration depth in
the soil sample visually. However, this turned out to be difficult due to very shallow
penetration depths (section 6.3). Therefore, only the final penetration depth was
determined directly visually during disassembling of the set-up and subsequently, the
time-dependent penetration was obtained based on scaling of the final penetration by
the time-dependent volume discharge of the fluid from the experiment measured by
the scale (Eq. 6-1).

V()
Ut) = lnax 5~ Eq.6-1

max

with

I(t) Time-dependent slurry penetration depth (m)

lwax  Final penetration depth (m)

V(t) Volume of discharged fluid at time t (m?)

Vinax Volume of the discharged fluid at the end of experiment (m?3)

If the slurry penetration depth were to only be defined by the volume of discharged
water and the porosity of compacted soil, an inaccuracy will be included. This
inaccuracy was mentioned by Krause (1987). He stated that using this approach, the
filtrated water, i.e., the amount of slurry from which the slurry particles were filtered

out, would unrealistically increase the slurry penetration depth. Thus, using the
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combined approach of visual determination and outflow scaling, as described above,

improves the accuracy of the results.

6.2 Experimental programme and materials

The experimental program (Table 6-1) was designed with the aim of investigating the
Case A interaction, which expects a shallow slurry penetration depth for local pressure
gradients. Two slurry concentrations, two soil fractions and three levels of injection
pressure were chosen. The chosen injection pressures correspond to a realistic range
of slurry excess pressure at a real slurry shield. Additionally, the influence of back-
pressure was tested. The back pressure was adopted in a way that pressured difference
was the same as in the basic experiments. The experimental program resulted in
eleven combinations. Three experimental runs for each combination were carried out
in order to guarantee the reproducibility of the results (two runs with back-pressure).
The reason for performing less experimental runs with back-pressure is discussed in
section 6.3.2. 30 experiments were performed in total. Medium and coarse uniformly
graded sands with relatively small characteristic grain size (dio) were chosen for the
investigation (Table 6-2). The installation and compaction of the soils in the cylinder

were controlled to obtain highly similar porosities among all investigated samples.

Table 6-1: Experimental program for the investigation of the Case A

B1, 5.5%=== 0.25-0.50 == 0.2 1a, 1b, 1c 1
0.3 2a, 2b, 2c 2

BL, 6% { 0.25-0.50 0.5 3a,3b, 3¢ 3
0.7 43, 4b, 4c 4

B1, 5.5% === 0.50-1.00 et 0.2 5a, 5b, 5¢ 5
0.3 6a, 6b, 6¢C 6

BL, 6% { 0.50-1.00 0.5 7a, 7b, 7c 7
0.7 8a, 8b, 8c 8

0.3-BP 9a, 9b 9
B, 6% { 0.25-0.50 0.5-BP 10a, 10b 10
0.7-BP 11a, 11b 1
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Table 6-2: Properties of soils used in the investigation (see appendix for grain distribution curve)

0.25-0.50 0.50-1.00

Soil fraction [mm]

Density [g/cm3] 1.569 1.572

d1o [mm] 0.27 0.54

Porosity [-] 0.408 0.407
Compaction ratio [-] 0.597 0.597
Water permeability coefficient . .
4*1 4 2*1 3

— steady state [m/s] 0 0

Intrinsic permeability [m?] 6.1*10! 3.1*1071°

Another requirement for obtaining reproducible results involving bentonite slurry is
the monitoring of its physical and rheological properties. Before every experiment, the
slurry was tested according to DIN 4127 (2013). The testing procedures and their
relevancy are discussed in 3.1.2. The determined average values are outlined in Table
6-3. As can be seen, two types of slurry have been used. However, Table 6-3 shows that
the tested properties of the two types were very similar. This is due to different batches
delivered by the supplier, which were used in the experimental series. Hence, the

experimental combinations with these two slurries can be considered as comparable.

Table 6-3: Slurry properties used in the investigation (see appendix for the product sheet of B1
bentonite and the testing protocols)

Slurry

B16 %

B15.5%

Density [g/cm3] 1.036 1.032
Yield point (ball harp) [Pa] 57 59
pH [-] 9.6 9.7
Marsh time - tmioo0; tmisoo [S] 51; 105 69; 111
Apparent viscosity [mPa.s] 19.1
Plastic viscosity [mPa.s] 2.9 Not tested
Yield point (Bingham) [Pa] 15.55

The resulting pressure drops over the soil samples are important factors for the
evaluation of the slurry penetration experiments. The obtained average pressure drops
are shown in Table 6-4. It is expected that the pressure loss over the grids and filter is

negligible, due to the considerations of the characteristics defined by DIN 18130-1
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(1998). Thus, it is expected that the pressure drop during the whole experiment from

Table 6-4 is influenced dominantly by the soil sample.

Table 6-4: Resulting pressure drop over the soil sample (10 cm long)

1-0.25-0.5| 2-0.25-0.5 3-0.25-0.5 4-0.25-0.5 5-0.5-1.0 6-0.5-1.0
mm, 0.2 mm, 0.3 mm, 0.5 mm, 0.7 mm, 0.2 mm, 0.3
Pressure dropsover | har 0.41, | bar,0.41, bar,0.41, bar,0.41, bar,0.41, bar, 0.41,

the soil sample [bar] | 1559 B16% B16% B16% B15.5% B1 6%

6.3 Results and Interpretation

The obtained experimental results for the shallow slurry penetration scale will be
presented and discussed in this section. It is distinguished between experiments with

and without back pressure.

6.3.1 Experiments without back-pressure

As the first point, the time-dependent slurry penetration depth was evaluated. A clue
about the formation state of the pressure transfer mechanism can be obtained from
the inclination of the time-dependent slurry penetration curve as discussed in section
3.4.2. This suggest that hydraulic properties of the slurry penetrated soil area can also

be deduced from the development of the slurry penetration curve.

The curves in Figure 6-3 show the development of the slurry penetration depth
obtained as an average from three runs for the particular combination of parameters.
Note that the lines describing the slurry penetration in soil 0.5-1.0 mm with pressures
0.5 bar and 0.7 bar are not shown, because the slurry did not stagnate within the soil
sample so the time-dependent penetration depth cannot be determined by using
Eq.6-1. 1t can be seen that each slurry penetration curve can be characterized by a fast
increase of the depth at the start of the penetration (also called mud spurt in Talmon
et al.,, 2013). During the mud spurt phase, the relationship between time and
penetration depth is roughly linear. After this fast increase, the slurry penetration
depth changes only insignificantly during the second part of the curve. According to
Talmon et al. (2013) slurry consolidates at this stage. The strong difference of slurry

behaviour at different penetration stages is an important aspect for the further
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Figure 6-3: Time-dependent slurry penetration — each line resents an average from three
experimental runs

comparison of tool cutting and slurry penetration scale. It can be also observed that
the grain size of soil has much higher influence on the penetration behaviour than the
injection pressure. The characteristic grain size (d1o) of the 0.50 — 1.00 mm soil is two-
times higher than of the used finer soil (Table 6-2). Hence, the penetration depth
should increase for the coarser soil acc. to Eq.3-27 also approx. by factor 2 for the

same injection pressure (pressure drop).
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This is only true for the very small injection pressure of 0.2 bar (pressure drop 0.08 bar
—measured by pore pressure sensors in the soil cylinder), when the penetration depth
increases from 0.35 cm for the finer soil to 0.85 cm for the coarser soil within the 120 s
time span. For injection pressure 0.3 bar (pressure drop 0.15 bar), the increase in slurry
penetration depth between the two soils is larger than factor 5. Hence, the penetration
depth dependence on the injection pressure (pressure drop) could be obtained for
both soil types as is predicted by the theories discussed in section 3.4. However, the
penetration depth does not depend linearly on the injection pressure (Figure 6-4). For
both investigated soils, non-linear dependence on the pressure drop (injection
pressure) was obtained. Note that it is assumed that the pressure drop over the sample
is approximately equal to the pressure drop over the slurry penetrated zone at the final
penetration stage. Moreover, even the dependencies show a different trend. While
the slurry penetration depth in finer soil (0.25 — 0.5 mm) seems to converge to some
particular value for the increasing pressure drop, the penetration depth diverges for
the coarser soil with increasing pressure drop (injection pressure). As can be seen from
Figure 6-4, DIN 4126 (2013) could not predict the slurry penetration depth properly. It
is believed that the retained slurry in pore space of finer soil (0.25 - 0.5 mm) changed
the pore geometry significantly. Or it may also be that the slurry particles influenced
primarily by mechanical forces (larger than 30 um) are retained within the soils. Hence
the empirical macroscopic correlation between yield point of slurry and characteristic
> §|N 4126 or ~

05 1.0m DIN 4126 for

0.085 / // uz:uamm/
006 } %

[ / 6/—-—025 0.5 mm
0.04 | 2

[ / / - #-0.50-1.00 mm

0.02

Slurry penetration depth [m]

0 0.1 0.2 0.3 0.4 0.5 0.6
Pressure drop over the sample [bar]

Figure 6-4: Dependence of the average slurry penetration depth on the average pressure drop
over the sample for slurry B1 6% (DIN 4126 uses Eq. 3-27 with a = 2 or 3.5)
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grain size is questionable. This would mean that this slurry and soil combination should

be investigated on the micro level to predict the penetration depth (section 3.3.2).

Consequently, it was aimed to compare the time-dependent slurry penetration depth
for the combinations relevant for the Case A with contemporary prediction theories.
Two theories were chosen for the comparison: after Krause (1987) and after
Anagnostou & Kovari (1994). These theories are described in section 3.4.2. Figure 6-5
is visualizing the comparison of the measurements with the theory acc. to Krause
(1987) utilizing the upper and lower bound. For the purpose of comparison, the
experimentally obtained penetration depths were recalculated to the so called
“comparative penetration depth (lgomp)” using Eq.3-33 while assuming that
[z (t=60min) is equal to the experimentally determined final penetration depth. The
calculation of the comparative slurry penetration depth is also beneficial for
comparison of the slurry penetration process for slurry-soil combinations with very

different absolute final penetration depth.
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Figure 6-5: Comparative slurry penetration depth determined using the methodology by Krause
(1987) obtained from the experimental results and compared with bounds acc. to
Krause (1987)

It turns out that the penetration bounds suggested by Krause (1987) cannot sufficiently

approximate the slurry penetration behaviour for relevant Case A combinations within
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the short time scale. Nevertheless, it can be observed using this methodology that
certain soil and slurry combinations show very similar penetration behaviour. This is
particularly noticeable for all combinations with 0.5-1.00 mm soils and for
combinations with 0.5 and 0.7 bar and 0.25-0.5 mm soil. From these mentioned
combinations, the combinations with soil 0.25 — 0.5 mm and low injection pressures
are diverging. Thus, it can be concluded that the low injection pressures were not able
to sufficiently overcome the resistance against slurry provided by the pore space of the
finer soil sample. It can be also expected that the change in pore geometry due to
retention of slurry particles for finer soil fraction (0.25-0.5 mm) depends on the
amount of the injection pressure. For the coarser soil (0.5-1 mm), it is impossible to
notice the role of the injection pressure. Hence, it can be concluded that the retained

slurry particles did not significantly influence the pore geometry for the coarser soil.

Furthermore, the results for time dependent slurry penetration were compared with
the theory according to Anagnostou & Kovari (1994). The comparison is shown in
Figure 6-6. Note that the theory requires input of the final penetration depth of slurry
(Eq.3-36). It turns out that the theory proposed by Anagnostou & Kovari (1994)
expected a much steeper increase in penetration depth for the experimental

combinations. This was observable through a comparison of all experimental
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Figure 6-6: Comparison of the experimentally obtained and the calculated slurry penetration depth
acc. to Anagnostou & Kovari (1994), AK denotes the calculated penetration depth
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combinations. The reason for this might be the underestimation of the resistance of
the pore space against the slurry flow by the theory. This underestimation results from
the consideration of slurry-soil interaction as a bulk flow of immiscible fluid inside the
pore space. Thus, the changes of the pore space during interaction are not taken into

account.

However, as it will be shown further in this section; the hydraulic properties of the
pressure transfer mechanism are not always dependent on the instantaneous
penetration behaviour described by the inclination of the slurry penetration curve. The
hydraulic properties can only be evaluated when the permeability coefficient of the
pressure transfer mechanism is determined. The determination is here conducted
based on methodology described in section 4.1 of this thesis using Eq.4-1. Outflow
from the set-up (Q(t)) and pressure drop over the sample were measured (Ah(t))
continuously to provide the input to the equation, while the length (AL) was
considered constant as the length of the soil sample (10 cm). Thus, the permeability
coefficient of the 10 cm thick soil sample is obtained by the presented device. The
approach is reasonable for later utilisation of the results in numerical seepage models
in chapter 8. Figure 6-7 shows the developments of permeability coefficients for
various soil-slurry-injection pressure combinations. Every development in Figure 6-7

can be divided, similarly as the slurry penetration curve, into two branches.

The first branch is characterized by a very steep fluctuating decrease in the
permeability coefficient and is called the descending branch. The second branch is
characterized by an insignificant decrease in the permeability coefficient. In the second
branch, the permeability coefficient development becomes nearly horizontal in the
diagram with a logarithmic scale of the vertical axis and converges against a constant
value. Note that the developments are evaluated within the timespan 120 s, which
corresponds to the maximal time-scale from chapter 5. The distinction between the
two branches is shown in Figure 6-7 for all combinations. The timespans required for
reaching the second (stagnating) branch after the slurry penetration start are also

summarized for all investigated combinations in Figure 6-8.
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The transition point between the two branches in Figure 6-7 and Figure 6-8 can be
considered the approximate threshold between the forming and the formed pressure
transfer mechanism, in relation to its hydraulic properties. As can be seen from Figure
6-7 and Figure 6-8, the second branch is achieved sooner for higher injection pressures
for the finer soil (0.25-0.5 mm). The higher injection pressures further deliver a lower
permeability coefficient achieved at the second branch of the development within the
evaluated timescale. This is particularly visible for the experiments with 0.7 & 0.5 bar
injection pressure. The faster decrease might be explained by higher flow velocity
during mud spurt. It is worth noting that the coarser soil (0.50 — 1.00 mm) behaved
differently and that a longer timespan was required for higher injection pressure to
reach the stagnation branch. The different behaviour of coarser soil during slurry
injection was already highlighted in Figure 6-4. When focusing on the slurry soil
interaction on the micro-level, theory (section 3.3.2) states that the development of
the permeability coefficient during filtration should be dependent on the comparison
between slurry particle size and the pore size. Hence, the finer soils fraction should for
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the same slurry deliver more abrupt decrease of permeability. This behaviour is only
partially observable in Figure 6-7 for higher injection pressure within the finer soil.
Thus, it may be concluded that there is a certain threshold of injection pressure
required to speed up the changes of pore space due to the slurry particles retention.
This could be related to the hydrodynamic capturing processes as outlined in section
3.3.2.

—e—0.25-0.5mm
-x-0.50-1.00 mm

0 0.1 0.2 0.3 0.4 0.5 0.6

Timespan for achieving the
stagnation branch [s]

Pressure drop over the sample [bar]

Figure 6-8: Timespan required for slurry to achieve the stagnation branch

As was expected in section 4.1, it was only possible to apply Darcy’s law for the
evaluation of the slurry soil interaction while considering very short time steps (0.25 s),
due to time-dependency of the flow. It turns out that the level of time-dependency of
flow decreases in the later stages of the experiments (the stagnating branch).
Nevertheless, the instantaneous permeability coefficient should be considered for the
purposes of the assessment of slurry soil interaction at the tunnel face. Furthermore,
it turns out that the permeability coefficient development for slurry also depends, in
contrast to water, on the injection pressure, in addition to the slurry and soil

characteristics.

6.3.2 Experiments with back-pressure

The second aim of the investigation within this chapter was to check the dependency
of slurry penetration behaviour on the back-pressure. For this purpose, the time-
dependent penetration depth between experiments with and with-out back-pressure
will be compared. This will be followed by the comparison of permeability coefficient

developments.
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The comparison of the time-dependent penetration depth shows that the two series
of experiments are slightly deviating. However, the deviation becomes negligible for
the higher injection pressures (Figure 6-9). This would indicate a difficult steering of
the prescribed difference between the injection and back-pressure when the injection
excess pressure is low. In Figure 6-10, the developments of permeability coefficients
are compared. It is possible to observe here, that a reduction of soil’s permeability
coefficient during penetration of slurry was more significant in experiments with back-
pressure. However, this can be explained by higher hydraulic resistance of the set-up
with the back-pressure, which was 0.2 m in comparison to 0.1 m for the set-up without
back pressure. Note that the hydraulic head loss was calculated for water using the
usual pipe flow calculation methodology (Freeman, 2014 and Albert & Schneider,
2014). The highest difference between the two series of experiments could again be
observed for experiments with 0.3 bar of slurry excess pressure. It is necessary to note
that for the experiments with back-pressure, another type of outflow scale has to be
used. This scale had a lower degree of accuracy due to necessary weighing of higher

loads caused by the outflow cylinder with the back-pressure.
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Figure 6-9: Comparison of slurry penetration depth with and without back-pressure — each line
represents an average from experimental runs (BP stands for back-pressure)
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It could be concluded, that the back-pressure seems to have negligible influence on
the results for higher injection excess pressures, however, it is difficult to assess the
influence of back-pressure on slurry penetration behaviour in these small-scale
experiments with comparably shallow slurry penetration depth. Therefore, the
influence will be revisited in Chapter 7, using the experimental set-up for the

investigation of Case B interaction with deep slurry penetration.
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6.4 Comparison of tool cutting with slurry penetration scale for the
Case A

The obtained excavation scales from chapter 5 will be compared in this section with
slurry penetration scales determined experimentally using the methodology described
in this chapter. The aim of the comparison is to make a preliminary decision, which
combinations of slurry and tool penetration scale are likely to deliver Case A of the
interaction (see chapter 4). At this time the relationship between the pressure gradient
in the experiment and at the tunnel face is not yet known. This will be investigated in

chapter 8.

The comparison is conducted in Figure 6-11, Figure 6-12 and Figure 6-13, for the
respective reference projects. The slurry penetration scale is again displayed as the
time-dependent penetration depth. The tool penetration scale is displayed by skew
lines for each homogeneous cutting zone of each reference slurry shield. The points at
the ends of the skew lines represent bounds of the tool cutting scale. Additionally, two

vertical lines at the bounds create a circumference of each homogeneous cutting zone.
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Figure 6-11: Project P 1 - Comparison of the time dependent penetration distance of slurry in
experiments with cutting tool penetration depths and the timespans between tool
passing in respective cutting zones of the reference project (Zizka et al., 2018)
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The skew lines are representing various combinations resulting from the minimal and
maximal RPM and the corresponding PRs. If the slurry penetration line crosses any of
the boundary lines of a homogeneous zone, the Case A of interaction occurs for this
homogeneous cutting zone. That means that every tool rotating in this zone removes
the entire pressure transfer mechanism. Further, it is important to compare the
location of slurry penetration line with regard to the bound points. If the slurry
penetration line is located below a bound point, Case A occurs for the particular bound

of the excavation scale.
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Figure 6-12: Project P2 - Comparison of the time dependent penetration distance of slurry in
experiments with cutting tool penetration depths and the timespans between tool
passing in respective cutting zones of the reference project (Zizka et al., 2018)

It could be confirmed in Figure 6-11, Figure 6-12 and Figure 6-13 that the cutting
process is much slower than the slurry penetration during its initial phase (mud spurt).
The cutting scale becomes comparable with slurry penetration scale, when the
stagnation of slurry starts and its instantaneous penetration velocity decreases.
Therefore, the occurrence of Case A depends rather on the cutting depth of tools than
on the frequency of cutting. During the detailed analysis of the particular cutting scales,
it turned out that the reference project P1 has the widest excavation scale. The widest
excavation scale denotes large timespans between passing of cutting tools connected

with comparably deep penetration of cutting tools (Figure 6-11).
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Reference project P2 delivered the shortest excavation scale (Figure 6-12), however,
the cutting depth of tools was still deeper in the most of homogeneous cutting zones
than in the project P3. In comparison to project P2, the excavation scale of project P3
is slightly wider (Figure 6-13). The Zone 1 experiences only a very shallow cutting depth,
so that only one slurry-soil combination with the lowest injection pressure could
deliver Case A of interaction in this zone. As mentioned in chapter 5, the project P3 has
5 homogeneous cutting zones in total. However, Zone 5 is not shown in in Figure 6-13
due to non-present scrapers disturbing the pressure transfer mechanism in this zone.
That means that the pressure transfer mechanism is always formed in this zone and is

never disturbed.
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Figure 6-13: Project P3 - Comparison of the time dependent penetration distance of slurry in
experiments with cutting tool penetration depths and the timespans between tool
passing in respective cutting zones of the reference project (Zizka et al., 2018)

In general, it could be observed that Case A appears more often in cutting zones closer
to the tunnel axis, while the appearance of Case A at the circumference is less frequent.
The areas with Case A on the particular tunnel face of all reference projects were
summed up and put in relation with the area of the entire tunnel in Figure 6-14. Two
bounds of excavation scale from Table 5-3 were distinguished. It can be concluded that
larger parts of the tunnel face belong to Case A for lower slurry injection pressures.
Hence, Case A occurs for the soil 0.25 — 0.5 mm and injection pressure 0.2 bar

regardless of the excavation scale at the entire tunnel face for every reference project.
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With increasing injection pressure, the occurrence of Case A decreases, especially for
the bound with minimal PR combined with maximal RPM. As previously explained, the
low cutting depth caused by frequent passing of the cutting tools plays the responsible

role.
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Figure 6-14: Percentage of the area of the tunnel face with the Case A interaction (Zizka et al.,
2018)

Developments of the permeability coefficient are superimposed in Figure 6-15 with
excavation scale from the reference project P1. The permeability coefficient
development in respective cutting zones at the tunnel face can be evaluated based on
Figure 6-15. The permeability coefficient lines show the coefficient development
within a cutting track. The crossings between the development lines and zone borders
illustrate the minimal permeability coefficients achievable for the pressure transfer
mechanism in the respective zone. Additionally, the homogeneous cutting zones are
shown in the diagram with borders for the two bounds of the excavation scale. It can
be clearly observed that the two visualised excavation bounds significantly influence
the extent of the second branch of permeability coefficient development within the

homogeneous cutting zones.

6.5 Summary of experimental investigation for the Case A

The new experimental set-up to analyse slurry and soil interaction was introduced in
this chapter. For the operation of the set-up, a methodology was developed to

investigate a very shallow time-dependent slurry penetration depth and how to assess
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development of permeability coefficient during slurry penetration. While using the
developed methodology, it was found that both slurry penetration depth development
and permeability coefficient development can be divided into two branches. Within
the tests, the influence of back-pressure could not be conclusively assessed, due to the

very shallow penetration scale of slurry.
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Figure 6-15: Permeability coefficient development and its minimal achievable values in respective
homogeneous cutting zones of Project P1. The horizontal dashed lines signify the
extent of the permeability development in respective zone in dependence on chosen
PR and RPM (Zizka et al., 2018)

A comparison of tool penetration scale and slurry penetration scale showed that the
occurrence of Case A depends on the cutting depth of tools, rather than on the
frequency of cutting. Generally, the occurrence of a Case A interaction is more
expectable in cutting zones closer to the tunnel axis, while the appearance of Case A
at the circumference is less frequent. However, it is necessary to point out that the
relationship for coupling of slurry excess pressure in the real excavation chamber of
the shield with pressure drop in the experiment is not yet known. This will be clarified
in chapter 8 based on numerical calculation considering interaction of adjacent cutting

tracks.

The experimental program used in this chapter has certain limitations. The program

focused on investigations using two type of uniformly graded sands from the standard
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application range of slurry shield (Figure 2-3). However, the increased pore pressure
during excavation were observed especially in similar soils, as pointed out in the
introduction of this thesis. In the future, the experiments should be conducted with
even finer or non-uniformly grained sand and with slurry with lower concentrations of

solids.
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/. EXPERIMENTAL INVESTIGATIONS:
CASE B — DEEP SLURRY PENETRATION
SCALE

Chapter 7 is dedicated to the analysis of the deep slurry penetration scale for Case B
of the interaction with cutting tools (Figure 4-2). First, experimental set-ups,
methodology and program of the experimental investigation will be presented. The
obtained experimental results for the deep penetration scale are discussed in section
7.3. It will be distinguished between penetration scale for primary slurry penetration
(section 7.3.1), for slurry re-penetration (section 7.3.2) and for the slurry re-
penetration with soil cutting (section 7.3.3). While the investigation of slurry
penetration and re-penetration are conducted in column tests, the investigation
dealing with re-penetration with soil cutting are performed using the RUB tunnelling

device.

The general aim of this chapter is to determine the amount of pressure transfer inside
and outside of the slurry penetrated zone as stated in chapter 4. The pressure transfer
will be assessed by measuring the drop of injection pressure (pore pressure) and the
increase of effective stress inside the soil samples. A further aim is to evaluate the
influence of boundary flow conditions in the experimental set-up on the obtained
pressure transfer. This question remained open from the investigations in chapter 6,
because it was difficult to assess the influence of boundary flow conditions due to
shallow slurry penetration scale. The results of experimental investigation obtained in

this chapter will be later utilised in chapter 9.
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7.1 Experimental set-up & methodology

7.1.1 Primary penetration of slurry

While considering the definition of the Case B interaction, a new experimental set-up
was developed, which allows for characterization of comparably deeper slurry
penetration than the set-up used in chapter 6. The experimental set-up is visualized in
Figure 7-1 (detailed sketch is also provided in the appendix). The set-up can be
designated as column test and consists of a slurry cylinder, a soil cylinder (internal
diameter 40 cm) and a reservoir with free surface for the discharged fluid from the soil
cylinder. Alternatively, the reservoir for the discharged fluid can be pressurized to
induce back-pressure in the set-up. The version of the set-up with back pressure is
sketched in the appendix. The reservoir is in both cases located on a scale. The scale is
connected to a computer for continuous data logging during the experiment. One pore
pressure sensor (PWD) continuously monitors pressures in the slurry cylinder and 7
other sensors are placed in the soil cylinder. Two total stress sensors are located at two
measurements levels in the middle of the soil cylinder (Figure 7-2). Data from both
sensor types are transferred to the computer. The data are logged every 0.25 s. In the
developed set-up, two stiff plastic grids stabilize the soil sample, which is compacted
to a prescribed ratio (porosity). The effective surcharge stress induced by the grids on
the soil sample is adjustable by screws and can be controlled. A further aim of the grids
during slurry penetration is to ensure uniform distribution of slurry before entering the

soil sample at the bottom and uniform outflow of displaced water at the top. The
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Figure 7-1: Experimental set-up for the investigation of Case B interaction — column test
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boundary between the bottom grid and the cylinder circumference is sealed. The
chosen layout of sensors enables to track the reaction of soil during slurry penetration
inside and outside of the slurry penetrated zone. The vertical location of the sensors is
shown in Figure 7-2. On one hand, the location of the sensors makes the tracking
possible for only a certain number of combinations of slurry concentration, injection
pressure and soil, due to particular target penetration depth. On the other hand, the
soil cylinder offers a desirable level of adaptability for investigation purposes in this
chapter dealing with change of boundary flow conditions. The outflow pipe diameter
can be adjusted and the back-pressure can be induced in the set-up. The slurry inflow
pipe diameter was kept constant at 2.3 cm. The changing of the outflow-pipe-diameter
is used to demonstrate the influence of hydraulic boundary conditions on the time-
dependent measured variables as expected in section 6.2. The same discussion with
regard to the design of the experimental set-up from section 6.1 could be repeated
here. To characterize the changes of hydraulic flow conditions more properly, the
hydraulic resistances of each set-up version were calculated. Note that the flow of
water was assumed for the calculation purposes. The resulting hydraulic resistance is
based on usual pipe flow calculation (Freimann, 2014 and Albert & Schneider, 2014)

and is expressed as hydraulic head loss in Table 7-1.

Figure 7-2: Location of sensors in the set-up (column test) and designation of the measurement
levels

The experiment starts with the adjustment of the injection pressure in the slurry
cylinder and a full saturation of the soil sample with water. The effective stress in the

soil sample is adjusted by screws (for details see appendix). The goal is to induce a
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similar initial effective stress at both measuring levels (Figure 7-2). The starting

conditions in the experiments were varied in terms of initial location of slurry:

1) Slurry is present in the slurry cylinder while the pipe connecting the slurry
cylinder with soil cylinder is filled with water.

2) Slurry is present in the slurry cylinder and pumped under limited flow rate,
regulated by a valve in the soil cylinder, up to the bottom interface between the

grid and the soil sample (coordinate +/- 0 cm in Figure 7-2).

Table 7-1: Hydraulic head loss in set-up for water flow (see section 7.2.1 for the detailed
explanation of the experimental combinations)

Experimental Il - reduced Il — back-

combination

| - basic . IV — basic
outflow diameter pressure

Hydraulic head

0.3 0.9 0.4 0.3
loss [m]

On one hand, the first option is favourable due to slurry entering the pore space of soil
first under dynamic flow condition. On the other hand, the soil is subjected to water
flow first before coming into contact with slurry. The water flow could considerably
influence the measured pore pressure and total stress. The second option reduces the
possibility of unwanted influences due to “pure” water flow from the start of the
experiment. However, slurry enters the soil pores being first in static condition, which
is disadvantageous, due to possible thixotropic solidification. Thus, both options are

investigated in this chapter.

The penetration experiment begins with the opening of the valve and takes 30 minutes
to complete. The 30-minute timespan was determined to be sufficient based on
preliminary experiments. It is worth mentioning that the primary slurry penetration
does not properly represent the processes of the Case B interaction at the tunnel face.
However, the process has to be understood before conducting the tests with slurry re-
penetration. More details about the set-up and the step-by-step description of the

methodology are provided in the appendix.

7.1.2 Re-penetration of slurry

The same set-up (column test) as in the previous section 7.1.1 was used for the
investigation of slurry re-penetration (Figure 7-1 and Figure 7-2). However, a different

methodology for the conducting of the experiment was employed. The greatest
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challenge of the laboratory modelling of the re-penetration is to achieve the same
conditions that are present at the tunnel face during excavation. Either the depth of
the primary penetration or the timespan at which the re-penetration starts must be
chosen for the experiment. Moreover, in order to keep the process realistic, the
timespan for the duration of re-penetration must be determined. It was concluded in
section 4.2 that the slurry in Case B reaches between the tool passages a particular
penetration depth, which corresponds exactly to the cutting depth of the excavation
tool at single passing (ptool = Ir). This was designated on the global level as a requirement
for the equilibrium state during excavation (Figure 7-3) because of the movement of
the slurry penetration front that follows the movement of the shield. If the slurry would
achieve a smaller penetration depth, no penetration of the suspension would occur
after some cutting cycles. If, in contrast, the depth of penetration during the re-
penetration would be greater in comparison to the cutting depth, an infinitely high
penetration depth of the slurry would occur after some cutting cycles. Hence, the slurry
re-penetration depth needs to correspond to cutting depth of a single tool per passing
and needs to be achieved during the timespan between two subsequent tool passes.
These variables for the definition of the excavation scale are taken from chapter 5. The
determination of the primary penetration depth (I,), before the re-penetration starts,
needs to be conducted parametrically. The re-penetration will be started at different
timespans, from the beginning of the primary penetration until the previously
formulated spatial and time condition for equilibrium state during excavation are
fulfilled (ptool = Ir).
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Figure 7-3: Principle of slurry re-penetration including the cutting tool
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However, no cutting mechanism is present in the developed column experimental set-
up, so the re-penetration has to be simulated as pressure-controlled steps (Figure 7-4).
The principle of this method is to increase the slurry pressure at the start of the re-
penetration (s2) in a way that the pore pressure in the soil at the adopted tool cutting
depth (ptwol) becomes exactly the same as the slurry pressure during the previous
primary penetration (s1) in the chamber. The timespan for starting the re-penetration
has to be parametrically determined here, as described above, in order to fulfil the

boundary conditions for realistic re-penetration depth.
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Figure 7-4: Principle of the pressure-steered re-penetration experiment — movement of injection
pressure p; further in soil, the moving distance corresponds to the tool excavation
depth

However, the described approach for pressure-controlled re-penetration also has
certain disadvantages. It is principally assumed that concentration of slurry particles at
the end of primary penetration stage is evenly distributed inside the slurry penetrated
zone. A further requirement is that the even distribution also remains during re-
penetration, so the slurry moves inside the soil pores as a “bulk fluid”. In reality, it is
expected that the requirements can only be fulfilled for certain coarse soils. Hence, the
investigation of the primary slurry penetration has to deliver a clue, if the fulfilment of
the requirements can be expected for the investigated soils. A further disadvantage of
the pressure controlled re-penetration is that the amount of total stress in the system
is increased beyond the level during the primary penetration and thereby beyond the

support excess pressure.

Nevertheless, the benefits of the developed methodology for modelling of the re-

penetration prevail. The main benefit is the realistic time-scheduling of the experiment
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in comparison to the conditions at the tunnel face that avoids any unwanted slurry

solidification in the soil skeleton.

7.1.3 Re-penetration of slurry with soil cutting — RUB Tunnelling device

The RUB tunnelling device (Kipferle et al., 2016) was used for the investigation in this
section. The employment of the RUB tunnelling device shall eliminate the physical
simplification introduced by the pressure-controlled slurry re-penetration (section
7.1.2). The original version of the tunnelling device was adapted by introduction of
slurry face support system (Kipferle et al., 2018) as is presented in Figure 7-5. Detailed
drawing of the set-up is provided in the appendix. A lathe was used to place the set-
up. A simplified cutting wheel is fixed at the end of a shaft (Figure 7-5-b and Figure 7-5-
c) inside the soil cylinder and is propelled by the lathe. Cylindrical steel pins represent
simplified cutting tools placed at the star-shaped cutting wheel. A single pin is always
located within one cutting track. Hence, single homogeneous cutting zone is here
presented. It is expected that the pins disturb the pressure transfer mechanism (slurry
penetrated zone) in a similar fashion as scrapers (Chapter 5). The fixing of the shaft to
the lathe enables it to move forward and rotate the cutting wheel while simultaneously
creating the desired helix-movement of the cutting tools (Section 5.2). The length of
used pins depended on the experimental run approx. 1 — 1.6 cm long. Thus, it has to
be assured that the slurry penetration is deeper than 1 — 1.6 cm at the start of the

excavation in order obtain Case B of the interaction.

Before excavation begins, the soil cylinder is filled with water-saturated and
compacted soil. The free area between lid and tunnel face represents a slurry chamber
and is therefore filled with slurry (Figure 7-5). The slurry chamber and the centre of the
cutting wheel are fed by two separate slurry pipes. After closing, sealing and fixing the
soil cylinder on the lathe, a defined pressure is applied to the entire cylinder using the
slurry feed pipes. The pressure is monitored by a pore pressure sensor in both the soil
cylinder and slurry cylinders. After a defined period of time, the drainage port is
opened. The slurry starts to penetrate into the soil and the support mechanisms begin
to build up. Note that the starting condition for slurry penetration is slightly different
than in the column tests. The formation of the pressure transfer mechanism can be
verified by the measured constant pore pressure in the slurry chamber and decreasing

pore pressure in the soil outside of the slurry penetrated zone.
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Consequently, when the pressure transfer mechanism is entirely built-up, the machine
is started, and the cutting process begins. As pointed out before, a desired PR and RPM
can be adjusted within a limited range. During excavation, the outflow from the soil
cylinder and pore pressures are measured and logged every 0.25 s. Note that the

drainage remains open during excavation.
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Figure 7-5: Experimental device with introduced soil cutting process — RUB tunneling device
(Kipferle et al., 2018)
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7.2 Experimental programme and materials

Three experimental series were conducted to investigate Case B of the interaction, as
pointed out at the start of this chapter. The experimental programs and

characterization of used materials will be presented in next sections.

7.2.1 Primary penetration and re-penetration

The experimental program (Table 7-2) was designed with the aim of investigating the
Case B interaction, which expects a comparably deeper slurry penetration.
Simultaneously, the slurry has to stagnate before the second measuring level in the
experimental device (Figure 7-2). Another requirement is that relatively high injection
pressures representing the slurry excess pressures are used. This is due to easier
tracking of soil reaction during slurry penetration. Hence, one slurry concentration,
two soil fractions and several levels of injection pressure were chosen based on
preliminary tests. The chosen injection pressures correspond to a realistic range of
slurry excess pressures at a real slurry shield. First, the main focus of the investigation
was to assess the influence of flow boundary condition on the soil reaction during the

slurry penetration test (experiments I-IV). Hence, the starting condition, internal

Table 7-2: Experimental program for investigating the primary slurry penetration in Case B of
interaction, *hydraulic head difference between the outflow level of the soil cylinder
and the fluid level in the outflow reservoir is approx. 0.07 bar, therefore back-pressure
was 0.57 bar instead of 0.5 bar

—f i la, Ib, Ic
Slurry
BL 6% [ linder 1.00-2.00 05 P 0 F— 09 | | lia, Ilb, Iic |
1 b= o572 F— 23 | [ a b, liic |
05 feed 0 | 23 | | vaIvb,ive |
Soil
B1, 6% comple [ 10020 03 = 0 = 23 | [ vavbve |
07 fp— 0 |— 23 | | viavib,vic |
Soil 03 F— 0 j— 23 | [ViaVib,Vic|
B1, 6% (e ——10.063-4.00)
sample 09 = o0 j=— 23 | [via,Vviib,viid
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diameter of outflow pipe and the back-pressure were varied. The back-pressure was
introduced in the way that pressure drop over the set-up remained the same as in the
experiments without back pressure. The experimental runs with back-pressure are
labelled later in the thesis with “BP-0.5 bar”. Furthermore, focus was given to
investigate the influence of injection pressure (experiments IV — VI). The tests VII-VIII
were conducted to investigate the influence of soil grading on the penetration
behaviour. The experimental program resulted in eight combinations. In general, three
experimental runs for each combination were carried out in order to guarantee the

reproducibility of the results. 24 experiments were performed in total.

A coarse, uniformly graded sand of fraction 1-2 mm with relatively high characteristic
grain size (di0) was chosen for the investigation basis (Table 7-3). Note that the soil
fraction 0.063-4 mm was principally investigated with RUB tunneling device, therefore
it is characterized in section 7.2.2.

Table 7-3: Properties of soils used in the slurry penetration and re-penetration investigation (grain
distribution curve is provided in the appendix)

Soil fraction [mm] 1.00 - 2.00

Density [g/cm?] 1.57 (1.59)
dio [mm] 1.15
Porosity [-] 0.41
Compaction ratio [-] 0.63(0.72)
Water permeability coefficient [m/s] (5-11)*103

The installation and compaction of the soils in the cylinder were controlled to obtain
highly similar porosities among all investigated samples. Another requirement for
obtaining reproducible results of experiments involving bentonite slurry is the
monitoring of its physical and rheological properties. Before every experiment, the
slurry was tested according to DIN 4127 (2014). The methods used are described in
section 3.1.2. The resulting average values of slurry characteristics are outlined in Table
7-4.
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Table 7-4: Slurry properties used in the slurry penetration investigation (product sheet and testing
protocols are provided in the appendix), the value in parentheses denotes an extreme

Slurry - penetration Slurry —re-penetration

Parameter e Bl—6%
Density [g/cm?) 1.031-1.036 1.035-1.043
Yield point (ball harp) 58-59(69) cg
[Pa]
pH [-] 9.4-9.9 9.2-9.3
tmi000= 49-52 (63) tmi000 = 66-71

Marsh time [s]
tmisoo = 95-105 (133) tmisoo = 146-176

Apparent viscosity

19.1
[mPa.s] d
Plastic viscosity [mPa.s] 2.9 Not tested
Yield point (Bingham) 15.55
[Pa]

The resulting pressure drops over the soil samples are important factors for the
evaluation of the slurry penetration experiments. The average pressure drops are

shown in Table 7-5 and put in reference to injection pressures.

Table 7-5: Resulting pressure drop over the soil sample

LIL I, 1V - V-1-2 mm VI-1-2 VII - 0.063- VIII -0.063-
1-2 mm, " mm, 0.7 4mm,0.3 4mm,0.9
bar bar bar

Pressure drops

over the soil 0.5 bar 0.3 bar
sample [bar]

The next step was represented by the investigation of pressure-controlled slurry re-
penetration. For this purpose, the same materials as for primary slurry penetration
were tested. Based on evaluation of the excavation scale in section 5, it was aimed to
simulate two possible conditions at the tunnel face. Within the first condition, an
imaginary cutting tool is passing every 60 s at a local point of the tunnel face and
simultaneously cuts an imaginary pwo=40 mm deep part of the slurry penetrated zone
(Figure 7-4). Note that the location of pore pressure sensors (PWD) in the set-up is
specially designed for this combination. The chosen imaginary cutting depth is both
realistic and simultaneously relatively high, so that the pressure difference
measurement between 4 cm distance is not dominated by measuring inaccuracy. The
chosen combination corresponds to the excavation scale in homogeneous cutting Zone

4 of the reference project P1 (section 5.2). As described in the methodology of re-
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penetration experiment without soil cutting (section 7.1.2), timespan for starting the
slurry re-penetration after inducing the primary penetration was varied to find a
combination fulfilling the formulated requirement for the realistic re-penetration. The
necessary increase in injection pressure during re-penetration was also determined
based on preliminary experiments. In the second investigated condition, a cutting tool
was characterized by passing at every 100 s and imaginary cutting 40 mm of soil. The
combination corresponds again to the homogeneous cutting Zone 4 of the reference
project P1. It was omitted on the experimental modelling of shallower cutting depths
from other reference projects due to their problematic tracking with sensors. The
experimental program is shown in Table 7-6. It resulted in six combinations. In general,
three experimental runs for each combination were carried out in order to guarantee

the reproducibility of the results. 18 experiments were planned in total.

Table 7-6: Experimental program for investigating the slurry re-penetration in Case B of interaction

r-la, r-lb,
4 10
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-lla, r-1lb,
60s/40mm 15 b
r-llc
r-llla, r-11b,
20
r-1lic
Soil
BL, 6% o O 1.00-2.00 — 05
sample
| 10 r-la, r-lb,
r-lc
-3, r-1lb,
100s/40mm 15 e, o
r-llc
50 r-llla, r-11b,
r-1lic
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7.2.2 Re-penetration with soil cutting — RUB Tunnelling device

The experimental program was designed also with the aim of investigating of Case B
interaction. Hence, the slurry penetration depth during primary penetration was
higher than the tool cutting depth per passing. Two soils have been used for the
investigation (Table 7-7). The coarse and uniformly graded sand (1-2 mm) was
supplemented by a well-graded soil sample with diversified particle size (0.063-4 mm).
The respective soil samples were coupled with suitable slurry chamber pressures,
which were additionally also varied. Note that the slurry chamber pressure is not
directly comparable with slurry injection pressures from the previous section. But the
particular pressure drop induced by chamber pressure corresponds to the pressure
drop in the set-up induced by the injection pressure from section 7.2.1. The slurry
concentration was unchanged in comparison to the other experimental series. The
properties of the slurry used in this series are shown in Table 7-8. The properties were
monitored for each experimental run. The diameter of the outflow pipe was in this
experimental series not changed. It turned out later during the experiments that the
chosen diameter was sufficient. It could be checked based on the lack of formation of

excess pore pressure in front of the drainage during excavation.

Table 7-7: Properties of soils used in the slurry re-penetration with soil cutting investigation, grain
size distribution curves are provided in the appendix

Soil fraction [mm] 1.00 - 2.00 0.063 - 4.00
Density [g/cm3] 1.57-1.59 1.59-1.67
dio [mm] 1.15 0.07
Porosity [-] 0.4 0.37-0.4
Water permeability coefficient [m/s] (5-11)*103 6.41*10*

An important aspect of this experimental series is represented by the soil cutting
process. Due to the experimental scale, it was not possible to induce a realistic tool
cutting depth per pass. On the other hand, the used lathe did not allow for RPMs
realistic for shield machines. Hence, following parameters characterizing the cutting
process were adopted:

e RPM=71

e PR=0.1 mm/rev

e AR=7.1 mm/min
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Table 7-8: Slurry properties used in the slurry re-penetration with cutting investigation (product
sheet and testing protocols are provided in the appendix)

Slurry - re-penetration with cutting

Parameter
B1-6%
Density [g/cm3] 1.038 —1.040
Yield point (ball harp) [Pa] 47
pH [-] 10.6-10.8

tmio00 = 49-59
tmisoo= 111-124

Marsh time [s]

It resulted in a pass of a cutting tool through a particular point at the tunnel face each
0.85 s and a tool penetration per passing 0.1 mm. The excavation speed (AR) was also
smaller in comparison to a real-scale shield (Table 5-3). This excavation scale influence

is considered in the evaluation of the experiments.

The experimental program resulted in four combinations. In general, three
experimental runs for each combination were carried out in order to check the
reproducibility of the results. Hence, 12 experiments were performed in total within
this series (Table 7-9).

Table 7-9: Experimental program for investigating the slurry re-penetration with consideration
of soil cutting in Case B of interaction
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7.3 Results and Interpretation

7.3.1 Primary penetration of slurry within the column test

In this section the obtained results from experiments with varying boundary flow
conditions are first presented and discussed (combinations I-1V). After that, this section
is focused on the influence of varied slurry injection pressure (combinations IV-VI).

Finally, the remaining combinations VII-VIII (influence of soil grading) are discussed.

Influence of the boundary flow condition

Following the methodology for Case A characterization, the time-dependent slurry
penetration depth was evaluated first. It was focused on the influence of varying
boundary flow conditions in the set-up, as slurry back-pressure, reduced diameter of
the outflow from the set-up and location of slurry front at the experiment start. The
time-dependent penetration depths are visualized in Figure 7-6-left. The results are
shown as averages for the entire experimental combination. It could be shown that the
different flow boundary conditions have the influence on the slurry penetration depth.
The experimental combinations |, Il, Il were conducted with equal batch of slurry. For
combination IV, a different batch was used delivering slightly different rheological
properties for the same concentration of solids (see appendix for details). For the
purpose of more exact comparison of all four combinations and further analysis, the
comparative slurry penetration depth is shown in Figure 7-6-right. Comparative

penetration depth is determined from the actual penetration depth while assuming
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Figure 7-6: Time-dependent slurry penetration for different boundary flow conditions —absolute
penetration depth left and comparative penetration depth right
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that 100 % corresponds to the final penetration of each combination (Eq. 3-33). Both
diagrams show that the reduction of the outflow diameter (combination Il) has the
most significant influence on the development of the penetration depth. However, the
final penetration depth does not change significantly due to the outflow diameter
reduction. The introduction of the back-pressure (combination Ill) did not influence the
time-dependent development of the penetration, but it reduced the absolute
penetration depth. This may be caused by increased hydraulic resistance of the set-up
due to the introduction of the outflow cylinder with back-pressure. The hydraulic
resistance of the set-up for water is shown in Table 7-1. Combination IV differentiates
from the basis combination | by generally lower penetration depth. This can be caused
by different batch of bentonite as pointed out before. However, the obtained
comparative penetration depth in Figure 7-6-right was almost identical for these two
combinations. Interestingly, the methodology suggested by Krause (1987) to calculate
the time-dependent penetration depth from the final one could not even get close to
the measured penetration depth development for both bounds (Eq.3-34 and
Eq.3-35).

The influence of varied boundary flow conditions was further studied through a
visualisation of pore water pressures and effective stresses. The pore pressures and
effective stresses are evaluated as differences between their static level before the
experiment starts and their actual level during the experiment at the particular time
and sensor. On one hand, this method of evaluation has certain advantages such as the
exclusion of the factor of gravity at different elevations and the minimization of
measurement error in comparison to “absolute amount” measurements. On the other
hand, the approach for determining the differences in effective stress is sensitive to
influences resulting from effective stress path in the set-up. For instance, if the initial
effective stress would be higher than slurry injection pressure, no increase of the
effective stress would be observed during the experiment. Hence, the initial effective
stress is an important factor in the experiments. Simultaneously, the initial effective
stress cannot be too low, because it would induce stress redistribution in the set-up
during the experiment leading to the obtaining of low change in effective stress. Thus,
the initial stress was kept constant on reasonable level approximately 20 kPa within all
experiments determined by trial and error approach. The trial and error approach

aimed to determine the initial effective stress for which the pore pressure drop during
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the experiment would correspond to the effective stress change. Average results from

three experiments within a combination are shown in following diagrams.

The differences in pore pressures and effective stresses are first visualized at two levels
(PWD 4 corresponding to WZ 1; PWD 7 corresponding to WZ 2). The location of the
sensors in the set-up can be taken from Figure 7-2. The reaction of soil at the
1t measurement level located closer to the injection point is shown in Figure 7-7. The
1**measurement level is from approx. 5 s ahead (10 s for combination Il) located inside
slurry penetrated zone. This fact is decisive for the reaction of soil measured at this
level. For the characterization of soil’s reaction, four consecutive stages could be
distinguished for all experimental combinations. These stages can be generalized for
the slurry penetrated zone in experimental combination I-IV as:

1) Increase in effective stress due to flow pressure

2) Decrease in effective stress due to excess pore pressure formation and reaching
the peak

3) Increase in effective stress caused by the dissipation of excess pore pressures

4) Branches reach constant effective stress and excess pore pressure
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Figure 7-7: Time-dependent slurry penetration at different boundary conditions of flow — 1%
measurement level, stages are marked specifically for combination IV

As the next focus, the development for effective stress and excess pore pressure will
be evaluated at the 2"¢ measurement level where PWD 7 and WZ 2 are located. The
2" level (Figure 7-2) is located further from the slurry injection point. Hence, the 2"

level is not achieved by the slurry penetration front (compare the location to Figure
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7-6). The development of effective stress and pore pressure can be seen Figure 7-8 for
experimental combinations I-IV. Also for the zone not penetrated by slurry, four

consecutive stages characterizing the reaction of soil could be identified:

1) Increase in effective stress is comparably lower here than for the measuring
level closer to the injection point.

2) Decrease in effective stress simultaneously with the formation of excess pore
pressure. Excess pore pressure is also comparably lower at this measurement
level.

3) Increase in effective stress with ongoing dissipation of pore excess pressure

4) Reaching the constant increased values of effective stress and zero excess pore
pressure. The constant value of effective stress increase is comparably higher

here.
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Figure 7-8: Time-dependent slurry penetration at different boundary conditions of flow — 2nd
measurement level, stages are marked specifically for combination IV
Through a comparison of the defined stages between the experimental combinations
with different flow boundary conditions, the influence of these flow condition on the
soil’s reaction can be assessed. Experimental combination | is taken here as the

reference.

At the 1% time-stage of the first measurement level, combinations | and Il are showing
similar size of the effective stress peak, while combinations Il and IV are reaching higher
peak values. It is caused by higher flow pressure, resulting in a higher change in
effective stress in these combinations. Higher flow pressure can be explained by higher

set-up resistance for flow in combination Il and by higher flow resistance against slurry
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in combination IV. Note that in combinations |, Il, and Ill the soil skeleton is first entered
by water. This is in contrast to combination IV, in which slurry immediately enters the
soil skeleton. At the 2" measurement level, combination Il showed the highest
increase in effective stress. However, the increase was comparable with combination

[ll, while obtaining a much lower increase for combinations Il and IV.

Subsequently, the 2" time-stage is characterized by comparably much higher excess
pore pressure peaks in combination Il at both measurements levels while the other
combinations delivered similar size of the peaks. Different situation occurs for the
effective stress in this stage. The drop in effective stress at the 15 measurement level
is significantly lower for the combination IV. It could mean that at this stage the
effective stress is not only caused by flow pressure, but rather by viscous stagnation
forces of slurry. This expectation could be supported by the same inclination of slurry
penetration lines in Figure 7-6 during this 2" time-stage. At the 2" measurement level
this effect is not observable, because the slurry penetration front did not reach this
level. In contrast, the drop in the effective stress for combination Il is even more
significant. It results in an effective stress that is even lower than the value at the start

of the experiment.

The 3™ stage is characterized by successive increases in effective stress due to slurry
stagnation. The highest effective stress increase is reached during this stage. At this
time, the effective stress is still partially induced by flow pressure, but also by
stagnation. This is justified by combination 1V, which reaches its peak the fastest due
to immediate contact between the slurry and the soil skeleton. The peak is observable
at both measurements’ levels. It can be observed that the 3™ time-stage is considerably
delayed for combination Il, due to the slow dissipation of excess pore pressure. The
slow dissipation in combination Il is explained by the reduced outflow pipe diameter.
The development of the monitored variables in other three combinations is very similar

at this stage.

During the 4™ and final time-stage, the excess pore pressure inside the slurry
penetrated zone and the effective stresses, both outside and inside the penetrated
zone, reach the stationary values. The excess pore pressure outside of the slurry
penetrated zone converges to zero. During this stage the slurry excess pressure is

transferred only by stagnation forces resulting from slurry properties. It can be
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observed that the stationary value of the transferred effective stress is slightly lower

than the peak value during the 3™ time-stage.

Consequently, the excess pore pressure distributions were evaluated for the
experimental combinations I-IV at defined time-stages. For this purpose, four
timespans from the beginning of penetration were chosen: 3s, 10s, 40s and 60s. The
objective was to characterize the pore pressure development in the set-up properly.
The early penetration stages (Figure 7-9-left) are characterized by pore pressure
increase throughout the entire set-up. This is particularly observable for combination
Il with reduced outflow diameter. In this combination, the pore pressure also remains
increased throughout the whole set-up for the timespan t=10 s, while the pressure for
the other combinations has already dropped by then. When the combinations are
compared with regard to the location of slurry penetration zone at the start of the
experiment, lower pore pressures drops are observed for combinations | and Il at the
early penetration stage. However, the difference to the combination IV is already
negligible at t=10s. During the early stages of the penetration the influence of the
back-pressure can be seen in the clearest way, when decreasing the drop of the
distribution also at the time t=10s in comparison to combination I. Consequently,
when the pore pressure distributions in later slurry penetration stages are compared

(Figure 7-9- right), it is concluded that the role of set-up is already almost negligible at
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Figure 7-9: Distribution of pore pressures in the set-up depending on boundary flow condition,
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this stage. The pore pressure distributions at these stages are approximately linear for
all combinations. Thus, the investigation of the pore pressure distribution confirmed
that in later penetration stages (t=40s, 60 s) the increased pore pressure is measurable

only inside the slurry penetrated zone.

In terms of further use of the particular boundary flow conditions of the experiments,
it was decided to continue with boundary conditions employed in combination IV. The
following reasons can be outlined for this decision:

e Back-pressure has negligible influence

e Reduced outflow diameter exaggerates the influence of the set-up over the
slurry / soil combination

e When the slurry front is located at the soil edge, it is beneficial for the slurry re-
penetration investigation due to easier determination of the moment when
slurry enters the soil. The knowledge of the moment is important for steering of
the re-penetration

e When the slurry front is located at the soil edge, it is beneficial also for
improving constant pressure boundary condition in the experiment. Not a
significant influence on the slurry penetration depth was observed

Influence of the injection pressure

In this section, it was focused on the investigation of the injection pressure influence
on the reaction of the soil during penetration (combinations IV-VI). For this

investigation, the same flow boundary conditions as in combination IV were used.
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Figure 7-10: Time-dependent slurry penetration for different injection pressures —absolute
penetration depth left and comparative penetration depth right (% of the final
penetration depth)
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Figure 7-10 is showing the time-dependent slurry penetration depth for different
injection pressures. As was expected, higher injection pressure caused a deeper slurry
penetration. Interestingly, the diagram with comparative penetration depth
(calculated as in the previous cases) is showing very similar lines for the all injection
pressures (compare with Figure 6-3 with soil fraction 0.25-0.5 mm). The timespan for
reaching the stagnation is slightly lower for the injection pressure 0.3 bar in
combination V. In contrast, these timespans are equal for injection pressures 0.5 and

0.7 bar in combinations IV and VI respectively.

To study the dependence of penetration depth on the injection pressure in detail, the
diagram in Figure 7-11 was plotted. Note that the point showing the zero slurry
penetration for the zero pressure was added based on logical derivation. The diagram
shows the relationship between the slurry penetration depth and the pressure drop
over the soil sample. It turned out that the slurry penetration depth is linearly
dependent on the pressure drop. Thus, the relationship in Figure 7-11 is showing a
different trend than in Figure 6-4. The linear relationship in Figure 7-11 is indicating
that the methodology for pressure controlled re-penetration as described in section
7.1.2 can be used for this slurry-soil combination without significant deviations from
realistic re-penetration at the tunnel face with soil cutting. Moreover, Figure 7-11
shows that the interaction between slurry and soil in this combination does not have
to be assessed on the micro-level. The linear dependence between pressure drop and

penetration logically means that the retention of slurry particles in the pore space does
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Figure 7-11: Relationship between slurry penetration depth and pressure drop in the experiment
for soil 1-2 mm, porosity 0.41 and slurry B1 6% (DIN 4126 uses Eq. 3-27 witha=2 or
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not cause significant change in the pore space geometry. This can be confirmed also
by Figure 7-10 showing no dependence of the comparative slurry penetration depth

development on the injection pressure.

Further, the influence of varied injection pressure was studied through visualisation of
pore water pressure and effective stress developments in the set-up. The same
visualisation methodology was employed here as it was previously in this section. The
differences in pore pressures and effective stresses are first visualized at two levels
(PWD 4 corresponding to WZ 1; PWD 7 corresponding to WZ 2). The location of the
sensors in the set-up can be taken from Figure 7-2. Inside the slurry penetrated zone
(Figure 7-12), the reaction of soil can be again divided into the same four stages as
during the investigation of boundary flow conditions:

1) The effective stress peak due to flow pressure is comparable for combinations
IV and VI while it is significantly smaller for combination V

2) Drop of effective stress due to excess pore pressure is for combination VI the
smallest due to very short duration of this stage for combination VI formation.
The pore pressure peak does not exist in combination V for this stage.

3) In this stage is the influence of injection pressure visible the most, when the
effective stress increases due to flowing slurry and simultaneous excess pore
pressure dissipates

4) Reaching of branches with constant effective stress and excess pore pressure is
characterized by the most significant effective stress drop in combination VI.
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This is due to a higher increase in pore pressure inside the slurry penetrated
zone

As the next focus, the development for effective stress and excess pore pressure will

be evaluated at the 2" level, where PWD 7 and WZ 2 are located outside of slurry

penetrated zone in general (Figure 7-13). Note that this measurement level is achieved

by slurry in combination VI at the end of the penetration process. The influence of

injection pressure on the soil’s reaction outside of the slurry penetrated zone is

summarized again in following four stages:

1)

2)

3)

4)

AEff. stress WZ2 [kPa]

Increase of effective stress is generally lower here and is comparable for
combinations IV and VI. In combination V, no peak could be identified.

Drop in effective stress simultaneously with the formation of excess pore
pressure. Pore pressure peak is the highest for combination IV, which is difficult
to explain. Excess pore pressure is also comparably lower at this measurement
level.

Increase in effective stress with ongoing dissipation of pore excess pressure. The
increase is also connected with increasing slurry penetrated are with pressure
transfer. The influence of the injection pressure is the most significant at this
stage

Reaching the constant increased values of effective stress and zero excess pore
pressure for combination IV and V. Increased pore pressure is measurable here
for combination VI due to deeper slurry penetration. The constant value of
effective stress increase is comparably higher here than inside the slurry
penetrated zone.
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As the last step the pore pressure distribution at various timespans from the beginning
of penetration will be evaluated. This is shown for timespan t=3s, t=10s, t=40s and
t=60s in Figure 7-14. The distributions are scaled by the injection pressure in general.
The only deviation to the scaling can be noticed for the timespan t=3s for combinations
IV and VI, when the distributions are comparable. The encountered deviation from the
trend cannot be reasonably explained. The regular scaling is observable also for the
later stages of the slurry penetration in Figure 7-14-right. For all combinations, approx.
linear pore pressure distribution inside the slurry-penetrated zone could be measured.
The inclination is steeper at t=10 s than at the end of the penetration process. From
the distributions, the stagnation gradients of slurry can be calculated. The gradients

will be compared for the investigated combinations in chapter 9.
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Figure 7-14: Distribution of pore pressures in soil at different stages of slurry penetration
depending on the injection pressure

Influence of well-graded soil sample

As pointed out previously, these experiments were primarily conducted to visualize the
penetration behaviour specifically for soil used in RUB tunnelling device (section 7.3.3).
To test the primary slurry penetration depth for soil fraction 0.063-4 mm, additional
tests were conducted using the set-up from Figure 7-1. The final slurry penetration
depths depending on pressure drop and also pore pressure distribution in the soil
sample are shown in Figure 7-15. The timescale up to 120 s is shown here due to the
fact that the slurry penetration process takes longer in this finer soil. It is worth

mentioning that the retained slurry particles in the pore space caused here change in
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Figure 7-15: Slurry penetration depth vs. Pressure drop —left, distribution of the pore pressure
inside the soil sample, note that combination VII corresponds to rc-lll and combination
VIII to rc-1V respectively

the geometry of the pore space, as in soil fraction 0.25-0.5 mm (section 6.3.1). It
resulted in a non-linear dependence of pressure drop (defined by injection pressure)
on penetration depth. Furthermore, Figure 7-15 also shows non-linear pore pressure
distribution inside the slurry penetrated zone. Together with non-linear penetration
depth dependence in this soil, it signifies a different slurry-soil-interaction mechanism

than for the previously investigated soil with fraction 1-2 mm.
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7.3.2 Re-penetration of slurry within the column test

The demand for the investigation of re-penetration of slurry was highlighted in
chapter 4. The conditions at the tunnel face were simulated using the described
methodology in section 7.1.2. The re-penetration of slurry was simulated for two
excavation scales:

1) 40 mm cutting depth & 60 s timespan between tool passing
2) 40 mm cutting depth & 100 s timespan between tool passing

The two excavation scales will be evaluated separately. It was first assessed for the first
excavation scale 40 mm & 60 s, which is a combination from the experimental program
in Table 7-6 that fulfils the required condition for realistic re-penetration at the tunnel
face. The time-dependent slurry penetration depth is shown in Figure 7-16. It is worth
mentioning that the re-penetration depth was evaluated again using the methodology
described in section 6.1. The slurry penetration development is visualized from the
start of the experiment. The re-penetration starts at varying time-spans since the start
of the experiment as defined in the experimental program (Table 7-6). It is observable
in Figure 7-16-right that only the combination r-1l - 15s+60s fulfilled the requirement
for the re-penetration depth 4 cm within 60 s between imaginary passes of subsequent

cutting tools.
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Figure 7-16: Time-dependent slurry penetration - left, time-dependent slurry re-penetration —
right for the excavation scale 40 mm + 60s
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A further requirement for the realistic simulation of the re-penetration is that the
slurry pressure level during primary penetration at the interface between slurry and
soil moves 4 cm deeper into the soil. Note that the 4 cm corresponds to the adopted
cutting depth. The requirement can be confirmed by checking the sensors PWD 2 and
PWD 3 during the experiment, because the PWD 3 is located 4 cm in soil and the PWD
2 is located in slurry. Thus, the PWD 2 is showing approx. the slurry pressure at soil-
slurry interface. The pressures are compared in Figure 7-17. As in other sections of this
thesis, the average values from each experimental combination are compared. It could
be confirmed that the pressure condition was fulfilled for all combinations. Hence, the
combination r-l1l — 15s+60s can be considered for the excavation scale 40 mm & 60 s as

realistically modelling the conditions at the tunnel face during excavation.
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Figure 7-17: Comparison of PWD 2 and PWD 3 for the excavation scale 40 mm + 60s

Further, the influence of re-penetration on soil’s reaction was studied by visualisation
of changes in pore water pressure and effective stress during the transient process.
The same visualisation methodology was here employed as previously in this chapter.
The differences in pore pressures and effective stresses are first visualized at two
measurement levels (PWD 4 corresponding to WZ 1 and PWD 7 corresponding to
WZ 2). The location of the sensors in the set-up can be taken from Figure 7-2. The
measurements at the 1% level inside the slurry penetrated zone are shown in Figure
7-18. Until the beginning of re-penetration, the reaction of soil corresponds to the
previously discussed behaviour. Subsequently, the reaction of soil during re-
penetration can be divided into three stages:

1) Immediate increase in effective stress due to increases in injection pressure to
simulate re-penetration. Pore pressure does not yet react at this stage.

2) Decrease in effective stress due to formation of pore pressure resulting from
injection pressure increase
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Figure 7-18: Reaction of soil at the 1°* measurement level during re-penetration with excavation

scale 40mm + 60s, stages are marked specifically for combination r-II

Distinguishable between the three combinations is the different effective stress value

when the re-penetration starts. The measurements at the 2" level outside the slurry

penetrated zone are shown in Figure 7-19. Until the start of the re-penetration, the

reaction of soil again corresponds to the previously discussed behaviour.

Subsequently, the reaction of soil during re-penetration can be divided into one (two)

stages:

1)

2)

Effective stress increases and remains unchanged (combinations r-I and r-Il).
Pore pressures are not influenced by the re-penetration. The respective diagram
shows only the change of pore pressure caused by leaving and reaching the
hydrostatic state again.

This stage is only observable in combination r-l and is characterized by a slight
decrease in effective stress. The stage occurs only for combination r-l due to
early start of the re-penetration. It can be seen from Figure 7-16 that the first
decrease of slurry flow velocity occurs during re-penetration. That is in contrast
to other two combinations.
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Figure 7-19: Reaction of soil at the 2nd measurement level during re-penetration with excavation

scale 40mm + 60s, stages are marked specifically for combination r-lI

As the last point, the distributions of pore pressure inside the set-up were investigated.

The pore pressure distribution is visualised at timespans 3s, 10s, 40s and 60s starting

from the beginning of the re-penetration. The distributions are shown in Figure 7-20.

The pore pressures at early stage t=3s are not showing linear distribution, while at 10s

the distribution has already become linear. The distribution remains linear until 60s,

which denotes the end of excavation cycle. Between 10s and 60s the lines are only

slightly shifted to the right. Note that the distance 0 cm means the distance from the
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Figure 7-20: Distribution of pore pressures during re-penetration with excavation scale 40mm +
60s, timespans are given from the start of the re-penetration
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point of imaginary cutting depth. No further significant difference could be observed

between the combinations.

The second excavation scale, with cutting depth 40 mm and timespan between
subsequent cutting tools equal to 100 s, was evaluated in the same manner. Due to the
previously presented results in this section, the experimental combination r-IV —
20s+100s was not investigated since it would exceed the 4cm re-penetration depth at
100s, as could be concluded from Figure 7-16 since the re-penetration depth exceeded
4 cm already at 60 s. It could be shown by evaluation of the time-dependent slurry
penetration depth in Figure 7-21 that only the combination r-V —30s+100s fulfilled the
required re-penetration depth 4 cm. With respect to the moving injection pressure
during the switch to the re-penetration, it can be seen Figure 7-21 that too high
pressure for the re-penetration was used in combination r-VI — 40s+100s. Hence, the
combination r-V —30s+100s can be considered for the excavation scale 40 mm & 100 s

as realistically modelling the conditions at the tunnel face during excavation.
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Figure 7-21: Time dependent penetration depth and Comparison of PWD 2 and PWD 3 for the
excavation scale 40 mm + 100s
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Figure 7-22: Reaction of soil at the 1 and 2" measurement level during re-penetration with
excavation scale 40mm + 100s, stages are marked specifically for combination r-IV and
wz1

Further, the reaction of soil was evaluated again by measuring the effective stress and
pore water pressures inside and outside of the slurry penetrated zone. The results of
the measurements are shown in Figure 7-22. The trends shown by evaluation of
effective stresses and pore water pressure for the previous combinations in this section
could be confirmed here. The higher increase in effective stress at stage 1) in the
combination r-VI is caused by a higher increase in injection pressure during re-
penetration. The distributions of the pore pressure were also evaluated. This is shown
in Figure 7-23 and it has also confirmed the trend observed for the previous excavation
scale.
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Figure 7-23: Distribution of pore pressures during re-penetration with excavation scale 40mm +
60s, timespans are given from the start of the re-penetration
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7.3.3 Re-penetration with soil cutting — RUB Tunnelling device

The RUB tunnelling device was employed to investigate the reaction of soil during
slurry re-penetration with soil cutting. As mentioned in section 7.2.2, two soil fractions
(1-2 mm and 0.063-4 mm) were tested with the tunnelling device. For both soil
fractions, it was necessary to confirm that the depth of the primary slurry penetration
is larger than the length of pins at the cutting wheel. The primary slurry penetration
depths for the soil fractions were already investigated in section 7.3.1. The pressure
drops 0.4 bar (combination IV) and 0.2 bar (combination V) delivered for the soil
fraction 1-2 mm penetration depths of 20-25 cm and 9-14 cm respectively. The
pressure drops 0.2 bar (combination VII) and 0.8 bar (combination VIII) delivered for
soil fraction 0.063-4mm slurry penetration depth 3 cm and 6 cm. While considering the
length of the pins (11- 16 mm), it could be concluded that Case B is relevant for the
interaction. For the soil fraction 1-2 mm, linear pore pressure distribution inside the
slurry penetrated zone was determined for all investigated combinations during
primary penetration, while the distribution was non-linear for fraction 0.063-4 mm
(section 7.3.1).

The excavation with RUB tunnelling device starts after the establishment of the
pressure transfer mechanism, when the approximately final slurry penetration depth
is achieved. Since it is not possible to visually check the slurry penetration before the
start of excavation, the distribution of the pore pressure inside the device after the
primary slurry penetration was evaluated. Assuming linear distribution of the pore
pressure inside the penetrated zone as was determined in section 7.3.1, it turned out
that the slurry penetration in soil fraction 1-2 mm is approx. 14 cm for chamber
pressure 0.2 bar and 25 cm for the pressure 0.4 bar, respectively. Hence the results fit
well with the primary slurry penetration obtained for respective pressure drops in
section 7.3.1. No pore pressure outside of slurry chamber could be measured for the
soil fraction 0.063-4 mm due to shallow slurry penetration. Hence, the primary
penetration depths, 3 cm and 6 cm respectively, obtained in the column test in section

7.3.1 are here taken for the interpretation of the tests using RUB tunnelling device.
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As the first point, the pore pressure development in the RUB tunnelling device during
excavation will be evaluated. The pore pressure distributions during excavation in soil
1-2 mm are shown in Figure 7-24. The figure shows average distributions for the two
amounts of slurry pressure in the chamber, additionally the pore pressure distribution
curves acc. to Bezuijen et al. (2001) calculated by Eq.3-41 are drawn. Note that the
curve acc. to Bezuijen et al. (2001) expects ideal three-dimensional flow field in front
of the tunnel face, which is probably not completely achieved in the RUB tunnelling
device. The experimentally obtained pore pressure distributions show here approx.
linear distribution depending on the distance from the rotating cutting tools. This could
be confirmed for both chamber pressures. Further, it could be observed that the pore
pressure starts to increase when the cutting tools arrive to the distance approx. 12 cm
for chamber pressure 0.2 bar and to approx. 22 cm for chamber pressure 0.4 bar,
respectively. Note that the measurements in the RUB tunnelling device due to
excavation conditions are comparably less exact than in the column tests.
Nevertheless, the mentioned distances correspond well with the previously obtained
slurry penetration distances for the primary penetration. Thus, it could be concluded
for soil fraction 1-2 mm that increased pore pressures can be observed only inside the
slurry penetrated zone also during excavation. The result corresponds to the re-
penetration test in the column from section 7.3.2. The only discrepancy in terms of
linearity of pore pressure distribution noticed during the experiment with the RUB
tunnelling device was observed directly after the start of the excavation. It can be seen

in Figure 7-24 that pore pressure inside the slurry penetrated zone at the PWD 3
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particular sensor — Left for rc-1 and right for rc-ll



7. Experimental investigations: Case B — deep slurry penetration scale 165

increased immediately after the excavation start for both chamber pressures.
Interestingly, the distribution at PWD 3 consequently converged again to the linear
distribution. The behaviour was observable in all experiments with soil fraction 1-2 mm
within the referenced combinations. However, the phenomenon is more visible for
higher chamber pressures. The phenomenon can easily be explained by the sudden
offsetting of the interface between slurry and soil. Before excavation starts, the
interface is located at the edge of the cutting wheel. When excavation starts, the
interface is moved to the foremost tip of these pins due to the rotating pins. At the end
of excavation, while dismantling the set-up, it could be visually confirmed for both
combinations that slurry was present in front of the cutting wheel. That excludes any

transition to Case A of the interaction.

The pore pressure distributions during excavation for the soil fraction 0.063-4 mm and
respective combination rc-lll and rc-IV with chamber pressures 0.2 and 0.8 bar are
shown in Figure 7-25. Within these combinations, it is possible to observe a sudden
peak in pore pressure in the whole set-up directly at the start of the excavation. The
observation inventible confirms that the increased pore pressures are possible for this
soil fraction also outside the slurry penetrated zone. Consequently, the peaks dissipate
after a few seconds (note that the cutting wheel moves forward constant speed 7.1
mm/min). Interestingly, the peaks achieve a pore pressure amount which approx.
corresponds to the distribution acc. to Bezuijen et al. (2001) at the respective

distances. The fit is particularly visible for chamber pressure 0.8 bar. The sudden pore
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Figure 7-25: Excess pore pressure depending on the location cutting wheel in relation to the
particular sensor — Left for rc-lll and right for rc-1V
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pressure increase at the excavation start can only be reasoned by the disturbance of
the pressure transfer mechanism, while the later dissipation can be connected to a
transformation of the pressure transfer mechanism forced by the distribution by
cutting tools (pins). In later excavation stages, the measured pore pressure starts to
increase, when the cutting wheel arrives to a certain distance from the sensor. The
distance, when the pore pressure starts to increase, is different between the two
combinations in Figure 7-25. As could be expected, the distance is higher for the higher
chamber pressure. In combination rc-1V, the pore pressure at the sensor PWD 3 starts
to increase at a larger distance to the cutting wheel than the remaining sensors. This
might imply that the transformation of the pressure transfer mechanism is still
occurring, while the cutting wheel is passing the PWD 3. When the sensors PWD 4 and
5 were later passed, much steeper pore pressure increase occurred, indicating the
finished transformation. Interestingly, the steeper increase of pore pressure at PWD 4
and 5 occurs approximately at the distance from the cutting tools, which is comparable
with the primary slurry penetration distance. The gradual increase in pore pressure is
visible for higher chamber pressure at larger distances from the cutting tools. For the
lower chamber pressure 0.2 bar, the gradual increase is not visible. The described
changes in pore pressure distribution for combination rc-IV indicate that a larger
amount of increased pore pressure occurs outside of the slurry penetrated zone at the
start of the excavation due to water flow (PWD 3). After a certain excavation distance,
the amount of pore pressure increase outside of the slurry penetrated zone is lower
(PWD 4 and PWD 5), which results in steeper observable pore pressure increase during
cutting wheel approach. Moreover, it can be assumed that the slurry penetration
depth in front of the cutting tools is not changing and that only the pressure drop inside
the pressure transfer mechanism transforms. The transformation results in measurably
increased pore pressure that is also outside of the slurry penetrated zone. The
expectation of unchanging slurry penetration depth can be derived from steady
observable two branches of pore pressure distribution with different inclination

(gradual vs steep pore pressure increase).

It is necessary to note that no similar phenomenon is observable for the combination
with lower chamber pressure. This may be reasoned that lower chamber pressure
cannot induce the transformation of the pressure transfer mechanism. At the end of

excavation, it could be again visually confirmed for both combinations that slurry was
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present in front of the cutting wheel. That excludes any transition to the Case A

interaction.

Further insight into the processes at the tunnel face of the tunnelling device may be
provided by the measured outflow from the system. Figure 7-26 shows the volume of
outflow from the experimental set-up measured during excavation in soil fraction 1-
2 mm. Average outflows including linear trend-lines are illustrated here for both
chamber pressures. Additionally, two lines show the theoretically excavated pore
volume of the soil sample. For the determination of excavated pore volume, the
average porosity of soil from the all experimental runs and the cross-sectional area of
the set-up were considered for the first line and for the second line, only the tunnel
face area was considered. The modes of slurry penetrated zone expansion during

excavation are closely explained in Figure 7-27.
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Figure 7-26: Outflow curves during the excavation in 1-2 mm soil fraction with B1 6% slurry
obtained for combinations rc-1 and rc-li

At the start of the experiment, both outflow lines are linear. It means that the outflow
corresponds to linear increase of excavation distance. It indicates that no changes are
occurring in the pressure transfer mechanism. However, a change in the inclination of
the outflow line occurs for the combination rc-1 — 0.2 bar approx. at time 1250 s from
the excavation start. At this time, the distance is excavated, which was previously
penetrated by the slurry before the start of the excavation. It is necessary to say that
the change of the line inclination is rather small, and it might be also caused by

inhomogeneity of the soil sample. The outflow line further continues with slightly
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Figure 7-27: Longitudinal section of the RUB tunnelling device showing two modes of slurry
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changed inclination until the end of the excavation. Further change in linearity appears
at the rc-1l — 0.4 bar outflow line at approx. 2100 s since the excavation start. At this
time, the line starts to diverge from the linear volume increase dependent on the
excavation distance. Interestingly, the previously penetrated zone is at this time just
completely excavated. On one hand, the non-linear increase of the outflow may also
be caused by the slurry penetration front approaching the end of the set-up. On the
other hand, the slurry was noticed in the outflow first at 2400 s from the excavation
start. From this time until the end of the experiment, the outflow curve for
combination rc-ll- 0.4 bar became significantly non-linear. This denotes that the pore
pressure increase measured by the sensor PWD 5 in Figure 7-24 was extensively
compensated by increased slurry flow volume. Different outflow curves could be
determined for the soil fraction 0.063- 4 mm. The outflow curves of two different
chamber pressures are shown together with excavated pore volumes in Figure 7-28. In
contrast to the soil fraction 1-2 mm, here the non-linearities in outflow curves
concentrate at this stage, shortly after start of the excavation. In this early stage, the
outflow is non-proportionally higher than the excavation advance. After certain
excavation time, however, the linear relationship between outflow and excavation
advance is established. The linear parts of the outflow curves have in the later stages
very similar inclination. The point at which the linear part of the outflow is reached is
denoted as the equilibrium state during excavation. The two tested levels of chamber
pressure require different timespans to reach the linear part of outflow curve. The
timespans are approx. 200 s for combination rc-lll — 0.2 bar and 400 s for the
combination rc-IV — 0.8 bar. The increased outflow in the early excavation stage can

confirm the transformation of the pressure transfer mechanism, which was predicted
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based on pore pressure measurements. The timespans 200 and 400 s correspond to
25 mm and 50 mm of excavation distance. Note that this distance is similar to the

primary slurry penetration depth in the column test for the respective pressure level.
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Figure 7-28: Outflow curves during the excavation in 0.063-4 mm soil fraction with B1 6% slurry
obtained for combinations rc-1ll and rc-IV

While considering the pore pressure measurements together with outflow curves, the
development of the pressure transfer mechanism for soil fraction 0.063-4 mm can be
reconstructed. The developments are shown in Figure 7-29. Figure 7-29-a is visualizing
the non-linear pore pressure distribution at the end of primary slurry penetration. The
main characteristic of this stage is the lack of increased pore pressure outside the slurry
penetrated zone. Figure 7-29-b represents an early excavation stage short after the
start of excavation. The stage can be characterized by the lowest pore pressure drop
over slurry penetrated zone. In this stage, the highest pore pressure outside of slurry
penetrated zone can be observed. This stage is transient and occurs only until the
equilibrium stage is achieved. The phase before reaching the equilibrium stage is
connected with considerably higher outflow from the set-up. The equilibrium stage
during excavation is shown in Figure 7-29-c. The stage shows comparably higher
pressure drop over the slurry penetrated zone with still some pore pressure outside
the slurry penetrated zone. The stage occurs continuously until the end of the
excavation. It is expected that the described stages are strongly influenced by the
excavation scale of the RUB tunnelling device. In contrast, no such transient

phenomenon was noticed for the 1-2 mm soil fraction.
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Figure 7-29: Development of the pressure transfer mechanism in terms of expected pore
pressure distribution in front of cutting tools for soil fraction 0.063-4 mm during
different excavation stages

7.4 Summary of experimental investigation for the Case B

A new experimental column set-up to analyse soil reaction for the deep slurry
penetration scale was introduced in this chapter. The set-up enables measurement of
the reaction in terms of effective stress and pore pressure increase. The experiments
dealing both with slurry penetration and re-penetration were conducted using the set-
up. For the operation of the set-up, a methodology was developed to realistically
simulate the conditions at the tunnel face. The methodology was called as pressure-

controlled re-penetration.

The slurry penetration test shown that the time-dependent reaction of soil can be
strongly influenced by the set-up, if the boundary flow conditions are not designed
properly. Moreover, it could be confirmed that the back-pressure has negligible
influence on the slurry penetration behaviour, concluding that the differences in the
measured variables are probably caused by increased hydraulic resistance of the set-
up. The investigation of the re-penetration behaviour with the column tests
consequently showed fundamentally different behaviour in comparison to primary
penetration. The main difference can be seen in non-increased pore pressure outside
of the slurry penetrated zone during the entire re-penetration. This result strongly
influences subsequent fluctuations of transferred effective stress during the re-

penetration in contrast to primary penetration.
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Further tests dealing with slurry re-penetration were conducted using the RUB
tunnelling device. Due to the mechanical limitations of the RUB-Tunnelling device, a
different excavation scale has to be employed than in the column tests. The excavation
scale was characterized by very low PR and high RPM. Nevertheless, the result from
column test could be confirmed for soil fraction 1-2 mm; no increased pore pressure
appears outside of slurry penetrated zone. Furthermore, approximately linear
distribution of the pore pressure inside the slurry penetrated zone could be observed.
Additionally, well-graded soil sample with diversified particle size 0.063-4 mm was
tested with RUB tunnelling device. During primary penetration tests (column), this soil
fraction showed a non-linear distribution of pore pressure inside the slurry penetrated
zone. Hence, the soil was not suitable for tests with pressure-controlled slurry re-
penetration inside the column test. The investigation with the RUB tunnelling device
determined the existence of increased pore pressure outside of slurry penetrated zone
and ongoing transformation of the pressure transfer mechanism after the start of the

excavation for this soil.

The differences between the column test and the RUB tunnelling device can be
explained for the soil fraction 1-2 mm by the insufficient cutting depth per pass in the
RUB tunnelling device. The penetration rate of the RUB tunnelling device is 0.1
mm/rev. Thus, the cutting depth per passing is comparably lower than the grain size
and could not induce “dynamic slurry penetration process”. In contrast, it is believed
that the re-penetration for the soil fraction 0.063 —4 mm was modelled more properly
in the RUB tunnelling device. It can be derived from the obtained results that show

considerable influence of the cutting process.

The experimental program employed in this chapter has certain limitations. The
program focused primarily on investigations using the uniformly graded coarse sand
from the standard application range of slurry shield (Figure 2-3). The soil fraction shows
the linear distribution of pore pressure inside the slurry penetrated zone. The obtained
results can be generalized for all soils with such a distribution. Additionally, well graded
sand was investigated. This soil showed a non-linear distribution of pore pressure
inside the slurry penetrated zone. Hence, the obtained results for this soil can be
generalized for all soils with such a distribution. In the future, the experiments can
additionally be conducted with well graded sand and with slurry with lower

concentrations of solids to confirm the expected generalization of the results.
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8. CASE A — PRESSURE TRANSFER
ANALYSIS AND THE IMPLEMENTATION
INTO TUNNEL FACE STABILITY
ASSESSMENT

In chapter 4, the theoretical considerations of the adaptation of pressure transfer
model due to transient conditions during excavation were discussed. Section 4.1
consequently specified the requirements for the pressure transfer analysis in Case A of
the interaction. In this chapter, the numerical pressure transfer analysis for the Case A
interaction will be conducted using the implemented heterogeneous pressure transfer
model (HPT model) suggested by Zizka et al. (2015). As input for the analysis, the
experimentally obtained data from chapter 6 will be used and the assumption of the
pressure gradient in the experiments will be proven by the numerical analysis.
Consequently, the transferred slurry excess pressure during excavation will be
determined and the tunnel face stability analysis for the transferred pressure will be
evaluated. The stability analysis will be carried out with the practice-oriented
calculation method described in section 2.6. This chapter can be considered as a
suggestion for the adaptation of the contemporary calculation models for Case A of

the interaction.

8.1 Methodology and the numerical models used in the pressure

transfer analysis

A finite element seepage analysis (Bathe, 2014) is employed to evaluate the slurry
pressure transfer. The seepage analysis enables implementation of the heterogeneous
pressure transfer (HPT) model derived in the section 4.1. The seepage analysis can

calculate a spatial distribution of hydraulic heads in front of the tunnel face during
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excavation, while considering mutual influence of adjacent cutting tracks. From these
heads, hydraulic gradients can be determined and consequently using Eq.8-1 the

transferred pressure is calculated.

ASqy = lgy " VYw- lt Eq.8-1
with
Asy, Slurry excess pressure transferred [kPa]
lgp Average hydraulic gradient at the tunnel face [-]
l; Distance of the pressure transfer [m]
Yw Unit weight of water [kN/m?3], for the sake of simplicity adopted = 10 kN/m?3

The employment of a simple groundwater flow analysis is possible since the formation
of the pressure transfer mechanism itself is not investigated here, and only the slurry
pressure transfer is modelled. That means that the formation process of the pressure
transfer must be known for the modelling purposes. Therefore, experimental
determination of the pressure transfer mechanism formation (slurry penetration scale)
was conducted in chapter 6 for Case A. The formation of the pressure transfer
mechanism is characterized by the permeability coefficient in the model. Furthermore,
the periodicity of the pressure transfer mechanism removal has to be adopted for the
modelling purposes. Corresponding analysis of the excavation scale was performed in
chapter 5. In this chapter these two scales are superimposed and the heterogeneous

pressure transfer (HPT) model is established.

To implement the heterogeneous pressure transfer model into seepage analysis, the
tunnel face has to be segmented radially and circumferentially (Figure 8-2). The radial
segments are representing the concentric cutting tracks. Consequently, each cutting
track is segmented circumferentially representing the stages of pressure transfer
formation. Hence, the permeability coefficient of the forming pressure transfer
mechanism can be assigned to these segments based on their instantaneous position
in relation to cutting tools within the cutting track and the timespan since the transfer

mechanism was disturbed by the last passing cutting tool.

8.1.1 Model for the parametric investigation of the tunnel face segmentation

As the first step, the influence of the tunnel face segmentation was investigated. A

simplified model was developed for this purpose. The stationary seepage analysis
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(Analysis Reference manual MIDAS GTS, 2010) was justifiable for this initial

investigation. Hence, only an instantaneous moment during excavation is modelled

here. Several further assumptions were conducted in the investigation:

The cutting wheel has a simplified layout of the cutting tools with one tool per
cutting track (Figure 8-2).

The pressure transfer mechanism fully forms between subsequent passes of the
cutting tool and is always completely removed by every tool pass.

The permeability coefficient and thickness of the fully formed pressure transfer
were adopted as referenced by Arwanitaki (2009): ki = 3*10°m/s and
thickness 1 cm. Note that this assumption diverges from the other pressure
transfer model in this chapter (own experimentally determined results for
permeability coefficient are first used in next sections).

The permeability coefficient of the freshly cut pressure transfer mechanism
corresponds to the permeability coefficient of soil (assumed ki = 10*m/s).

The reduction (between ki and kie) of the permeability coefficient during
formation of the transfer mechanism follows the power-law curve with 16 steps
(Figure 8-1).
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Figure 8-1: Assumed permeability coefficient development

The bentonite slurry has a slightly higher unit weight than water in reality. This
difference is neglected in the performed calculations.
Slurry excess pressure of 100 kPa is assumed (10 m of water column).
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Radial segmentation
10 segments

Figure 8-2: Left — simplified layout of the cutting tools (Calculation case C1), Right — segmentation
of the tunnel face including the location of the fully formed (k16) and freshly cut (k1)
pressure transfer mechanism. Note that the location of these boundary states
depends on the cutting tool layout revolution direction of the cutting wheel

The investigated segmentations of the tunnel face are summarized in Table 8-1. The
first segmentation (C1) assumes the formation of the pressure transfer mechanism in
16 steps within 10 cutting tracks resulting in 160 segments on the tunnel face (Figure
8-2). This segmentation was complemented by three other segmentation layouts
(Figure 8-3). Theoretically, the densest segmentation would deliver the best results.
However, it is valid only for the circumferential direction, since the segmentation in
the radial direction is limited by the finite width of a real cutting tool, which is approx.
0.25 m for a machine with 10 m diameter (based on the reference projects from

chapter 5). Thus, the second segmentation layout (C2) is characterised by 16 segments

Table 8-1: Investigated segmentations of the tunnel face

Adopted segmentation

Calculation ; :
Case Resulting amount of the Amount of the radial Amount of the
segments segments circumferential segments
Cc1 160 10 16
Cc2 320 20 16
C3 320 10 32
c4 624 20 32
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in circumference and 20 concentric cutting tracks. Thereby, the layout resulted in 320
segments and a cutting track width of 0.25 m. Further segmentation layout took over
from the original its radial segmentation; however, the circumferential segmentation
amounted to 32 segments resulting in 320 segments in total (C3). Finally, the fourth
layout (C4) combined the finest segmentation both in radial and circumferential
direction reaching 624 areas in total (note, that the most inner cutting track was

divided only to 16 segments due to meshing reasons).

Total dimensions of the model are 300x300x90 m (Figure 8-4). The assumed
dimensions assure that the flow in the model is not influenced by the boundary
conditions of the model. Tunnel length was 150 m and the tunnel diameter is 10 m.
The overburden is 30 m and the groundwater level is assumed to be at the surface of
the model. Therefore, a total hydraulic head of 90 m is assigned to boundaries of the
model while adopting the zero point of the coordinate system at the left bottom corner
of the model. It is worth mentioning that the total head is the sum of the pore pressure
head and the elevation from the origin of the coordinate system. Therefore, the total
head is constant all over the model for the hydrostatic distribution of the pore
pressure. The tunnel lining was assumed to be impermeable. In total, two types of
mesh were used in the model, the first to model the pressure transfer mechanism and
the second for the soil. The transfer mechanism mesh (Figure 8-4) was modelled as a
1 cm thick layer on the tunnel face, divided in aforementioned segments (depending
on calculation case) with varying permeability. Hence, the thickness of the pressure
transfer mechanism during its formation was not varied. The slurry excess pressure

was introduced by means of increased total head on the cavity-side surface of the
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Figure 8-3: Investigated variants of the tunnel face segmentation
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pressure-transfer-mechanism-mesh. The calculation was conducted using MIDAS-GTS

software (Analysis Reference MIDAS GTS, 2010).

Pressure transfer
mechanism

Figure 8-4: Left — dimensions of the numerical model, right — detail of the used FE mesh

The evaluation of the pressure transfer was conducted in a simplified manner for the
purposes of investigation of the segmentation influence. This was possible due to the
aim of the investigation to compare the pressure transfer for different segmentations
without necessarily determining the absolute value of the transferred pressure. It was
adopted to evaluate the transferred pressure within 1 m in front of every tunnel face
segment (Figure 8-5). Consequently, the average transferred pressure for the entire

tunnel face was calculated using Eq. 8-2.

GL=GWL
th,
[ . th,
B — -

Figure 8-5: Simplified evaluation of the transferred slurry excess pressure

Asgy = Z(thl - thz,i) Yw Q; Eq.8-2
2 a;
with
Asg, Average slurry excess pressure transferred [kPa]

thy Total hydraulic head in the excavation chamber [m]



8. Case A — Pressure transfer analysis and tunnel face stability assessment 179

thy; Total hydraulic head in the middle of the particular tunnel face segment projected to
the end of the adopted efficient pressure transfer zone[m]

a; Area of the particular tunnel face segment [m?]

Y Unit weight of water [kN/m?]

8.1.2 Model for evaluation of the pressure transfer and simplified cutting

wheel

The main difference of the model for evaluation of the pressure transfer was the
employment of transient seepage analysis (Manie & Kikstra, 2016) with software
DIANA. This enables the modelling of not only the quasi-stationary state during
excavation, but also the start and the end of excavation properly. As the input for the
transient analysis, the experimentally obtained developments of permeability
coefficients from chapter 6 were used. Hence, each segment of the tunnel face did not
get assigned the particular permeability coefficient, but its development within time
based on the experimental result. The assigning was again conducted in relation to
segment location to the cutting tools in the tracks. Since the methodology of adapted
Darcy’s law was used for evaluation of the experiments, the results for the
permeability coefficient development could be directly inputted here in the numerical
seepage model with adapted Darcy’s law (Zizka et al., 2017). It is necessary to check
only if the pressure gradient at the tunnel face corresponds to the gradient in the
experimental set-up. The same soil as in the experiments was considered here to

surround the tunnel (Table 6-2).

During the development of this model, the results from the parametric study dealing
with tunnel face segmentation were considered regarding the segmentation of the
tunnel face (section 8.2.1). Thus, the segmentation with 10 radial and 16
circumferential segments was used, including the same simplified cutting wheel.

Boundary conditions of the used model remained the same as in the previous section.

Eq.8-2 was employed again for the calculation of the pressure transfer from the
distribution of the total heads. However, the pressure head th,; was always
determined on the inclined surface of the imaginary Horn’s sliding wedge. In other
words, the middle point of each segment at the tunnel face was horizontally projected
on the inclined sliding surface, where th,; was found. This approach is more exact,
because it determines the amount of slurry excess pressure which was transferred

within the sliding wedge (Figure 8-6). As pointed out in chapter 4, this amount is only
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Figure 8-6: Evaluation of the transferred slurry excess pressure

decisive for the stabilization of the tunnel face. The dimensions of the wedge were
determined using the calculation approach of Horn (Section 2.6). The influence of the
flow on the overlying prism and on the force at the triangular plane of the wedge are
neglected. In the calculation, following tunnel geometry and soil properties were
considered:

¢ Non-cohesive soil fraction 0.25 — 0.5 mm (Table 6-2)

e Shear properties: parametrized ¢’=30° and 35°, ¢’= 0 kPa (assumed)
e Unit weight: y/y’ =19/11 kN/m3 (assumed)

e Overburden: 10 m

e Tunnel diameter: 10 m

The results of the face stability calculation according to the methodology from section
2.6 are shown in Table 8-2. The inclination angle of the sliding wedge defining its

dimensions was also determined.

Table 8-2: Determination of the operational limit pressures for the adopted scenario

Operation range incl. Average acting
Deviations earth pressure at

Upper limit

Friction Sliding
pressure

angle[°] angled[°] | pressure [kPa] . the tunnel face
[kPa] Min [kPa] Max [kPa] [kPa]

@1=30° 66.3 152 189 162 179 37

@2 =35° 68.3 142 189 152 179 30
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Consequently, the numerical seepage calculation was performed using DIANA 9.6
software (Manie & Kikstra, 2016) as a non-linear transient analysis employing regular
Newton iteration method. The calculation time step was 0.5 s. Total dimensions of the
model were changed in comparison to the previous section to 300 m x 300 m x 70 m,
because the overburden was reduced to 10 m. All investigated calculation cases with
the model for evaluation of the pressure transfer and simplified cutting wheel are
summarized in Table 8-3. The experimental combination for the pressure transfer
mechanisms denotes the number of the experimental combination from chapter 6

used for permeability coefficient development.

Table 8-3: Cases investigated with the model for evaluation of the pressure transfer

Experimental
combination for

Slurry excess Hydraulic

Calculation RPM PR AR pressure in the head at the
. pressure transfer .
Case [[1 [mm/rev] [mm/min] ) excavation tunnel face
mechanism
. chamber [bar] [m]
formation
S1a 1-0.25-0.5mm, 0.2 0.08 70.8
S1b bar, 0.41, B15.5% 0.2 72
S2a 2-0.25-0.5mm, 0.3 0.15 71.5
S2b bar, 0.41, B1 6% 0.3 73
S3a 1.875 75 46.9 3-0.25-0.5mm, 0.5 0.35 73.5
S3b bar, 0.41, B1 6% 0.5 75
S4a 4-0.25-0.5mm, 0.7 0.55 75.5
S4b bar, 0.41, B1 6% 0.7 77
S5 Multi-permeability 0.7 77
model

The adopted excavation setting of the machine (PR & RPM) was chosen in the way that
the pressure transfer mechanism is cut by every passing of the cutting tools. One
rotation of the cutting wheel takes 32 seconds. This means that each tool passes one
segment of the tunnel face within 2 seconds. The first chosen slurry excess pressure in
the chamber in each calculation case corresponds to the pressure drop in the
experimental set-up for the particular experimental combination (see Table 6-4). The
second adopted slurry excess pressures might be chosen arbitrarily; however, the
values chosen correspond to the injection pressures in the experimental set-up of the
particular combination. The calculations with the second excess pressures were
conducted to investigate the influence of the amount of slurry excess pressure at the
pressure drop over the pressure transfer mechanism at the tunnel face. Knowledge of
the influence is necessary for later iteration between pressure drop in the experiment

and at the tunnel face to achieve their equality. For that purpose, the calculation case
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S 5 is also included in Table 8-3. This Case S 5 serves for later demonstration of the
practice-oriented approach for the determination of the transferred slurry excess

pressure.

The starting point of each calculation scenario is always the shield stoppage (Figure
8-7). At this point, the pressure transfer mechanism is completely formed at the entire
tunnel face. Subsequently, the excavation starts, and the cutting wheel conducts three
rotations. When the excavation stops, the pressure transfer mechanism formation is

further modelled.

Ongoing pressure transfer
mechanism formation without
damage by cuttingtools

Three rotations

Excavation
start
Excavation
stop

0 25 50 75 100 125 150 175 200
Time [s]

Figure 8-7: Calculation scenario — model for evaluation of pressure transfer with simplified
cutting wheel
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8.1.3 Model for evaluation of the pressure transfer and realistic cutting

wheel

The same methodology was used in this section as in the previous one. The only
difference was the introduction of real cutting wheels from the reference projects from
chapter 5 and consideration of real RPM and PR. The approximation of the real cutting
wheels of projects P1 and P2 is shown in Figure 8-8. The reference project P3 is not
considered here due to the lower chance for occurrence of a Case A transfer at the
tunnel face as concluded in section 6.4 based on excavation data. The approximation
aimed to keep equal the extent of homogeneous cutting zones, the amount of active
cutting tools within cutting track of the particular zone and the angular offset between
cutting tools in adjacent cutting tracks. As pointed out in section 2.1.3, cutting tools
are usually placed in tandems on cutting wheel arms. For the modelling purposes, only
the active cutting tool from the tandem is modelled here. This is satisfactory due to the
same reasons as discussed in section 5.1. Furthermore, the full overlapping of cutting
tools is considered in the homogeneous zone 2 of P1 project as a simplification. Thus,

two cutting tools per track are modelled in this zone.
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Figure 8-8: Approximation of the cutting wheel from reference projects P1 and P2 for the
calculation purposes
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Table 8-4: Cases investigated with the model considering real cutting wheels

Experimental

combination for Slurry excess Hydraulic
Calculation @ RPM PR AR pressure inthe head at the
. pressure transfer .
Case [[1 [mm/rev] [mm/min] . excavation tunnel face
mechanism
. chamber [kPa] [m]
formation
Rla - Ref P1 2-0.25-0.5 mm, 15 71.5
R1b - Ref P1 | 0.682 62 42.3 0.3 bar, 0.41, B1 30 73
Rlc- Ref P1 6% 70 77
R2a - Ref P2 2-0.25-0.5 mm, 15 71.5
R2b - Ref P2 | 0.682 59.8 40.8 0.3 bar, 0.41, B1 30 73
R2c - Ref P2 6% 70 77

The calculation cases conducted with the model considering realistic cutting wheels
are summarized in Table 8-4. In order to obtain comparable results, the RPM was
chosen for both reference projects the same. Based on the chosen RPM the
corresponding tool cutting depth in homogeneous cutting zones could be obtained
using the coupling determined in chapter 5. Thus, the PR of the machines and the
resulting AR could be calculated. The RPM was chosen in the way that the delivered PR
secures that the pressure transfer mechanism is cut by every tool passing in each
homogeneous cutting zone of both reference projects. The chosen RPM is such that
the cutting wheel rotates in 88s. The first chosen slurry excess pressure corresponds
again to the pressure drop in the experimental set-up for the particular combination.
The second adopted slurry excess pressure corresponds to the injection pressures in
the experimental set-up of the particular combination (could be also chosen
arbitrarily). This calculation procedure was chosen due to the same reason as in the

previous section.

Ongoingpressure transfer
mechanism formation
without damage by cutting
tools

Three rotations

Excavation
start
Excavation

v

0 40 80 120 160 200 240 280 320 360 400 440
Time [s]

Figure 8-9: Calculation scenario — model considering realistic cutting wheels
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The starting point of each calculation scenario is again the shield stoppage (Figure 8-9).
At this point, the pressure transfer mechanism is formed at the entire tunnel face.
Subsequently, the excavation starts, and the cutting wheel conducts again three
rotations. When the excavation stops, the pressure transfer mechanism formation is

further modelled.

8.2 Results and interpretation for the pressure transfer analysis

The results of the calculations using the HPT model will be presented separately in the

same sections as the models were previously introduced.

8.2.1 Parametric study for investigation of the segmentation of the tunnel

face

The parametric study was conducted with the simplified steady-state analysis. The
study aimed to investigate the influence of segmentation at the tunnel face (Section
8.1.1). The results outlined in Table 8-5 and visualized in Figure 8-10 showed that the
segmentation is of a certain influence. Figure 8-10 shows the total hydraulic heads at
the interface between pressure transfer mechanism and soil. Note that total head 100
m denotes no pressure drop over the pressure transfer mechanism and total head 90

m denotes entire pressure drop.

Table 8-5: Cases investigated with the model considering real cutting wheels

Calculation case (Segmentation | Support excess pressure in the Support excess pressure
of the tunnel face) excavation chamber [kPa] transferred [kPa]
C1 (16 circ, 10 rad) 100 52.1
C2 (16 circ, 20 rad) 100 47.2
C3 (32 circ, 10 rad) 100 55.8
C4 (32 circ, 20 rad) 100 51.2

Two effects can be observed here. The first one is that more segments in radial
direction reduce the pressure transfer, and in contrast, the modelling of more
segments in circumferential direction increase the pressure transfer. This behaviour
can be assigned to the mutual influences of adjacent segments. Therefore, adopting
the segmentation from case C2 may lead to an underestimation, and adopting the
segmentation from case C3 to an overestimation of the pressure transferred compared

to finer segmentation. Furthermore, the Table 8-5 shows that the obtained pressure
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transfers correlate for models with 160 areas (C1) and 624 areas (C4), in which the
segments on the tunnel face are approx. square shaped. As pointed out in
section 8.1.1, the segmentation in calculation Case C4 can be expected to deliver the
most accurate results. The amount of transferred pressure obtained for case C1
deviates only slightly from C4. The Case C1 significantly reduces the time consumption
for both modelling and calculation in comparison to C4. Thus, the tunnel face

segmentation from C1 will be used in further calculations.
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Figure 8-10: Total hydraulic heads in front of the pressure transfer mechanism (clockwise rotation
of the wheels), (Zizka et al., 2015)

8.2.2 Investigation considering experimental results for slurry penetration

and a simplified cutting wheel

The main aim of this chapter was to investigate the pressure transfer during excavation
(Section 8.1.2). The results of this investigation for the cutting wheel with a single
homogeneous cutting zone will be presented in this section. The pressure transfer was
evaluated at the time 45 s or 77 s, respectively, from the start of the excavation. The

corresponding position of the cutting at this time is shown in Figure 8-11.

Figure 8-11: Position of the cutting wheel at 45 s and 77 s since excavation start (the cutting
wheel rotates clockwise)
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First, excess pore pressures in front of the tunnel face at the tunnel axis level were
evaluated. In order to make the distributions comparable between calculation cases,
the excess pressures were scaled by the respective slurry excess pressure in the
excavation chamber. In Figure 8-12-left, the particular curves are visualizing the
distribution in dependency on time since the excavation start for the calculation case
S 3a. While the dashed lines are showing the distributions from start of the excavation
until reaching of the “equilibrium” state during excavation, the solid lines are displaying
the equilibrium-state during excavation (t = 45 s) and the successive decrease in the
excess pore pressure after the excavation stops. The successive decrease is observable
due to the ongoing formation of the pressure transfer mechanism. This behaviour was
observed by Bezuijen at al. (2001) at the 2"* Heinenord Tunnel during stoppages for
ring building. The excess pore pressure in soil is less than 1 kPa at the time 125 s, hence
approx. 30 s after the excavation stop. At this time, the distribution of excess pore
pressure corresponds to the stationary state referred by the classic theories from
diaphragm wall technology (Kilchert & Karstedt, 1984). As pointed out in section 3.4.1,
the classic theories expect no increased pore water pressure outside of the pressure
transfer mechanism. Furthermore, it turned out from the FE analysis that the excess
pressure distribution is unchanging after 31 s from the excavation start until the
excavation stops. The timespan corresponds approx. to the period required for one
cutting wheel revolution. This is also valid for cases S2, S3 and S4. In contrast, the
distribution of excess pore pressure first becomes stable after 65 s of excavation for

calculation cases S1 due to very low chamber excess pressure. In Figure 8-12-right, the
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distribution of excess pore pressures for all calculation cases at the equilibrium-state
is shown. It turned out that the scaled distribution depends only on experimental
combination used for the modelling of permeability coefficient development of the
pressure transfer mechanism and not on the absolute amount of slurry excess pressure
in the excavation chamber. Further, it can be observed that different amounts of
pressure drop occurred over the pressure transfer mechanism. It can be determined
on the vertical axis as the difference between 100 % and the point at which the curve
moves from the vertical axis. The range for the pressure drop spans from 27.1 % for
case S3to 42.5 % for case S1.

The approximation of excess pore pressure by Bezuijen et al. (2001) based on in-situ
measurements during excavation is also shown in this figure. This curve is located
above the distributions obtained in this calculation example. It indicates that a higher
formation state of the pressure transfer mechanism was applied in the presented
calculation example during excavation than during the measurement at the
2"4Heinennord Tunnel. The obtained calculation results could be better approximated
by the theory of Kaalberg et al. 2014 and Bezuijen et al. (2016) using Eq. 3-44. The

range determined before for the drop over the transfer mechanism could stand for
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Figure 8-12: Distribution of excess pore pressures in front of the tunnel face during excavation,
Left — calculation case S 3a, Right — all cases at time 45 s or 77 s since the start of the
excavation



8. Case A — Pressure transfer analysis and tunnel face stability assessment 189

parameter a in Eq. 3-44, when divided by 100. However, Bezuijen et al. (2016) state,
that a can be smaller than 1 only for the case, when slurry penetration is faster in

average than excavation (this would correspond to Case B).
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Figure 8-13: Total head distribution [m] obtained by the numerical model for the calculation case
S3a at 45s since the excavation start, Left — interface between pressure transfer
mechanism and soil, Right — zoomed-in longitudinal section through the model at the
tunnel axis

Second, the influence of slurry shield excavation on the hydraulic heads in ground was
evaluated. This is done exemplary in Figure 8-13 for the calculation case S3a. The
distribution of the hydraulic head at the interface between pressure transfer
mechanism and soil (left) and the longitudinal section of through the model at the
tunnel axis (right) are shown. Note that a total head of 73.5 m denotes no pressure
drop over the pressure transfer mechanism and total head 70 m denotes an entire
pressure drop. It can be seen that the slurry shield creates “a bubble shape” in front of
the tunnel face with increased pore water pressure. Further, it is observable that the
highest hydraulic heads are located next to the just passed cutting tools. The hydraulic
heads decrease with increasing distance from the just passed cutting tool (Figure 8-13-
left). The observed decrease in heads means that the pressure transfer mechanism is
more efficient and that higher slurry pressure drop occurs. It may be seen that the
distance from the passing cutting tool is not solely decisive, but also that the adjacent

cutting tracks are mutually influencing.

Consequently, the focus was given to the evaluation of the slurry pressure transfer

within the sliding wedge. The results are presented in Table 8-6. It can be seen that
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different amounts of slurry excess pressure were transferred for calculation cases with
different pressure transfer mechanisms formation, for different wedge dimensions
(depending on the friction angle of soil) and for different slurry excess pressure in the
excavation chamber. If the efficiency of the pressure transfer mechanism is evaluated,
it has to be focused at the columns with scaled transferred pressure (% of pressure
transferred). It can be seen that the efficiencies are not significantly diverging. The
efficiency of the pressure transfer mechanism does not depend on the amount of slurry
excess pressure, but only on the particular permeability coefficient development in
respective calculation case. It turned out that permeability development from
experimental combination 1 (case S 1 in Table 8-6) delivered the most efficient
pressure transfer mechanism. The least efficient pressure transfer mechanism (the
lowest pressure transfer) was obtained for the calculation case S3 with permeability
development from experiment 3. This can be explained based on the formation of the
pressure transfer mechanism, which starts immediately for low gradients. For high
gradients, the formation is also fast due to comparably fast flow velocity. For the
middle gradients (experimental combination 3 and S3), the formation cannot start
immediately due to the combination of comparably high gradient and comparably
slower flow velocity. Another explanation can be used for the highest efficiency in case

S1. As shown in Figure 4-4, the adjacent cutting tracks are mutually influencing. The

Table 8-6: Results of the pressure transfer calculation with simplified cutting wheel, number of
calculation case indicates the adopted permeability development determined in

chapter 6
Soil with ¢'=30°, 9 =66,3° Soil with ¢'=35°, 9 =68,3°
Support
. excess
Calculation
pressure in Average % - of the Average % - of the
case . pressure . pressure .
the excavation applied excess applied excess
transferred over transferred over
chamber [kPa] . pressure ) pressure
the entire tunnel transferred the entire tunnel transferred
face [kPa] face [kPa]
S1-a 8 5.97 74.63 5.88 73.45
S1-b 20 14.93 74.63 14.69 73.45
S 2-a 15 10.76 71.71 10.56 70.42
S2-b 30 21.51 71.71 21.12 70.42
S 3-a 35 22.57 64.47 22.01 62.88
S3-b 50 32.24 64.47 31.44 62.88
S 4-a 55 38.03 69.15 37.27 67.76
S4-b 70 48.41 69.15 47.43 67.76
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very low slurry excess pressure in the case S1 in combination with permeability
coefficient development may cause that the mutual influence of the tracks is limited,

which leads to increase of pressure transfer efficiency.

The last investigation point in this section was focused on the pressure drops over the
pressure transfer mechanism in the calculation cases. The pressure drop was evaluated
for the highest achieved formation state at the tunnel face just before the cutting tool
passed through the particular point. As previously stated in chapter 6, this pressure
creates the initial pressure gradient which is responsible for the slurry penetration into
the soil. The pressure drop was evaluated for the middle point of each cutting track at
the time 45 s since the excavation start. It can be seen from Figure 8-14 that the
pressure drop is increasing with increasing distance from the tunnel axis. This is
explainable by the flow conditions in front of the tunnel face. While the flow close to
the center of the tunnel face occurs mainly in the parallel direction to the excavation,
the flow at the circumference combines tangential and parallel direction. This

inevitably leads to larger pressure gradients (drops) at the circumference.
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Figure 8-14: Pressure drop over 10 cm of the pressure transfer mechanism depending on the
radial distance from tunnel axis, Left — absolute pressure drop, Right — drop as a
percentage of the applied slurry excess pressure

As was expected, the higher slurry excess pressure in the excavation chamber induced
higher pressure drop over the pressure transfer mechanism (Figure 8-14-left).
However, as can be seen when comparing Figure 8-14-left with Table 6-4, the pressure
drop at the tunnel face is always lower than the pressure drop in the experiments for
the same slurry excess pressure. Figure 8-14-right shows that the percentage of slurry
excess pressure dropped over the transfer mechanism does not depend on the

absolute value of the slurry excess pressure. These results corresponds to the previous
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statement regarding the pressure transfer inside the wedge. In contrast, the
percentage is strongly influenced by the formation of the pressure transfer
mechanism, specifically by the decrease of its permeability coefficient, which was

experimentally determined in chapter 6.

The described behavior is taken into account in the calculation case S5. It is adopted in
this case that the excavation occurs through conditions characterized by Table 8-2.
Hence support pressure 170 kPa is adjusted for the excavation resulting in 70 kPa of
slurry excess pressure in the chamber. In the calculation case S5, the pressure transfer
of this 70 kPa is investigated. The basic question of this calculation is, which
developments of permeability coefficient should be assigned to which cutting tracks to
obtain the same pressure drop at the tunnel face as in the experiment. To predict the
drops, the percentages of the drop obtained in Figure 8-14-right can be taken and
multiplied with the excess pressure in the chamber. The assigning should be
consequently done in the way that the average drop over the area with particular
permeability coefficient development corresponds to the drop in the experiment. So it
is done in Figure 8-15. The tunnel face was divided into two zones. The average
expected pressure drop over the each zone was calculated and compared with
pressure drop obtained in available experiments. The extension of each zone was
varied until the best fit of pressure drops was achieved. It turned out that the best fit
for 70 kPa excess pressure in the chamber would deliver experimental combinations 2

and 3 with a pressure drop of 0.35 bar (combination 3) in Zone 1 and 0.15 bar in Zone 2

Pressure drop in the experiment Expected pressure
used for permeability drop at the tunnel
determination [bar] face [bar]

Figure 8-15: Assigning of permeability coefficient developments to cutting tracks for calculation —
scenario S5 (multi-zone model)
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(combination 2). The comparison between predicted and calculated pressure drop for

this two-zone model is shown in Figure 8-16.

50 ) . -
Pressure drop in the experiments for 100

5 [ Zone 2: Av. calc. 0.21 bar 10 r

0 L L L L L L L L L ) 0
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5 0 05 1 15 2 25 3 35 4 45 5

Radial distance from the tunnel axis [m] Radial distance from the tunnel axis [m]

o
- 45 permeability determination £ 0 ——S5 - 70 kPa: predicted
a4 f s g |
= 3 -®-S5 - 70 kPa: calculated
€ 35| = 3 70
o / 3
= 30 | ,’ o 60
c P ©
Epl /f\ ' £ § o |
20l a7 [T SRS PR S 4 a0t
) [ H a
b B . Zone 1: Av. calc. 0.34 bar 3 30T
S g0 P gt o 20 F
& <

Figure 8-16: Comparison between predicted pressure drop and subsequently for calculation
scenario S5, pressure drop from assigned experimental combination is also shown

Based on the comparison, it turns out that the described prediction methodology can
also be used for multi-zone tunnel face. Only decent differences between predicted
and calculated pressure drop over 10 cm could be observed close to the border
between the zones. The pressure transfer analysis is conducted in section 8.3 for this

model together with face stability analysis.

8.2.3 Investigation considering experimental results for slurry penetration

and a realistic cutting wheel

After clarifying the pressure transfer for the simplified cutting wheel, the investigation
was focused on a realistic cutting wheel, including various homogeneous cutting zones
as determined in chapter 5. The pressure transfer was evaluated at the time 123.75 s
from the start of the excavation (after one and half rotation). The position of the two

cutting wheels at this time is shown in Figure 8-17.
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P1 P2

Figure 8-17: Orientation of the cutting wheel of reference projects at 123.75 s since excavation
start

Following the evaluation scheme from the previous section, excess pore pressures in
front of the tunnel face at the tunnel axis level were first evaluated. These are
evaluated and compared for both reference projects in Figure 8-19. It could also be
confirmed for the model with various homogeneous cutting zones that the scaled
distribution of pore pressures does not depend on the absolute amount of slurry excess
pressure in the chamber. However, a difference was noticed between the two
reference projects. The difference can be summarized by the pressure drop at the
tunnel face over the pressure transfer mechanism. The slurry excess pressure drops at
the tunnel face by 39.2 % for project P1 in comparison to 28.1 % for project P2. The
calculated drop is again larger in comparison to the curve by Bezuijen et al. (2001) due
to achieved higher formation degree of the pressure transfer. The difference between

two reference shields can be seen also from Figure 8-18. The distribution of the
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Figure 8-18: Scaled distribution of excess pore pressure in front of the tunnel face during
excavation for two reference slurry shield from Projects P1 and P2
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hydraulic heads at the interface between pressure transfer mechanism and soil is
shown in the figure. Note that total head 73.0 m denotes no pressure drop over the
pressure transfer mechanism and total head 70 m denotes entire pressure drop. The
difference between projects is caused by different cutting tool layouts and different
amount of cutting tools within tracks. In general, less cutting tools are placed at the
wheel of P1 reference shield. In Figure 8-18, it can be also observed that green areas
are present in larger extent. This signifies higher pressure drop over the pressure

transfer mechanism.
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Figure 8-19: Total head distribution obtained by the numerical model for the calculation case R1b
— Ref P1 — 30 kPa (left) and case R2b — Ref P2 — 30 kPa at 129.75 s since the excavation
start

Consequently, the focus was given to the evaluation of the slurry pressure transfer
within the soil wedge. The results are presented in Table 8-7. It can be concluded that
despite keeping the same RPM, better support pressure transfer was obtained for
reference project P1. The difference is approximately 8 % and can again be assigned to
the distribution of the cutting tools as previously stated. It was shown again, as in the
previous section that the absolute amount of support excess pressure does not
influence the percentage of pressure transferred. If the efficiencies of the pressure
transfer are compared for the two investigated soils, it turns out that the pressure
transfer decreases for the soil with ¢'=35° by 1.4 % for project P1 and by 1.6 % for

project P2 respectively.

As the last investigation point in this section, the pressure drops over the pressure
transfer mechanism in the calculation cases were evaluated. The pressure drop was

evaluated for the highest achieved formation state at the tunnel face just before the
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Table 8-7: Results of the pressure transfer calculation with realistic cutting wheels

Soil with ¢'=30°, 9=66.3° Soil with ¢'=35°, 9=68.3°
Support
Calculation pres(::,(::si:, the A:’eil;a:,ugrz % - of the  Average pressure % - of the
case e trar:;fere 4 over applied excess transfered over applied excess
chamber [kPa] 16 entire tunnel pressure the entire tunnel pressure
face [kPa] transfered face [kPa] transfered
Rla - Ref P1 15 10.2 67.73 10.0 66.39
R1b - Ref P1 30 20.3 67.73 19.9 66.39
R2a - Ref P2 15 9.0 60.23 8.8 58.60
R2b - Ref P2 30 18.1 60.23 17.6 58.60

cutting tool passed through the particular point. As stated previously, this pressure
creates the initial pressure gradient, which is responsible for the slurry penetration into
the soil. The pressure drop was evaluated for the middle of each cutting track at the
time 123.75 s since the excavation start. It can be observed in Figure 8-20 that a
different amount of cutting tools within a track has an influence on the distribution of
pressure drop. Therefore, the amount of the pressure drop does not increase quite as
steeply towards the circumference for the realistic cutting wheels as at the simplified
cutting wheel (Figure 8-14). This is particularly visible for the reference project P1. At
this reference cutting wheel the drop even decreases between radial distance 1.25 —
1.75 m and dramatically between 2.75 - 3.25 m from the tunnel axis. The decrease
happens in lower extent also at P2 cutting wheel between radial distances 2.25 -
2.75 m. When the two realistic cutting wheels are compared (Figure 8-20-right), it can
be concluded that the distributions are locally quite different, but the global trend is
still the same. The local discrepancies are caused either by amount of cutting tools
present in the adjacent cutting tracks or angular offset of cutting tools between the
adjacent cutting tracks. Interestingly, the pressure drop at the circumference of project
P1 does not increase that significantly in comparison to the adjacent cutting track with
less tools. The situation is different for the reference project P2. While the
circumferential cutting track at project P1 has 6 tools and the adjacent track 2 tools, 8
tools are located in the circumferential track of project P2 neighboring a track with 4
tools. The discrepancies in general, especially higher pressure drops for project P1, can
also satisfy the differences in transferred slurry excess pressure summarized in Table
8-7.
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Figure 8-20-left also shows the pressure drop measured in the experiments for the
permeability development determination in chapter 6. When comparing the measured
drop with the calculated one at the tunnel face, it can be concluded that slurry excess
chamber pressure 15 kPa again delivered significantly lower drop. The average
calculated pressure drops at the tunnel face for 30 kPa excess chamber pressure were
13.8 kPa for project P1 and 11.4 kPa for project P2. Hence, the slurry excess pressure

delivered very similar average pressure drop as measured in the experiment.
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Figure 8-20: Pressure drop over 10 cm of the pressure transfer mechanism depending on the
radial distance from tunnel axis, Left — absolute pressure drop, Right — drop as a
percentage of the applied slurry excess pressure, Note: two points are provided for
the project Ref P1 at the distance 4.75 m due to two distances between tools in this
track

In the next section 8.3, when investigating the face stability, the excavation occurs
through conditions characterized by Tab. 8-2. Hence, the support pressure 170 kPa is
adjusted for the excavation resulting in 70 kPa of slurry excess pressure in the chamber
due to the adopted location of groundwater level. In the scenarios R1c — Ref P1 and
R2c — Ref P2, the pressure transfer of this 70 kPa should be investigated. On one hand,
using the findings presented previously in this section, no additional FEM calculation is
necessary. On the other hand, the pressure drop induced by the excess pressure 70
kPa has to be compared with pressure drop measured in the experiment before the
face stability investigation. To predict the pressure drop for 70 kPa, the same
methodology is used as in section 8.2.2 for S5 calculation case. Thus, the percentage
of the pressure drop for the particular reference project from Figure 8-20-right is
multiplied by 70 kPa. The resulting pressure drops are shown in Figure 8-21. It turns
out that the average pressure drop for calculation case R1c was 32 kPa and 27 kPa for

R2c. Hence, the pressure drop in the experiment was smaller. However, as turned out
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in the parametric study, the difference will cause not significant in accuracy for the
analysis of the pressure transfer.
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Figure 8-21: Pressure drop over 10 cm of the pressure transfer mechanism depending on the
radial distance from tunnel axis compared with pressure drop measured in the

8.2.4 Comparison of the calculated pressure transfer with other theories

In this section, the results of pressure transfer calculation will be compared with other
available theories discussed in section 3.4 of this thesis. The amount of slurry excess
pressure transferred according to various models is shown in Table 8-8. The
comparison is conducted for the applied slurry excess pressure of 70 kPa in the
chamber. In case of the developed HPT models, the average pressure transfer over the
entire tunnel face is considered. The results for the HPT models were taken from
section 8.2.3 and 8.3.

Table 8-8: Comparison of transferred slurry excess pressure, *average, **only over the pressure
transfer mechanism

Transferred pressure [kPa]

Applied
i B
Calculation slurry excess DIN ATREER roere e | 1B
Case [T HPT . & van

[kPa] model* 4126 & Kovari Tol et al. et al.
(2013) (1994) (2001)** (2001) (2016)

S5 70 45.2 70.0 70.0 24.3 22.5 43.5

Ric - Ref P1 70 46.5 70.0 70.0 29.6 22.5 46.1
R2c - Ref P2 70 42.0 70.0 70.0 18.8 22.5 46.9

The comparison showed that highest pressure would be transferred according to
DIN 4126 (2013) and the stationary theory by Anagnostou & Kovari (1994). These

theories delivered full amount of the transfer due to geometric condition of slurry
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stagnation inside the sliding wedge (section 2.6). Moreover, the stagnation gradient
predicted by DIN 4126 was between 430-752 kN/m3, which is far beyond 200 kN/m3
required by DIN 4126 to adopt full pressure transfer. Note that the stationary theory
by Anagnostou & Kovari (1994) is originating from DIN 4126. The lowest pressure
transfer was predicted acc. to the theory presented by Bezuijen et al. (2001). The
theory considers only the shield geometry and the slurry excess pressure. Therefore,
the same amount of transferred pressure was calculated for all cases. The theory is
based on groundwater flow. The theory by Broere & van Tol (2001) expects partial
pressure drop over the slurry penetrated zone during excavation and the rest of slurry
excess pressure causing groundwater flow in semi-confined aquifer. It turns out that
their approach for calculation of pressure drop shows the same trend as HPT model for
the investigated calculation cases. The theory by Bezuijen et al. (2016) did not reflect

well the trend obtained by HPT model.

The next point was focused on comparison in terms of percentual pressure drop over
the pressure transfer mechanism. The comparison is shown in Table 8-9. Both
DIN 4126 (2013) and Anagnostou & Kovari (1994) consider here the entire pressure
drop over the pressure transfer mechanism. This indicates that no increased pore
pressure should be observable outside of the pressure transfer mechanism during
excavation. In contrast, the pressure drop predicted by Bezuijen et al. (2001) is 0%,
because they do not consider any existence of pressure transfer mechanism during
excavation. A similar pressure drop over the pressure transfer mechanism was
predicted by Brore & van Tol (2001) as by the HPT model. Their theory reflects well the
trend resulting from the calculations using HPT model. The trend is quite well described
by Bezuijen et al. (2016). However, Bezuijen et al. (2016) state that theory should not

be applicable for a case with entirely cut pressure transfer mechanism.

Table 8-9: Comparison of pressure drop over the pressure transfer mechanism

Pressure drop over the pressure transfer mechanism [%]

Broere .. ..
e e DIN Anagnost(?u & van Bezuijen Bezuijen
HPT model 4126 & Kovari Tol et al. et al.
* %k %k
(2013) (1994) (2001) (2001) (2016)
S5 30 100 100 35 0 44
Ric - Ref P1 39 100 100 42 0 50

R2c - Ref P2 28 100 100 27 0 51
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Finally, it is worth mentioning that previously in this section, the pressure transfers
delivered by HPT model for excavation stage were compared. During stoppage or
downtime, the HPT model delivers complete pressure transfer over the pressure
transfer mechanism with no increased pore pressure existence outside of the

mechanism for all calculation cases.

8.3 Face stability assessment for Case A

In this section, the tunnel face stability is investigated while considering the efficiently
transferred slurry excess pressure from the previous section. Consequently, additional

notes to the face stability in the Case A interaction are provided.

8.3.1 Face stability assessment for excavation with simplified and with

realistic cutting wheels

In this section, a tunnel face stability analysis is conducted for the excavation
characterized in section 8.1.2. The required face support pressures from Table 8-2 are
considered here again. As discussed before, no additional FEM calculation for cases
R1c and R2c were conducted, so that the slurry excess pressure was multiplied by the

efficiency of the pressure transfer for the particular project determined in Table 8-7.

The comparison between the support pressure transferred and the acting earth
pressure is conducted for investigation with a simplified cutting wheel (S5) and
investigation with realistic cutting wheel (R1c and R2c) in Table 8-10. Note that RPM

for calculation case S5 is 1.875, while for the remaining cases it is 0.682.

Table 8-10 shows that the slurry excess pressure 70 kPa delivered a stable tunnel face
for all cases. However, the safety level required by ZTV-ING (2012) for the transferred
pressure was not achieved for the most of cases. It is worth mentioning that the
applied slurry excess pressure includes also safety gap 10 kPa due to possible pressure

deviations. That increases the transferred pressures.
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Table 8-10: Comparison between pressure transferred and the acting earth pressure

Average pressure Average earth
Support  transferred over pressure acting at

Resulting safety

Required
EXCESS the entire tunnel  the tunnel face factorfor the safety factor
. pressure earth pressure [-]
Calculation ™. ° face [kPa] [kPa] for the earth
case . . . . pressure acc.
excavation o i SO SOl g with 301 soilwith  to zTv-ING
chamber o with with e with o
©'=30°, ., __ . =35°, ., L~ ®©=35°, (2012)[-]
[ikPa] c=0kPa ¥ =35%, =307, c=0kpa ¥ =30", c=0kPa
c=0kPa c=0kPa c=0kPa
S5 70 46 45 37 30 1.26 1.53
Rlc - Ref P1 70 47 46 37 30 1.30 1.58 1.5
R2c - Ref P2 70 42 41 37 30 1.16 1.39

8.3.2 Additional notes to the face stability in Case A

To analyse the slurry excess pressure transfer for a wider range of soil conditions, the
diagram in Figure 8-22 was plotted. The excavation conditions from Table 8-2 were
generalized here for different soil friction angles of non-cohesive soils. The required
average support excess pressure without any safety factor was calculated. Note that it
was assumed that hydraulic properties of the soils remain constant independent of the
friction angle. For each soil friction angle, sliding angle of the wedge according to Horn
(section 2.6) was determined. Subsequently, the pressure transfer inside the particular
wedge was calculated for the three cutting wheels. The transferred pressure is
consequently compared with the acting earth pressure in Figure 8-22. It can be seen

that cases R1c — Ref P1 and S5 would always deliver a stable tunnel face. In contrast,
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. e . | ]
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+ ~
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S 30.0 } - 41 300 §
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[oX ~ —

250 ~< 1 250 H
§ | — ® - Average acting earth pressure [kPa] ‘T <

20.0 . l . . . l . l . . . . . 20.0

25 27 29 31 33 35 37 39

Friction angle of soil [°]

Figure 8-22: Comparison of transferred slurry pressure with acting earth pressure depending on
friction angle of soil
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problems with face stability might occur for case R2c — Ref P2 during excavation

through soil with lower friction angle than 27°.

To analyse the slurry excess pressure transfer in more detail, Figure 8-23 was plotted
for the ground condition from Table 8-2 considering soil friction angle ¢’=35° and
c¢’=0 kPa. This figure shows the pressure transfer in relation to the vertical and
horizontal distance from the tunnel axis. Note that 100 % would mean the entire
transfer of the slurry excess pressure. The comparison of calculation cases shows that
a similar amount of transferred pressure could be expected close to the tunnel crown
(+5 m). At this elevation, the sliding wedge has the largest length, so the pressure
transfer is not so sensitive here for the formation of the mechanism. In contrast, the
sliding wedge is much slimmer at the tunnel bottom (-5 m) making the formation of
the pressure transfer important. The investigated cases delivered very different results
here in terms of slurry excess pressure transfer. Case S5 deviates considerably from
the other two cases. Note that in S5, the amount of cutting tools within one track does
not increase with increasing distance from the tunnel axis. Hence, it could be here
observed, that despite the slim wedge at the tunnel bottom, the pressure transfer is
higher here than at the tunnel axis. It correlates with the investigation conducted for
determination of the pressure drops in front of the tunnel face (see Figure 8-14). For
the two other investigated cases, the amount of cutting tools increases with increasing
distance from the tunnel axis. It can be observed in Figure 8-23 that this effect is
dominant for the decrease of the transferred slurry pressure at the tunnel bottom.

When the transferred pressure is compared between cases at the tunnel axis elevation

—e—S5
——R1c-RefP1
—+—R2c - Ref P

90.0

80.0 -5m @ 5m
70.0
000 -w
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excess pressure [%]
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Figure 8-23: Pressure transfer depending on the location at the tunnel face — along the vertical
axis (left) and along the horizontal axis (right)
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along the horizontal direction, no significant differences can be determined. The
pressure transfer distribution increases here from the tunnel axis to the tunnel
circumference. The small difference between investigated cases is caused by the
sufficient dimension of the wedge at the tunnel axis. Nevertheless, only approximately
55 % of the slurry excess pressure is transferred at the tunnel axis. The distributions
from Figure 8-23 show that a zone of reduced pressure transfer appears close to the
tunnel axis. If the amount of cutting tools within one track decreases with the distance
to the centre, the zone with reduced pressure transfer extends further to the tunnel
bottom (R1c and R2c).

The existence of a zone with reduced pressure transfer close to the axis seems to be
less problematic for smaller tunnel diameters (e.g. 7 m), but it could represent a more
considerable problem for large tunnel diameters. In case of large tunnel diameters, it

is expected that the zone with reduced pressure transfer will be larger.
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9. CASE B — IMPLEMENTATION OF
THE EXPERIMENTAL RESULTS INTO
ANALYTICAL FACE STABILITY
ASSESSMENT

In chapter 4, the theoretical considerations of the adaptation of pressure transfer
model were discussed. Section 4.2 consequently specified questions regarding the face
support within Case B of interaction. The aim of this chapter is to utilize the
experimental results obtained in chapter 7 for answering the questions from chapter
4.2. A further aim is to suggest an engineering model to assess a self-bearing capacity
of the soil wedge for cases, when slurry excess pressure is transferred first outside of

the wedge.

This chapter employs a different approach than chapter 8 to characterize the
conditions at the tunnel face during excavation. No additional numerical model
considering interaction between cutting track is here presented. The approach, why no
additional cutting track interaction model is necessary here, is discussed later within
this chapter. Implications for the entire tunnel face support and stability are discussed
based on experimental results from chapter 7. Since the chapter is dedicated to Case
B of the interaction, the results of re-penetration from column tests and RUB tunnelling

device are mainly considered.

First, the conditions at the tunnel face during excavation and Case B of the interaction
are discussed. Further, a resulting adaptation of the face stability calculation model is
discussed and an engineering model to improve reliability of face stability calculation

is finally suggested.
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9.1 Conditions at the tunnel face during excavation and resulting

model adaptation

9.1.1 Slurry penetration depth

In chapter 4, expectations regarding the slurry penetration depth during excavation
were formulated. It was suggested that the slurry penetration during excavation
depends on the distribution of pore pressure in slurry penetrated zone (stagnation
gradient of slurry) during primary penetration. For the soil fraction 1- 2 mm, it was
determined in chapter 7, that the distribution of pore pressure was almost perfectly
linear regardless of slurry injection pressure (Figure 7-14). Thus, it could be expected
that the slurry penetration depth during excavation will be reduced in comparison to

primary penetration.

The experimentally determined slurry penetration depth within the column test is
shown for soil fraction 1-2 mm in Figure 9-1. The slurry penetration depth was
determined using the methodology from section 7.1.2. In Figure 9-1, the fluctuations
of slurry penetration depths for two excavation scales are shown. The two particular
excavation scales are reaching a different total slurry penetration depth during an
excavation cycle. For the excavation scale 30s+100s adopting a tool passing every 100 s
and the cutting depth 40 mm, the maximal reached penetration depth is almost equal
to the maximal primary slurry penetration depth. This can be explained with the soil

cutting at the moment, when the maximal primary slurry penetration is almost
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Figure 9-1: Slurry penetration depth during excavation in soil fraction 1-2 mm for two excavation
scales compared with primary penetration depth (left) and schema for reaching the
penetration depth during excavation according to Anagnostou & Kovari (1994) (right)



9. Case B — Implementation of the experimental results into face stability analysis 207

reached. The reduced slurry penetration depth is shown for the faster excavation scale

adopting a tool passing within every 60 s.

Fig. 9-1-right shows a sketch by Anagnostou & Kovari (1994), which describes how an
equilibrium during excavation automatically adjusts at the tunnel face. The equilibrium
signifies that the slurry penetration depth corresponds to the cutting depth during
excavation cycle. The shortcoming of this sketch for Case B of the interaction has been
already discussed in chapter 4. Based on the results from chapter 7, it could be
confirmed that the equilibrium point can be reached by slurry penetrating in average
faster during primary slurry penetration than a shield excavation only due to re-
penetration. The decrease of average slurry penetration velocity due to re-penetration

can be easily derived from Figure 9-1-left.

Broere & van Tol (2000) also expect a reduced slurry penetration depth during
excavation. Their calculation approach suggested in Eq.3-47 would also deliver
different slurry penetration depths for soil fraction 1-2 mm for the two investigated
excavation scales. The average penetration depth within a cycle in front of the tunnel
face would be 0.12 m for the scale with tool passing every 60 s and 0.14 m for the tool
passing every 100 s. Hence, the approach reflects the influence of the excavation scale
properly in comparison to the experimental results. But it predicts slightly lower slurry
penetration depth. The approach by Broere & van Tol (2000) does not consider
eventual differences in the cutting depth of tools per passing. Moreover, the approach
expects that the slurry excess pressure, which did not drop over the slurry penetrated
zone transforms in groundwater flow. This was not observed for soil fraction 1-2 mm
due to the increased stagnation gradient during penetration process (see section
9.1.2).

Bezuijen et al. (2001) and Bezuijen et al. (2016) do not focus on the prediction of slurry
penetration depth during excavation in detail. As pointed out in section 3.4.3, Bezuijen
et al. (2016) assume that the slurry penetration front moves together with the slurry
shield. It means that the slurry adopts the velocity of movement from the shield. It

corresponds to the equilibrium state from Figure 9-1.

The column experiments from chapter 7 in this thesis for the investigation of the re-
penetration were conducted while physically simulating a passing of a single cutting

tool. Thus, no interaction between cutting tracks was considered in the column
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experiments. It could be expected that the interaction would cause a sort of smearing
effect, but the overall mechanics of moving of slurry penetration front will be
preserved. The argument can be supported by the statement that zones immediately
after cutting and zones with longer times since cutting do not differentiate dramatically
in terms of their hydraulic properties (see section 7.3, specially the diagrams with pore
pressure distributions). The expectation shown in Figure 4-9 for reduction of slurry

penetration distance during excavation could be confirmed.

The previously discussed reduction of the penetration depth during excavation
determined in column test could not be confirmed by observations in the RUB
tunnelling device. The slurry penetration depth cannot be determined directly inside
the device and had to be predicted based on pore pressure distribution. The result is
explainable due to excavation scale adopted in the RUB tunnelling device as discussed
in section 7.4. Moreover, from the global pore pressure distribution, a local slurry

penetration depth cannot be determined with a high accuracy.

The slurry penetration depth in soil fraction 0.063-4 mm is not discussed here, because
it could only be evaluated based on pore pressure distribution within the RUB
tunnelling device. Hence, it is assessed within the next section together with the

stagnation gradient.

9.1.2 Stagnation gradient development

The stagnation gradient of slurry is defined according to Eq. 3-23 as slurry excess (pore)
pressure drop divided by slurry penetration distance. Thus, the gradient is expressed
by inclination of an imaginary line placed between excess slurry pressure in chamber
and a point with zero excess pressure in the ground. It is assumed that the slurry
penetrates up to the point with zero excess pressure. As could be expected from the
development of the penetration depth (Figure 9-1), not only the depth during re-
penetration is changing in soil 1-2 mm, but also the stagnation gradient is changing. To
determine the stagnation gradients more properly, the measured excess pore pressure
has to be evaluated as was shown in Figure 7-14, Figure 7-20 and Figure 7-23. It turns
out that the pore pressure distributions for soil 1-2 mm are almost linear. Thus, using
the linear regression based on least square method, the stagnation gradient for the
particular experimental combination and adopted time can be determined. The

average obtained pore pressure distribution and stagnation gradients are shown in
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Figure 9-2. In Figure 9-2-left, the pore pressures are shown here as scaled percentages
of the pore pressure at the injection point to improve the comparison. Additionally, a
stagnation gradient calculated using Eq.3-27 acc. to DIN 4126 (2013) is also shown
here. The calculated gradient distinguishes an assumption for the empirical factor “a”
as discussed in Eq.3-27. 1t can be seen that the calculation adopting a=2 is significantly
underestimating the measured gradients, while the formula from DIN 4126 (2013) with
a=3.5 is approximating the final stagnation gradients very well. Generally, it can be
seen that the stagnation gradients obtained for the re-penetration are slightly higher
than for the primary penetration. This could be expected due to lower penetration
depth as discussed in the previous section. Figure 9-3 shows the development of the
stagnation gradient between passes of subsequent cutting tools. Note that the
gradients are observed locally here. Fundamentally different gradients were
determined for early stages of penetration and re-penetration. While the stagnation
gradient for re-penetration at 3s is comparable with later stages, the gradient for
primary penetration is much lower. The measured time-dependent stagnation
gradient first shows increase after the start of the re-penetration and then successive
decrease until the end of the excavation cycle. The different development might have
a fundamental influence on the face stability. Hence, it is fundamentally necessary to

consider re-penetration when experimentally modelling the Case B interaction.
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Figure 9-2: Pore pressure distribution in comparative presentation (left) and achieved stagnation
gradients (right) for soil with grain fraction 1-2 mm
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Anagnostou & Kovari (1994) suggested an approach to calculate the stagnation
gradient while considering the influences of excavation. The theory is described in
section 3.4.2. Using Eq. 3-37, the stagnation gradient during excavation was calculated
for two excavation scales from the final gradient measured in combination IV at t=60s
(primary penetration). The comparison of the calculated gradients with measured
during primary penetration and re-penetration is shown in Figure 9-3. The comparison
shows that the theory by Anagnostou & Kovari (1994) shows only a very limited
increase in the stagnation gradient due to excavation, which is lower in comparison to
corresponding settings of the re-penetration experiments. In contrast, Broere & van
Tol (2001) consider the equal stagnation gradient (f;,) both for static case and
excavation as pointed out in section 3.4.3. In their theory, the gradient calculation
adopts the approach included in DIN 4126 (2013) while considering a=3.5. Thereby,
Broere & van Tol (2000) do not reflect the obtained experimental results correctly.
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Figure 9-3: Stagnation gradients measured during slurry penetration compared with transient
stagnation gradients predicted by Anagnostou and Kovari (1994)

To evaluate the efficiency of the entire face support, the interaction between cutting
tracks has to be considered. This can be done by considering a weighted average
stagnation gradient. Note that this approach is possible only for the re-penetration,
since the changes in the gradient are not so dramatic in comparison to primary
penetration. Hence, the flow in one track should not influence the flow in the adjacent
track. The influence is expectable only for the primary penetration (high difference
between gradient at 3s and 10s) and is also considered in the assessment for the Case

A. It is also assumed that the gradient does not depend on the distance to the tunnel
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axis in contrast to Case A. This assumption is justified also by considerably reduced flow
processes in comparison to Case A of the interaction. The stagnation gradients
calculated as weighted averages are shown in Table 9-1. The gradients are compared
to primary penetration at t=100s, which is considered here as a steady state gradient.
It could be shown that the stagnation gradient during excavation will be higher in
combination r-1l by 24% and in in combination r-V by 9% than in the static situation. In
comparison to Anagnostou & Kovari (1994), the major influence here is not
represented by global movement of the machine, but rather by local cutting and flow

processes.

Table 9-1: Stagnation gradient — weighted average within a cutting track

Weighted average of

Experimental . . % of IV at
combination stagnation gradient t=100s
[kN/m3] .
r-1 - 15s+60s 189 124
r-V - 30s+100s 166 109

A different situation appears when the stagnation gradient during excavation is
evaluated for soil fraction 0.063-4 mm. The soil fraction 0.063-4 mm was characterized
with non-linear pore pressure distribution inside the slurry penetrated zone. Using the
same methodology as for soil fraction 1-2 mm based on linear regression, the
stagnation gradient was determined. The stagnation gradient is shown together with
pore pressure distribution in Figure 9-4. It can be seen that DIN 4126 delivered
comparably higher stagnation gradient than measured in the column test for
combination VIl under static condition at 120 s since the experiment start. The theory
for calculation of the stagnation gradient during excavation acc. to Anagnostou &
Kovari (1994) again showed an increase of this gradient as for soil 1-2mm. This theory
does not take into account the reformation of the pressure transfer mechanism as
observed in the RUB tunnelling device for soil fraction 0.063-4 mm. To characterize the
pore pressure distribution from the RUB tunnelling device, the curves were
approximated. Note that only the curves of PWD 4 and 5 are considered for the
approximation here due to terminated pressure transfer reformation. The
approximation of pore pressure distribution was divided into two branches. Linear
approximation was considered for the area of 6 cm in front of the cutting tools, which

approximately corresponds to the extent of slurry penetrated zone during static
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Figure 9-4: Pore pressure distribution in comparative presentation (left) and achieved stagnation
gradients (right) for soil with grain fraction 0.063-4 mm

primary penetration. From the distance 6 cm onwards, the distribution was
approximated by the theory by Bezuijen et al. (2016). Thus the measured pore pressure
at the distance of 6 cm was considered as ¢, from Eq. 3-44. Subsequently, the pore
pressure was input as ¢ to Eq.3-41 to calculate the non-linear part of the pore
pressure distribution. It is possible to see from Figure 9-4 that the division into two
branches fits the measured results well. Based on the approximation, it was also
possible to calculate the parameter “a” (Eq.3-44) as introduced by Kaalberg et al.
(2014) and Bezuijen et al. (2016) and also the stagnation gradient of the linear branch.
The parameter alpha amounted to 0.125, which denotes that 12.5 % of slurry excess
pressure resulted in increased groundwater pressure. The comparison of the
approximated stagnation gradient from the RUB tunnelling device with the measured
in column test shows that during excavation, a lower stagnation gradient was obtained
than during static conditions due to existence of increased pore pressure also outside
of the slurry penetrated zone. Hence, a fundamentally different behaviour was
obtained here than for the soil fraction 1-2 mm. Based on the pore pressure
development obtained for the soil fraction 0.063-4 mm, the expected slurry
penetration distance assumed in Figure 4-10 can be revisited. It is expected that the
slurry penetration distance during excavation does not change in the device and only
the amount of flow through the tunnel face is changing. The obtained experimental
results were obtained with the RUB tunnelling device, hence, they reflect a simplified

assessment for the whole tunnel face.
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9.1.3 Development of effective stress

In section 7.3.2, development of effective stress was investigated during the re-
penetration within the column test. The effective stress development was investigated
inside and outside of slurry penetrated zone. During the experiment, the original
effective stress level was increased by slurry injection. The simulated stress path is,
however, not close to realistic conditions at the tunnel face. The slurry excess pressure
during excavation is usually lower in practice than the original effective stress at the
rest, because the support pressure is designed based on active three-dimensional
earth pressure. So it leads usually to a release of the effective stress while the shield is
approaching the observed location. The stress release occurs to an extent which is
allowed by the slurry excess pressure. When the horizontal effective stress is equal to
the transferred support excess pressure, equilibrium is found. The described stress
path would be almost impossible to simulate in the laboratory conditions. Hence, the
face support is considered as a mechanism causing an effective stress increase in the
ground and in the column test. The difficulties connected with the employed approach
of physical modelling of effective stress during slurry penetration are already discussed
in chapter 7. Hence, the focus is given to its development to characterize the acting of
support pressure properly rather than on absolute value of the measured effective
stress. The developments of the effective stress are shown in Figure 9-5 for soil 1-
2 mm. The developments show certain pressure drops and peaks when a tool is
passing. As pointed out in section 7.1.2, the re-penetration within the column test was

modelled using the pressure-controlled methodology. This brings additional stress to
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Figure 9-5: Development of effective stress outside (out) and inside (in) the slurry penetrated
zone for soil fraction 1-2 mm
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the system in comparison to primary penetration. Thus, the drops 1 and 2 from Figure
9-5 are the starting effective stress levels before the re-penetration pressure is
activated. In reality, the drops/increases of the stress in the system will not occur.
Hence, it is possible to expect the developments of effective stress levels outside of
slurry penetrated zone as constant. In contrast, the peak 1 inside the slurry penetrated
zone is realistic. The peak is caused by higher amount of effective stress measured at
the sensor’s location, when the soil is cut by a passing cutting tool. The higher amount
of effective stress is later reduced within the ongoing re-penetration slurry process by

simultaneously increasing pore pressure.

When the change of effective stress is observed on the global tunnel face level, it can
be concluded that the effective stress state outside of the slurry penetrated zone is not
changed by passing of the cutting tool. It means that the full slurry support acts at the
place during entire excavation cycle. Inside the slurry penetrated zone, effective stress
peaks are connected with a tool pass. These peaks are temporarily increasing the
efficiency of the support. This behaviour could be also determined by calculation of the

pressure gradients in the previous section.

The development of effective stress could not be investigated within the RUB
tunnelling device, therefore, the development is not discussed here for soil fraction
0.063-4 mm.

9.2 Resulting adaptation of the face stability calculation model

The discussion of the experimental results from chapter 7 in terms of their relevance
for support pressure transfer in Case B interaction was conducted within the previous
section. The transfer of slurry excess pressure within the sliding wedge is the
fundamental requirement for the face stability, as pointed out in chapter 4. It was
concluded for Case B that a relation exists between pore pressure distribution within
the slurry penetrated zone during primary penetration and the distribution during

excavation.

It was shown for soil fraction 1-2 mm with linear pore pressure distribution under static
tunnel face condition that no increased pore pressure occurs during excavation outside
of slurry penetrated zone. Furthermore, the slurry penetrated zone is not increased,

but might decrease depending on the excavation scale. Depending on excavation scale,
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it could be also shown that the stagnation gradient of slurry slightly increases during
excavation, when the slurry penetrated zone decreases. Hence, the support pressure
transfer becomes more efficient under transient conditions during excavation than
during static conditions due to shallower slurry penetration. Nevertheless, the support
pressure must also be designed for static conditions for the case of possible standstills
or ring building stage. Therefore, support pressure transfer acc. to the static model
presented by Angnostou & Kovari (1994) and incorporated in DIN 4126 (2013), using
a=3.5, represents a safe design approach also for the excavation stage (a=2 can be
adopted to further increase the safety). The area to be considered with efficient slurry
excess pressure transfer is shown in Figure 9-6-a. Hence, to obtain the efficiently acting
support force, the slurry stagnation gradient is to be multiplied with the marked-red-
area content in Figure 9-6-a. Furthermore, the stagnation gradient and also slurry
penetration depth under static conditions could be predicted well by this model
adopting a=3.5. As it was also discussed in the previous section, it can be expected in
Case B based on the experimental results that adjacent cutting tracks do not influence
each other in considerable manner. Thus, it is concluded for soil fraction 1-2 mm, and
other soils with linear pore pressure distribution, that no adaptation of contemporary
pressure transfer model is necessary due to consideration of passing cutting tools at
the face. To specify the recommendation of stagnation gradient provided by DIN 4126
(2013) for the purposes of slurry shield excavation, the diagram in Figure 9-7 was

developed.
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Figure 9-6: a) Determination of zone with efficient pressure transfer for soil with linear pore
pressure distribution within slurry penetrated zone, b) Determination of average
increased pore pressure at the sliding surface of the wedge
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The diagram shows recommended minimal stagnation gradients of slurry to avoid
decrease of efficiently transferred slurry excess pressure due to the deep slurry
penetration. The diagram considers shield diameter (D), slurry excess pressure in the
excavation chamber (As,,.,n) and also the dimensions of the sliding wedge expressed
by the sliding angle (9). The diagram was developed taking into account the unit weight
of loaded slurry 12 kN/m3. The assumption is in comparison to the unit weight of fresh
slurry on the safe side for the purposes of the diagram. The minimal recommended
stagnation gradient was calculated to assure a maximal decrease of efficient slurry
excess pressure transfer lower than 5 kPa in average over the entire tunnel face. This
threshold was chosen as it represents the minimal accuracy of slurry pressure steering
in the chamber. Therefore, no higher accuracy for the determination of the efficient
transfer of slurry excess pressure is necessary. Consequently, if the excavation is
conducted with the minimal recommended stagnation gradient, the deepest slurry
penetration is achieved, for which no increase of slurry excess pressure is necessary

due to too deep slurry penetration.
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Figure 9-7: Minimal recommended stagnation gradient of slurry f,min to avoid a loss of efficient
face support due to deep slurry penetration

In contrast it was demonstrated in the previous section for soil fraction 0.063-4 mm
with non-linear pore pressure distribution under static condition that increased pore
pressure during excavation also occurs outside of slurry penetrated zone. The
distribution of remaining pore pressure outside of the expected slurry penetrated zone

was approximated using the approach suggested by Bezuijen et al. (2001) and Bezuijen
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et al. (2016) while inputting the remaining pressure as ¢ in Eq.3-41. The
approximation by Eq. 3-41 offers an approach for scaling-up the result obtained at the
RUB tunnelling machine for a real size shield machine by changing the diameter in the
equation. The up-scaled pore pressure distribution is shown in Figure 9-6-b. Slurry
excess pressure in the chamber 70 kPa is assumed. The parameter for consideration of
pressure transfer mechanism formation a= 0.125, which was previously determined by
the RUB tunnelling device, is adopted. Other excavation conditions were considered as
in section 8.1.2 (incl. the dimensions of the wedge ¥ = 68.3°). The pore pressure
distribution acc. to Bezuijen et al. (2016) delivered 6 kPa excess pore pressure at the
intersection of tunnel axis and sliding surface of the wedge. The theory by Bezuijen et
al. (2016) scales-up the excess pore pressure distribution based on the diameter of the
shield machine. In the methodology for scaling-up used here, the influence of
excavation velocity was not considered. The resulting pore pressure decrease within
2 m distance is smaller for the real machine than would be measured in the RUB
tunnelling device at an equal distance. The scaled-up distribution of pore pressure also
shows that the particular sliding angle of the wedge will not have significant influence
on the pore pressure level at the intersection. Hence, the distribution delivered in
average 64 kPa (91%) of efficiently transferred slurry excess pressure to support the
wedge (9% was not efficiently transferred). Safe face support was achieved for this
transferred amount of excess pressure due to the assumed safety factor 1.5 as
prescribed by ZTV-ING (2012) for active earth pressure in the calculation of the minimal

required face support pressure.

It is worth mentioning that the calculation here for the soil fraction 0.063-4 mm was
demonstrated based on one example and shown non-linear behaviour. Thus, it should
not be generalized without further confirmation. The efficiency of the pressure

transfer would probably be increased with increased slurry excess pressure.

9.3 Additional check of the self-bearing capacity of the wedge

Uncertainties remained after the experimental investigation in chapter 7. The
uncertainties are connected with the soil grain size fraction 0.063-4 mm. This soil
fraction strongly shows non-linear distribution of pore pressure inside the slurry

penetrated zone at the end of the primary penetration. The uncertainties appeared
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during the test with RUB tunnelling device and can be assessed as not fully understood

transformation of the pressure transfer mechanism during excavation.

The transformation of the pressure transfer leads to a phenomenon that the increased
pore pressure can be observed in this type of soils also outside of slurry penetrated
zone despite the occurrence of the Case B interaction at the tunnel face. When the
excess pore pressure distribution is scaled-up for a real machine, excess pore pressure
can be noticed at the intersection of tunnel axis and the sliding wedge surface. The
efficiency of pressure transfer is reduced in that case. Kiipferle et al. (2018) determined
an increase of cohesion inside the slurry penetrated zone for soil fraction 0.063-4 mm

by 28 kPa while its friction angle remained approximately the same.

In this section, the required increase of cohesion to achieve self-bearing of the wedge
will be investigated. The self-bearing capacity of the wedge may compensate the lower
efficiency of slurry excess pressure transfer within the wedge. However, the transfer

outside of the wedge is still necessary to obtain a stable tunnel face.

9.3.1 Parametric study

In this section, the minimally required drained cohesion of the soil will be determined,
for which the wedge will be stable without any face support. For the calculation, the
model after Horn (1964) as described in section 2.6 is used. Note that no safety factors
are adopted here. The calculation is conducted in excess pressures, hence the
groundwater head and the required support pressure due to groundwater are not
considered here. However, the calculations are conducted with submerged unit weight
of soil assuming that the excavation is performed under groundwater table. No
surcharge from the overburden on the wedge is considered. The starting calculation
case of the parametric study adopted tunnel diameter 10 m, friction angle 35° and
submerged unit weight of soil 9 kN/m3. These parameters were consequently varied
within the study. The required minimal cohesion of soil for stable wedge is

consequently shown in Figure 9-8.

The required cohesion increases with decreasing soil friction angle, increasing shield
diameter and increasing submerged unit weight of soil in the tunnel face area. In all
calculation cases, it turns out that the minimal cohesion is significantly lower than

28 kPa. Hence, it is concluded that the increase of slurry penetration depth inside the



9. Case B — Implementation of the experimental results into face stability analysis 219

wedge by decreasing the slurry concentration might have considerable stabilization
effect for the wedge. The stabilization effect might compensate the decrease of slurry

excess pressure transfer inside the wedge.
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Figure 9-8: Results of the parametric study — minimally required cohesion of soil to achieve self-
bearing of the wedge

The result delivers interesting implication that in case of very deep slurry penetration
with low stagnation gradient, there is still some additional safety due to the quite low
cohesion increase inside the slurry penetrated zone. It is worth emphasizing that the
surcharge from the overburden has to be countered by the transferred slurry excess

pressure outside of the wedge.

9.3.2 Limitations of the additional check

The limitation of the described additional check is the required deep slurry penetration
which needs to reach the distance from the tunnel face to the sliding surface of the
wedge to increase cohesion in this area. The desired slurry penetration can be acc.
DIN 4126 (2013) adjusted by changing the slurry concentration. Simultaneously, it is
assumed that the distribution of slurry particles will be constant along the penetrated

distance.
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10. RECOMMENDATIONS FOR
PRACTICE

In chapter 4 of this thesis, theoretically possible interactions between slurry, soil and
cutting tools were defined. Case A and Case B were derived based on the comparison

between tool cutting depth and slurry penetration depth between tool passes.

In this chapter, the efficiency of the particular interaction case will first be evaluated in
terms of face stability. Further, an approach will be shown how to design the required
face support for excavation while considering particular interaction case. For this
purpose, an integrated design approach considering slurry and soil properties, cutting
wheel design and excavation setting will be introduced. Critical scenarios in terms of

face support for the particular interaction case are also discussed in this chapter.

10.1 Efficiency of the pressure transfer mechanism and measures to

its increase

The efficiency was defined as excess pore pressure drop (slurry excess pressure drop)
within the wedge. The pressure drop corresponds to the transferred effective stress.
The efficiencies of the particular pressure transfer mechanism are sketched in Figure
10-1. The visualised efficiencies were determined based on calculations and laboratory

tests in chapter 8 for Case A, and in chapter 9 for Case B.

It is clearly visible from Figure 10-1 that the lowest efficiency was obtained for Case A
of the interaction. Thereby, it deviates most severely from the currently employed
calculation approach included DIN 4126 (2013). Case A delivers unsafe results in
comparison to the code. As shown in chapter 8, the efficiency of the Case A interaction
further depends on the RPM of the machine, slurry excess pressure and the cutting
tool layout at the cutting wheel. While higher RPM and larger amount of cutting tools

in a cutting track decrease the efficiency, the amount of slurry pressure might either
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decrease or increase the efficiency. The influence of slurry excess pressure in the
chamber is discussed in detail in chapter 8. In Case A of the interaction, the stagnation

gradient of slurry does not correspond with the pore pressure gradient.
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Figure 10-1: Efficiency of the pressure transfer mechanisms for different interaction at the tunnel
face during excavation stage, illustrated for the elevation at the tunnel axis

The increased pore pressure in front of the slurry penetrated zone is caused by a rush
primary penetration of slurry through zones where the cutting tools just passed and
damaged the pressure transfer mechanism. The mechanism predicted in Figure 4-4
could be confirmed in chapter 8 by FE calculation. The procedure, how to determine
the efficiency is discussed in section 10.2. It is worth mentioning that its determination

for Case A is very time-consuming.

Case B-1, in contrast, delivered the highest efficiency of the pressure transfer. It turns
out that the efficiency is slightly higher during excavation than predicted by DIN 4126
(2013) for static conditions. The increase in efficiency depends on the excavation scale.
Increases in cutting depth per passing and frequency of passing of cutting tools
improve the efficiency during excavation. The efficiency depends not only on the ratio
between static yield point of slurry and characteristic grain size of soil, but also on other

factors taken into account in Figure 9-7.

Case B-2 showed slightly decreased efficiency compared to Case B-1. The decrease is
caused by reformation of the pressure transfer mechanism during excavation and
subsequent increase of pore water pressure in front of the slurry penetrated zone. It
was concluded based on up-scaling of results from the RUB tunnelling device that the
zone with increased pore water will exceed the area of the sliding wedge. Compared

to Case B- 1, the efficiency of Case B-2 is more complicated to predict. Nevertheless,
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the efficiency is better than in Case A. The amount of the efficiently transferred

pressure can be easily increased in Case B-2 by slurry excess pressure increase.

In general, it should be aimed to obtain Case B at the tunnel face during excavation.
However, a very deep slurry penetration has to be avoided and the minimal stagnation
gradient from Figure 9-7 should be achieved. It can be concluded that higher slurry
concentration is not always better for the pressure transfer efficiency, because it may
result in Case A of the interaction. It should be mentioned that the results discussed
here were obtained for a fresh slurry. It is important to keep in mind that the loaded
slurry will have a reduced penetration depth in soil as was shown by Pulsfort & Thienert
(2013).

Additional critical scenarios may occur for the pressure transfer efficiency due to
particular circumstance. The first circumstance is an excavation through semi-confined
aquifer. This situation was already studied by Broere & van Tol (2000) and Broere
(2001). The situation can be characterized as excavation through permeable soil layer
with limited dimensions in vertical direction, because the permeable soil is covered
and underlain by impermeable layer. In this case, due to limited flow directions in front
of the tunnel face, the efficiency of the pressure transfer mechanism will be lowered.
The efficiency will be considerably decreased, especially for Case A of interaction. A
similar problem due to limited flow field in front of the tunnel face can be encountered
during excavations between artificial structures. This is represented for instance by
excavation bordered on both right and left side by diaphragm or pile walls. Other
critical situation for the slurry face support can be caused by contaminants entering

slurry destroying its rheological properties as discussed by Maidl et al. (2012).

Another situation would appear during excavation with heterogeneous tunnel face
with Case A of interaction at the bottom half of the tunnel face and Case B at the rest.
The situation is visualized in Figure 10-2-left. The presence of the coarse soil with
higher permeability and Case B of interaction will benefit the dissipation of increased
pressure from the finer soil. Hence, it will increase the efficiency of pressure transfer

in comparison to the whole tunnel face with Case A interaction.

Finally, some questions in terms of slurry face support efficiency could not be clarified
within this thesis. The questions are centred on an excavation scenario with

simultaneous presence of Case A and B at the tunnel face. The scenario can occur due
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to presence of different homogeneous cutting zones at the tunnel face (Figure 10-2-
right). It is expected that the presence of Case A will also decrease the efficiency of
pressure transfer for the area with Case B. The expectation was not yet proven by the
FE seepage analysis. The system behaviour is different in comparison to the
heterogeneous tunnel face due to presence of materials with equal permeability.
Hence, it can be adopted that the distribution of increased pore pressure will be

dominated by the presence of Case A at the part of the tunnel face.

Isobarsdescribing pore Isobarsdescribing pore
pressure distribution pressure distribution
:: Coarse grained I B Case B
:: soil with higher ® Case B ~“\‘ Yt
S :: permeability G
- ;‘::;3 Case A
L~ . Fine grained soil Pt r.r !
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permability ® Case A I_'{,’ ’ Case B

Figure 10-2: Left - Heterogeneous tunnel face, Right - Homogeneous tunnel face with
simultaneous presence of Case A and B at the tunnel face within homogenous soil
conditions

10.2 Integrated design approach for the required face support

pressure

The integrated approach combines the relevant information for the design of the
minimal support pressure under consideration of transient slurry-soil-tool interaction.
The approach employs both experimental investigation and calculations. The
calculations are conducted either analytically or numerically. Two scenarios are

discussed in following sections.
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10.2.1 Scenario with fixed parameters

In this scenario, it is assumed that next to the soil conditions, also cutting wheel design,
excavation setting (PR & RPM) and slurry properties are defined and these cannot be
changed. In the first stage of the analysis, it has to be investigated which type of
interaction is relevant for the tunnel face. The procedure is shown in Figure 10-3. It
starts with the calculation of the minimal excavation pressure required for stabilization
of the tunnel face in point (1). All relevant safety factors (section 2.5) are here
considered and the calculation is conducted as described in section 2.6 of this thesis.
After the determination of the slurry excess pressure (2), experimental investigation in
the lab have to be conducted (3). In this investigation, in-situ similar soil has to be used
in combination with the defined slurry type and concentration. The test is to be

conducted with 25% of slurry excess pressure. The reason for performing this test only

(1) Calculation
¢ of the minimally required support pressure acc. to section
2.6

(2) Calculation
e of slurry excess pressure in the chamber acc. to Eq. 3-1 —|

L (3) Experimental determination
*  of the time-dependent penetration depth of the defined
slurry in in-situ soil using the set-up from chapter 4 *1

(4) Analyses of the cutting wheel:
*  recalculation of the given PR & RPM to PRy & tiool

(5) Comparison
* of the slurry penetration depth and tool cutting depth within
the decisive time-span, is the slurry penetration deeper?

no yes

A 4 A 4

(6) Case A (6) Case B

*1the pressuredrop in the experiment should correspond to 25% of excess
chamber pressure based on Fig. 8-15 & 8-20

Figure 10-3: Flow chart to analyse the presence of Case A or B of interaction at the tunnel face
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with 25% of excess pressure is to exclude the appearance of Case A interaction at the
entire tunnel face. The exclusion has to be reliable due to comparably less efficient
pressure transfer in Case A of interaction as shown in the previous section. It was
shown in chapter 8 that a pressure drop of approx. 25 % of slurry excess pressure may
appear in Case A close to the tunnel axis. The obtained slurry penetration depth is
consequently to compare with the tool cutting depth per passing in each homogenous
cutting zone (5). The determination of the cutting depth is shown in chapter 5. If Case
A can be excluded, the procedure from Figure 10-5 is to follow. Otherwise the

procedure continues acc. to Figure 10-4.

The analysis of Case A of the interaction at the tunnel face starts with experimental
determination of the time-dependent permeability coefficient for defined slurry in in-
situ soil in point (7) in Figure 10-4. The experiment is to be conducted in a set-up
described in chapter 6 with pressure drop corresponding to 64-80 % of the slurry
excess pressure from the point (2) in Figure 10-3. This is due to two reasons. The first
reason is that pressure drop at the tunnel face corresponds in Case A approx. to 40-
50 % of the chamber excess pressure. The second reason is that the chamber excess
pressure will have to be increased due to lower efficiency to approx. 160 % of the
originally determined pressure in point (2). Hence, 64-80 % of the original excess
pressure from point (2) represents approx. 40-50 % from the increased excess
pressure. Consequently, the transient FE seepage analysis is conducted (8) with the
experimentally determined permeability coefficients, cutting wheel geometry and
excavation setting while considering 160 % of the excess pressure from point (2) at the
tunnel face. The pressure transfer within the sliding wedge is determined based on the
transient seepage analysis as shown in chapter 8 (9). Further, it is compared, if the
efficiently transferred pressure is higher than the minimally required (10). If the
transferred pressure is higher, the excavation can proceed with 160 % of the excess
pressure from point (2). Otherwise, the slurry excess pressure have to be further
increased. However, it is not necessary to conduct either the experimental or the
seepage calculation again. It is sufficiently exact to multiply the previously determined
efficiency from the seepage analysis with the further increased slurry excess pressure
to obtain updated efficiently transferred pressure. During execution of the
characterization procedure of Case A in Figure 10-4, it can be found that in some
homogeneous cutting zones at the tunnel face, Case B becomes relevant. This situation

was not investigated within this thesis and remains open.
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(6) Case A

(7) Experimental determination
* of the time-dependent penetration depth and permeability coefficient
development of the defined slurry in in-situ soil using the set-up from
chapter 4 *2
v

Is the condition for Case A still fulfilled for 160%*3 of slurry excess

: pressure from point (2)?
10
=4 o
I : ___________________________ TTTTTTTTTTTTeTT T I ()
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(8) Execution of the transient seepage analysis
* acc. to section 8.1.3 with chamber pressure increased to 160%*3 of |
chamber exceed pressure from point 2), considering RPM and cutting tool
layout
v
(9) Analysis
» of transferred pressure acc. to Fig. 8-5 and Eq. 8-2 while considering the * ]
dimensions of the sliding wedge |
|
v I
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*2 the pressure drop in the experiment should correspond to 64-80% of excess chamber pressure
previously designin point 2). It is here already expected that the chamber pressure will be later
increased to 160% of the pressure 2). Fig. 8-19 shows that drop ranges approx. 40-50% of the
chamber pressure

*3 increase to 160% because only approx. 60 % of the applied slurry excess pressure is efficiently
transferred acc. to Tab. 8-6

*4

Note, itis not necessary conduct the seepage analysis again for the slightly increased slurry excess
pressure based on results from chapter 8, when the obtained pressure drops at the face still
correspond to the drop used in the permeability test

Figure 10-4: Flow chart to determine the minimal support pressure in Case A of interaction
If the flow-chart in Figure 10-3 delivers Case B of interaction, the work flow described

in Figure 10-5 must be followed. First the slurry penetration experiment is to conduct

(7) with pressure drop corresponding to 100 % of the slurry excess pressure from point
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(2). The set-up for deep slurry penetration scale from chapter 7 is used here to
investigate the pore pressure distribution inside the slurry penetrate zone. Note that
only the primary penetration test is to be executed. If the linear distribution is
obtained, the stagnation gradient of slurry is calculated and the efficiently transferred
pressure acc. to Figure 9-7 is determined (9). If the efficiently transferred pressure is
lower than the slurry excess pressure from point (2) by less than 5 kPa, the excavation
can be conducted with the excess pressure slurry excess pressure from point (2).
Otherwise, two options are available. Choosing the first option, slurry excess pressure
from point (2) is increased and the efficiently transferred pressure is recalculated. The
increase is conducted until the previously formulated condition for the efficiently
transferred pressure is fulfilled. The second option is to determine the additional
bearing capacity of the wedge (section 9.3). To make the second option possible, the
slurry penetration depth from the experiment has to be at least equal to the dimension
of the sliding wedge at the tunnel axis. The increase of cohesion of slurry penetrated
soil is measured using a triaxial test. The additional bearing capacity is calculated with
the determined increased cohesion from the triaxial test. Consequently, the required
efficiently transferred pressure is recalculated for the wedge area under consideration
of the increased cohesions. The required pressure is compared with the transferred
pressure from point (9). If the transferred pressure is higher, the excavation can

process with the excess pressure from point (2) without additional increase.

In contrast, if the test from point (7) determines the non-linear pore pressure
distribution inside the slurry penetrated zone, the RUB tunnelling device must be used
for detailed investigation. The experiment is conducted with 100% of excess pressure
from point (2). The aim of the experiment is to determine the reformation of the
pressure transfer mechanism during excavation and the amount of the remaining
excess pore pressure at the end of slurry penetrated zone (section 9.2). The
distribution of the remaining excess pore pressure is further up-scaled adopting the
excavation diameter of the real machine and using the methodology by Bezuijen et
al. (2016) described by combination of Eq.3-44 and Eq.3-41. Consequently, the
excess pore water pressure at the intersection of the tunnel axis with inclined sliding
surface can be determined. The excess pressure for excavation from point (2) is finally

increased by the amount of the excess pore pressure determined at the intersection.
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Figure 10-5: Flow chart to determine minimal support pressure for Case B of interaction
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10.2.2 Scenario without fixed parameters

In this scenario, it is assumed that soil conditions and cutting wheel design are fixed.
Other settings like slurry concentration and excavation settings can be adjusted. As
extensively pointed out in section 10.1, it should be generally aimed to obtain Case B
of interaction at the tunnel face due to comparably higher efficiency of the pressure
transfer. As shown in Figure 10-2, the comparison between slurry penetration depth
and tool penetration depth should be conducted for slurry penetration depth obtained
for 25% of the slurry excess pressure in the chamber to guarantee the Case B at the
entire tunnel face. The following measures can be applied to obtain Case B at the
tunnel face are:

e Decrease the yield point or slurry — note, that the criterion for the local stability
of the tunnel face after DIN 4126 (2013) still have to be fulfilled, furthermore,
minimally recommended slurry stagnation gradient to avoid efficiency decrease
(Figure 9-7) is to be achieved

e Increase RPM and simultaneously decrease PR to keep the advance speed
constant

e Increase slurry excess pressure to obtain deeper slurry penetration — note that
this measure is efficient only in coarse soils

After the experimental confirmation of the Case B with adjusted parameters, the

design of the minimally required pressure follows Figure 10-5.

A further scenario can also be assumed with not yet specified slurry shield design. In
this scenario, the cutting wheel and the excavation design is still to be conducted.
Based on the grain size distribution at the whole tunnel alignment, it should be
evaluated, if the Case A interaction is likely to occur. Consequently, if it turns out from
the assessment that Case A is inevitable regardless of slurry concentration decrease,
increase of RPM or slurry excess pressure increase, layout of cutting tools is to be
adjusted. The adjustment should focus on reduction of cutting tools per track. The
reduction of the cutting tools, in comparison to the ordinary design, is especially

important for the area at the circumference of the cutting wheel.
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11. CONCLUSION & OUTLOOK

Stability of the slurry supported tunnel face considering transient support mechanism
during excavation in non-cohesive soils was investigated within this thesis. The aim of
the thesis was to clarify whether the application of the slurry pressure transfer
methods originally from the diaphragm wall technology delivers a stable tunnel face
under transient conditions during slurry shield excavations. A further aim was to
determine the excavation conditions, for which contemporary calculation methods
should be updated. The aims of the thesis were closely connected with the

superimposing of tool and slurry penetration scales.

Slurry shield excavation technology was described in chapter 2. The chapter focused
further on the review of the state of the art and practice of the face stability
assessment. It turns out that several methods are employed nowadays to determine
the earth pressure acting at the tunnel face. The limit equilibrium approach based on
Horn’s failure mechanism became the most popular in practice due to its transparency
and simultaneous sufficient accuracy reflecting the aim of the analytical calculations.
It was concluded that the contemporary face stability assessment for slurry shield
excavations neglects the slurry soil-interaction to a large extent. The check for local

stability is usually the only check conducted in detail.

The third chapter is dedicated to the detailed investigation of slurry soil interaction and
the resulting transfer of slurry fluid pressure to effective stress in soil. The
characteristics of the interacting materials were outlined at the beginning of the
chapter. Consequently, the theoretical background of slurry soil interaction was
characterized as flow in porous media. Assumption of this theory allowed for a more
detailed description based on fundamental models for suspension filtration in porous
media. At the end of the chapter, the contemporary models used to determine the
slurry pressure transfer within geotechnical engineering were reviewed. The coupling
of the methods from geotechnical engineering and the fundamental filtration models

delivered better understanding of the processes. Several discrepancies were
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determined resulting from application of the methods from the geotechnical
engineering. The discrepancies further highlighted the demand for research in this

thesis.

The methodology for consideration of transient processes at the slurry supported
tunnel face was introduced in chapter 4. It was suggested that the decisive factor is the
comparison between slurry penetration depth and tool cutting depth. Two particular
cases were defined. Case A reflects deeper cutting depth than slurry penetration
depth, while Case B represents shallower cutting depth than slurry penetration depth.
Subsequently, hypothesis were provided for these boundary cases, which were
clarified experimentally or numerically in the following chapters of the thesis. It was
concluded that different characterization approaches are necessary for the respective

cases.

In chapter 5, analysis of the excavation scale was conducted to obtain the basis for the
further comparison with slurry penetration scale. It was concluded based on reference
projects that every cutting wheel can be divided in several homogeneous cutting zones.
Within each cutting zone, the cutting depth of each passing tools and the timespan
between passes are constant. Statistical evaluation of the excavation data delivered
typical relationship between the cutting depth of a tool and the timespan between

each subsequent pass of the cutting tool.

Consequently, the shallow slurry penetration scale was investigated in chapter 6. A
new framework for characterization of the slurry penetration scale for Case A was
developed, including the theoretical background. Time-dependent permeability of soil
for slurry and time dependent slurry penetration depth were evaluated. These
variables represented the input for numerical analysis in chapter 8. Based on the
comparisons of slurry penetration scale with tool excavation scale, it was concluded
that the presence of Case A of the interaction is more frequent in cutting zones close

to the tunnel axis.

In chapter 7, deep slurry penetration scale for Case B of the interaction was
investigated. The focus of the investigation was given to the distribution and
development of pore pressure and effective stress inside and outside of slurry
penetrated zone. It was distinguished between primary slurry penetration and slurry

re-penetration. During the investigation of primary slurry penetration, the role of the
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experimental set-up was evaluated. It was concluded that a certain outflow diameter
is necessary to avoid the influence of the experimental set-up on the dissipation of
excess pore pressure. Pressure steered re-penetration methodology for the column
test experiments was developed to simulate the conditions at the real tunnel face
during exaction. The methodology enables consideration of the entire excavation scale
of the machine. However, the application of the methodology is suitable only for soils
with linear pore pressure distribution inside the slurry penetrated zone. Therefore, the
column tests were supplemented by the tests using RUB tunnelling device. The
conducted experiments in chapter 7 have shown diametrically different reactions of
soil for slurry injection during primary penetration in comparison to the re-penetration

in terms of pore pressure and effective stress development.

Pressure transfer and face stability analysis for Case A of the interaction were
evaluated in chapter 8. An FE transient seepage model was developed to consider the
transient interaction between adjacent cutting tracks at the tunnel face. The
experimental results from chapter 6 and excavation scales from chapter 5 were used
here as the input. It was shown that Case A of the interaction significantly reduces the
amount of efficiently transferred slurry excess pressure. This turned out to be the
major shortcoming of the contemporary models. It was concluded that the safety
margin used nowadays in face stability calculation can compensate the reduced
transfer and avoids the tunnel face failure. However, the excavations are not

conducted with the expected level of safety.

In chapter 9, the experimental results from chapter 7 for the Case B of interaction were
implemented in face stability analysis. The implementation was conducted based on
the experimental determination of slurry stagnation gradient. It was distinguished
between linear and non-linear distribution of pore pressure within the slurry
penetrated zone. For the linear distribution, a diagram was developed which defines
the minimally required slurry stagnation gradient without necessary increase of slurry
excess pressure due to deep slurry penetration. For the non-linear distribution, a
procedure was shown, how to scale up the pore pressure distribution from RUB
tunnelling device for the real tunnel face and consequently determine the efficient
pressure transfer. Further, it turns out that a minimal increase of cohesion within the
slurry penetrated zone due to presence of slurry particles can stabilize the sliding

wedge while the slurry excess pressure is transferred first outside of the wedge. It was
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concluded that for Case B with linear pore pressure distribution, no update of
contemporary models is necessary. In contrast, the non-linear distribution may slightly

reduce the adopted amount of the efficient pressure transfer.

In chapter 10, the knowledge obtained within this thesis is transformed into
recommendation for practice. The recommendation states that Case A of the
interaction should be avoided at the tunnel face. To achieve this, certain measures in
terms of excavation steering and slurry design are suggested. Hence, it is
recommended to conduct excavation with Case B of the interaction. However, slurry
penetration depth of slurry should be limited, because of eventual reduction of
efficient slurry pressure transfer inside the wedge. Chapter 10 suggests an integrated
approach for the design of minimal slurry pressure to stabilize the tunnel face. The
integrated approach considers excavation settings of the shield, cutting wheel design,
slurry properties and soils conditions. The approach is presented in terms of flow

charts.

It could be shown in this thesis that the slurry penetration at the tunnel face is
influenced during excavation by the soil cutting process and the discrepancies from the
contemporary theories summarized in chapter 3 could be clarified. Some questions,
however, could not have been partially or completely answered by the thesis. Slurry
shield excavation with simultaneous presence of Case A and B at the tunnel face
represents one of these questions. A numerical seepage model should be developed
to assess the interaction between the zones with Case A and Case B of interaction. As
an input to this model, experimental results from this thesis can be used. Further, more
detailed experimental investigation in terms of excavation scale variation should be
conducted for Case B with non-linear pore pressure distribution inside the slurry
penetrated zone. It is expected that these types of soils can be often encountered on
the construction sites. The approach suggested in this thesis for the transfer of the
laboratory results into field should be further verified for this case. This can be done
only by in-situ monitoring of pore pressure during excavation. Moreover, the possible
transition between Case A and Case B during excavations was also not investigated in
this thesis. It may theoretically happen that Case B of the interaction can be predicted
before the start of the excavation. However, the slurry penetration depth may

decrease during the excavation and the Case A appears.
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In the future, it is also advised to conduct the investigations outlined in this thesis with
loaded slurries. As the slurry is typically loaded by fines during the most of its life cycle
at the construction site. The loading of slurry with fines can significantly influence its

penetration behaviour.
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LIST OF SYMBOLS

Latin Alphabet

a [-] Empirical factor from the experiments; 2 or 3.5
a; [m?] Area of the particular tunnel face segment [m?]
Apores [m?] Total interstitial surface area of pores
Aryube [m?] Cross-sectional area of a single tube
A [m?] Cross-sectional area of the flow
Afgg [m?] Area of the slurry penetrated soil inside the wedge
Asito [m?] Cross-sectional area of the silo / of the top of the wedge
AR [mm/min]  Advance rate of the machine
b (min] the timespan during which 50% of upper penetration bound
by Krause (1987) is reached, b = 1 min
bgmins ] Geometric constant related to packing of the filter grains
bkrause (-] Empirical factor by Krause, b=5 - 10
Co [-] Kozeny constant
c’ [kPa, kN/m?] Drained cohesion
1 [kPa, kN/m?]  Drained average cohesion within the silo area
cy [kPa, kN/m?]  Drained average cohesion within the wedge area
Cu [kPa, kN/m?]  Undrained shear strength
) Terzaghi’s consolidation coefficient of slurry to be obtained
Cy [m?/s]

from filter press test
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C [-] A constant
Cover [m] Overburden
Cpartcites [%] Particle concentration
Characteristic grain size of the soil approximated (to be
dqo [m] . e
obtained from grain distribution curve)

dis [m] Grain size of soil (15% passing in sieve analysis)
dso [m] Grain size of soil (20% passing in sieve analysis)
dys [m] Grain size of soil (25% passing in sieve analysis)
dg [m] Radius of bed grain
dg [m] Grain mean diameter

Ahya [m] Hydraulic pore diameter of the soil
dp; [m] Lower limit of grain size class from the sieve analysis
dmn [m] Mean particle size — diameter of sphere

dpores [m] Average pore size of soil

diupe [m] Diameter of a tube
dy i [m] Upper limit of a grain size class from the sieve analysis
d (m Characteristic grain size calculated from grain distribution

w curve

ds [kPa, kN/m?]  Differential of slurry excess pressure transfer
dx [m] Differential of time-dependent slurry penetration depth
D [m] shield diameter
Dgs [m] Grain size of particles suspended in slurry (85% passing)
D, [-] Compaction ratio
D, [m] Radius of suspended particles
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fs

fso
fSO,KK
fSO,MC
fsoreq
Fsturry

g

G
Ah

Ah(t)

hw,crown

-]
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-]

-]

-]

[kN]

[kN]

[kN]

[kN]

[kN/m?]

[kN/m?]

[kN/m?]

[kN/m?]

[kN/m?]

(kN]

[m/s?]

(kN]

(m]

[m]

[m]

-]

Relative density

Diameter of the sphere

Void ratio

Void ratio of the soil in its loosest state

Void ratio in the densest state

Support force due to earth pressure (circular tunnel face)
Support force due to earth pressure (rectangular tunnel face)
Support force due to the earth pressure

Support force due to the groundwater pressure

Stagnation gradient of slurry during excavation acc. to
Anagnostou & Kovari (1994)

Stagnation gradient of slurry

Slurry stagnation gradient acc. to Kilchert & Karstedt

Stagnation gradient of slurry in soil acc. Mller-Kirchenbauer
(1974)

Required stagnation gradient

Retaining force due to slurry pressure

Gravity acceleration

own weight of wedge

Excess hydraulic head/Change in hydraulic head
Measured time-dependent pressure drop in the set-up
Groundwater level above the tunnel crown

Hydraulic gradient

Average hydraulic gradient at the tunnel face



XXXVIII List of Symbols
iy 0] Average hydraulic gradient at the tunnel face acc. to Bezuijen
et al. (2001)
ko [-] Lateral earth pressure coefficient at rest
kq [-] Coefficient of lateral earth pressure within the silo
k, [-] Coefficient of lateral earth pressure within the wedge
k, [-] Active lateral earth pressure coefficient
k¢ [m/s] Coefficient of permeability
ks (t) [m/s] Time-dependent coefficient of permeability
ks [m/s] Coefficient of permeability for slurry
ks w [m/s] Coefficient of permeability for water
ky [-] Passive lateral earth pressure coefficient
K [m] Intrinsic permeability
l [m] Penetration distance at timespan t
lg(t) [m] Time dependent slurry penetration distance
l=E(6tOmin) [m] Slurry penetration depth at 60 minutes
lexcavation [m] Slurry penetration distance during excavation
lg comp [%] Comparative penetration distance — upper or lower boarded
lerit [m] Critical slurry penetration distance
lkrause [m] Slurry penetration distance acc. to Krause (1987)
lnax [m] Maximum (Final) penetration depth of slurry
Lnax caic [m] Penetration depth acc. to Eq. 3-27
lmean [m] Mean slurry penetration depth achieved during excavation
L, (m] Slurry penetration depth during primary penetration before

the re-penetration starts
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Iy
lring building

lwedge

AL

M
No
ny,Np, N3
nmax

Nonin

Ntool

Nyot

[m]

[m]

[m]

[m]

[m]

(kel

[m™]

[m™]

-]

(kN]

Slurry penetration depth during re-penetration
Slurry penetration depth during ring building stage
Length of the sliding wedge at the tunnel axis
Macroscopic flow path

Distance of the pressure transfer

Mass of solids

Specific surface of porous material

Specific surface of spheres

Initial porosity (clean bed)

Empirical exponents

Porosity of the soil in its loosest state

Porosity in the densest state

Porosity

Amount tool tandems within one track
Volumetric porosity

Existing stability ratio

Gravitational parameter

Stokes number

Parameter describing shear thinning in Herschel-Bulkley flow
rule

Actual penetration of a single cutting tool per passing
through a particular point

vertical load from the soil prism

Peclet number



XL List of Symbols
PR [min/rev] Penetra_ltlon rate — penetration of cutting wheel per
revolution
0 Constant describing the interaction between suspension and
1 porous media
Q [kN] Shear force on inclined surface
Qf [m¥/s] Discharge
Qs (1) [m3/s] Time dependant discharge
Qf tube [m3/s] Discharge from a tube
R [m] Excavation radius
Ryore [m] Equivalent pore radius
Re [-] Reynolds number
RPM [-] Revolutions per minute of the cutting wheel
S [kPa, kN/m?]  Slurry pressure
S; [kPa, kN/m?]  slurry pressure in excavation chamber
S, [kPa, kN/m?]  Slurry pressure
Saxis [kPa, kN/m?]  Support pressure at the tunnel axis
As, (kPa, kN/m?] Support excess pressure transferred acc. to Bezuijen et al.
(2001)
Scrown [kPa, kN/m?]  Support pressure at the tunnel crown

Scrown,max

S crown,min

As

Asgy,

ASC‘)"OW‘)’L

ASfc

[kPa, kN/m?]

[kPa, kN/m?]

[kPa, kN/m?]

[kPa, kN/m?]

[kPa, kN/m?]

[kPa, kN/m?]

Maximal allowable pressure in the tunnel crown due to break
up safety / blow-out safety

Minimal support pressure in the tunnel crown
Slurry excess pressure

Average slurry excess pressure transferred

Support (slurry) excess pressure at the tunnel crown

Pressure transfer over the mean filter cake
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Pressure transferred over the shear stresses between slurry

A kPa, kN/m? ;
Sshear [ /m’] and pore walls of soil

Sci [kN] Required support force (circular tunnel face)
t [s] Time
thy [m] Total hydraulic head in the excavation chamber

Total hydraulic head in the middle of the particular tunnel

thy; [m] face segment projected to the distance of 1 m in front of the
tunnel face

trool [s] The timespan between subsequent removal of the filter cake

tmin [minutes]  Timespan since the penetration start

T [kN] Shear resistance force on the vertical triangular plane of the

wedge
T, [kN] Shear resistance force due to cohesion
Ty [kN] Shear resistance force due to friction
U [kPa, kN/m?]  Hydrostatic water pressure
Ucrown [kPa, kN/m?]  Hydrostatic water pressure in the tunnel crown
Au [kPa, kN/m?]  Excess pore pressure / Pore pressure change
Au, (kPa, kN/m?] Excess pore pressure as the remaining part of slurry excess
pressure
U [m] Circumference length of the silo
v [m/s] Bulk flow velocity in pores
Ven [m/s] Characteristic velocity
Ver [m/s] Critical velocity
Suspension approach velocity
Um [m/s] C . . .
vy =V (mean interstitial velocity) - n,
Vsturry [m/s] Velocity of slurry in pores
VreM [m/s] AR of the shield

Viube [m/s] Average velocity in tube



X List of Symbols
Vb pores [m?3] Unit bulk volume of pores
Veitrate [m?3] Cumulative volume of the filtrate
Vriterate (£) [m3] Volume of discharged fluid at time t
Vinax [m?] Volume of the discharged fluid at the end of experiment
/4 [m3] Volume of solid constituent
Support force due to groundwater pressure (circular tunnel
W, [kN] f
ace)
W, [kN] Groundwater pressure force (rectangular tunnel face area)
Xsieve,i [%] Sieve fall
z [m] Distance from the inlet face of the porous media
V4 Vertical coordinate starting from the terrain surface [m]
Greek alphabet
o 0] Parameter for consideration of pressure transfer mechanism
formation
. Inclination of tangency plane between two grains (30-45
Ainci (°]
degrees)
8 ] Inclination of trench wall, usually f = 90 deg for vertical
trench
6 [48 deg]  Inclination of model tubes in comparison to bulk flow direction
v [kN/m?3] unit weight of soil
y [1/s] Shear rate
Yiav [kN/m3]  Average soil unit weight in the overburden area
Y2.av [kN/m3]  Average soil unit weight in the tunnel face area
Yo [kN/m?®]  Unit weight of soil within the wedge area
YF fresh [kN/m3®]  Unit weight of fresh slurry



List of Symbols XL

YF loaded [kN/m?3] Unit weight of loaded slurry

Y [kN/m?3] Unit weight of slurry

0] Partial safety factor for permanent load case in GZ1C acc. to
Ve DIN 1054

Ysupp [kN/m3] Unit weight of the support medium
Ys [kN/m?3] Unit weight of soil grains
Ysp [kN/m3®]  Unit weight of the sphere
Unit weight of water, for the sake of simplicity adopted = 10

kN/m?3
Partial safety coefficient for drained soil within the status GZ1C

Yo ] in load case LF2 acc. to DIN 1054 (= 1.15)
n2 [-] Pressure transfer coefficient
ne [-] Safety factor for earth pressure force (= 1.5)
0 Safety factor accounting for deviations in the yield point of

F suspension (= 0.6)
ny [-] Safety factor for water pressure force (= 1.05)
O [°] Sliding angle

Yerit [°] Critical sliding angle
1 0] Filter coefficient (a measure of the efficiency of clarification of

the suspension)

Ao [-] Initial value of the filter coefficientatt=0s
U [mPa.s, cp]  Viscosity
Uq [mPa.s, cp]  Apparent viscosity

Uging [mPa.s, cp] Bingham (Plastic) viscosity

Ucarrier [mPa.s, cp]  Viscosity of carrier fluid

Hdyn,s [mPa.s,cp] Dynamic viscosity of slurry

Uup [mPa.s,cp]  Viscosity of slurry (Herschel-Bulkley)



XLV List of Symbols
Ustat,s [mPa.s, cp] Static viscosity of slurry
U [mPa.s,cp] Dynamic viscosity of water
Phuik [g/cm?] Bulk density of soil
Pearrier [g/cm®]  Density of carrier fluid
Pdmax [g/cm3] Dry density in the densest state of soil
Pd.min [g/cm3] Dry density in its loosest state of soil
Pd [g/cm?] Dry density of soil
Priuid [g/cm?] Density of fluid
Ds [g/cm?] Grain density (density of solid constituents)
kP, Surch the surface (traffic load)
O KN/m?] urcharge on the surface (traffic loa
Ospec [-] Specific deposit
Oy spec [-] Ultimate saturation value of the specific deposit
[kPa, . .
Oy, axis kN/m?] Total vertical stress at the tunnel axis
- _ [kPa, Total vertical stress in the tunnel crown considering minimal
verown,min kN/m?]  unit weight of soil
kP . .
o, (terown) kE\l/naw’z] Vertical surcharge from the prism on the wedge
(2) [kPa, Vertical stress at the elevati
o,(z kN/m?] e elevation z
T [Pa, N/m?]  Shear stress
T1000 [Pa, N/m?]  Shear stress reading from the viscometer at RPM 1000
T300 [Pa, N/m?]  Shear stress reading from the viscometer at RPM 300
T600 [Pa, N/m?]  Shear stress reading from the viscometer at RPM 600
Te [Pa, N/m?]  Gel strength of slurry
T 0 [Pa, N/m?]  Yield point immediately after mixing the slurry
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Tf,dyn

Tf,S

Tf

[Pa, N/m?]

[Pa, N/m?]

[Pa, N/m?]

[Pa, N/m?]

[Pa, N/m?]

[°]

[m]

[m]

[m]

Dynamic yield point of slurry

Static yield point of slurry

Yield point of slurry

Bingham yield point of slurry

Herschel-Bulkley yield point of slurry

Characteristic drained friction angle of the soil
Characteristic drained friction angle of the soil within silo
Characteristic drained friction angle of the soil within wedge

Slurry excess pressure head in the excavation chamber

Pore pressure head in dependence on the distance to the
tunnel face

Excess pore pressure head at the interface between pressure
transfer mechanism and soil
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LIST OF ABBREVIATIONS

Approx. Approximately
AR Advance rate
DFG Deutsche Forschungsgemenischaft (German research foundation)
DIN Deutsche Institut fiir Normunge. V.
Eff. Effective
FE Finite elements
GL Ground level
GWL Groundwater level
HPT Heterogeneous pressure transfer
Max Maximum
Min Minimum
No. Number
P1 Excavation reference project P1
P2 Excavation reference project P2
P3

Excavation reference project P3
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PR

PTFE

PWD

Rep.

Ril

RPM

RUB

SFB

TBM

Vs.

w7z

ZTV-ING

Penetration rate

Polytetrafluoroethylene

Pore pressure sensor

Re-penetration

Richtlinie / DB Netz, Deutsche Bahn Gruppe

Revolutions per minute

Ruhr-University Bochum

Sonderforschungsbereich (Collaborative research centre)

Tunnel boring machine (here considered equivalent to a soft-soil shield
machine)

Versus

Total stress sensor

Zusatzliche Technische Vertragsbedingungen und Richtlinien fir
Ingenieurbauten
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APPENDIX

In this section, the detailed testing procedures and the protocols of the experiments
conducted in the frame of this study are attached as well as all relevant diagrams and

additional information, to which it was addressed in the main chapters.
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A.1.2 Product sheet of Bentonite B1

!

mm |

S&B Industrial Minerals GmbH

Aktiv-Bentonit IBECO B1

Beschreibung Description Description
Natriumbentonit Sodium bentonite Bentonite sodique
Anwendung Application Application

e Schlitzwand

e Schildvortrieb

e Stiitzfliissigkeit bei Bohrarbeiten
e Rohrvortrieb

¢ Diaphragm walling

e Tunnel boring works

o Supporting slurry for drilling works
* Pipe jacking

¢ Parois moulées

e Bouclier a pression de boue

¢ Boues support pour travail de forage
* Foncage du tuyaux

+

FlieBgrenzwerte um 35 % und die
Filtratwasserwerte um + 30 % von den
angegebenen Werten abweichen.

Technische Technical values Valeur techniques
Durchschnittswerte (average) (moyenne)
W | Wassergehalt DIN 18121 Water content Teneur d’eau 10+2 %
Ps | Korndichte DIN 18124 Specific density Poids spécifique 2,65 gfem’
P's | Dichte im Anlieferungszustand | Specific density as received Poids spécifique livré 2,30+ 0,06 g/em’
DIN 4127,3.7
Schiittdichte Bulk density Densité apparente tassée 800+ 50 o/l
Mahlfeinheit d, auf Sieb Dry screen residue Refus au tamis 20+5 %
0,063mm DIN 53734 on sieve 0,063 mm (voie séche) 0,063 mm
Tongehalt in kg/m?
Suspensions - Rheological Caractéristiques Dosage of bentonite in kg/m?
kennwerte Properties Rhéologiques Concentration de bentonite en kg/m?
30 40 50 60
Pr | Suspensionsdichte Slurry density Densité de gel t/m’ 1,015 1,022 1,028 1,034
f | Filtratwasserabgabe Filtrate volume Volume de filtrat ml 14 12 11 10
f | Filtratwasser EN 1538 | Filtrate EN 1538 Vol. de filtrat EN 1538 ml <30
T | FlieBgrenze Liquid limit Rigidité N/m’ <58 12 30 58
(Kugel) DIN 4126 (ball) (billes)
T | FlieBigrenze Liquid limit Rigidité N/m? 6 16 325 59
(Pendel) DIN 4127 (pendulum) (pendule)
Marsh-Zeit EN 1538 Marsh viscosity Viscosité marsh s/l 31 35 40 50
Scheinbare Viskositdt | Apparent viscosity | Viscosité apparente mPas 55 8 11 16
APIRP 13B APIRP 13B
Plastische Viskositit Plastic viscosity Viscosité plastiquee mPas 3 35 4 4
APIRP 13B APIRP 13B
Bingham Fliefigrenze Bingham Liquid Bingham Rigidité Pa 5 8 11 17
APIRP 13B limit API RP 13B APIRP 13B
Anmerkung Remark Remarque
Nach DIN 4127 Punkt 5 koénnen die| According to DIN 4127 item 5 there is an | La norme DIN 4127 § 5 admet des écarts

allowed tolerance from the given values of
+ 35 % for the static shear strength and of

+ 30 % for the filtrate.

de + 35 % pour la rigidité et de +30 %
pour le filtrat.

Lieferform

Delivery

Livraison

o Lose per Silo-Lkw
¢ In Sicken, auf Paletten, geschrumpft

* In Big Bags

¢ Bulk per road tanker
¢ In bags on pallets, shrink wrapped
¢ Inbig bags

* Vrac en camion-silo
e En sacs sur palette filmée
* Enbigbags

Da wir auf die Verwendung unseres
Produktes keinen Einfluss nehmen
konnen, beschrinkt sich unsere Haftung
auf diese Produktinformation.

The values listed are indicative and are
not to be construed as
specifications.

rigid

Les renseignements contenus dans cette
fiche technique sont fournis a titre
indicatif et ne peuvent engager notre
responsabilité.

S&B Industrial Minerals GmbH

- Geschiiftsbereich IBECO -

Ruhrorter Strafle 72 ¢ D — 68219 Mannheim e Tel.+49 6 21 / 8 04 27-0 e Fax +49 6 21 / 8 04 27-50

AMAN/HSPE 0606
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A.1.3 Properties of slurries — Case A

Experiment name 1a 1b 1c 2a 2b 2c
Date 14.07.20 | 14.07.20 | 14.07.20 | 05.07.20 | 13.07.20 | 20.07.20
17 17 17 16 16 16
Slurry B1-5.5% | B1-55% | B1-55% | B1-6% | B1-6% | B1-6%
Density [g/cm?] 1.0308 | 1.0308 | 1.0308 | 1.0341 | 1.0342 | 1.0338
Yield point (ball harp) 58.56 58.56 58.56 54.98 58.54 58.53
[N/m?]
[ tm1000 68 68 68 50 48 50
?:]a“h time 1500 179 179 179 99 95 105
delta tm 111 111 111 49 47 55
oH [] 9.81 9.81 9.81 9.85 9.45 9.4
Dynamic viscosity [N/m?] 8.1 8.1 8.1 49 5.2 6.1
Experiment name 3a 3b 3c 4a 4b 4c
Date 05.07.20 | 14.07.20 | 20.07.20 | 13.07.20 | 15.07.20 | 20.07.20
16 16 16 16 16 16
Slurry B1-6% | Bl16% | B1-6% | B16% | Bl6% | B1-6%
Density [g/cm?] 1.0341 | 1.0355 | 1.0338 | 1.0342 | 1.0349 | 1.0338
\[(,ile/'rigo'”t (ball harp) 54.98 58.52 58.53 58.54 47.9 58.53
[ tm1000 50 48 50 48 54 50
F:]arSh time I 1500 99 99 105 95 106 105
delta tm 49 51 55 47 52 55
oH [] 9.85 9.42 9.4 9.45 9.4 9.4
Dynamic viscosity [N/m?] 4.9 6.1 6.1 5.2 5 6.1
Experiment name 5a 5b 5c 6a 6b 6¢
Date 06.09.20 | 05.09.20 | 05.09.20 | 09.02.20 | 11.05.20 | 16.06.20
17 17 17 16 16 16
Slurry B1-5.5% | B1-55% | B1-55% | B1-6% | B1-6% | B1-6%
Density [g/cm?] 1.0339 | 1.0344 | 1.0344 1.04 1.0356 | 1.0376
Yield point (ball harp) 58.53 58.53 58.53 47.92 58.51 58.5
[N/m?]
tm1000 64 73 73 54 54 52
Marsh time [s] |.tM1500 | 168 188 188 114 124 104
f':]'ta 104 115 115 60 70 52
oH [] 9.52 9.47 9.47 10.32 9.89 9.85
Dynamic viscosity [N/m?] 8.7 10 10 6 7 5.2
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Experiment name 7a 7b 7c 8a 8b 8c
Date 16.06.20 | 09.02.20 | 13.05.20 | 29.06.20 | 13.05.20 | 17.02.20
16 16 16 16 16 16

Slurry B1-6% B1-6% B1-6% B1-6% B1-6% B1-6%
Density [g/cm3] 1.0376 1.04 1.0353 1.0393 1.0353 1.033
\[(,ile/'igo'”t (ball harp) 58.5 47.92 54.98 58.48 54.98 58.54

tm1000 52 54 51 51 51 55
Marsh time [s] tm1500 104 114 102 109 102 116

f:]'ta 52 60 51 58 51 61
pH [-] 9.85 10.32 9.83 9.32 9.83 10.3
Dynamic viscosity [N/m?] 5.2 6 5 6 5 5.9
Experiment name 9a 9b 9¢ 10a 10b 11a
Date 24.08.20 | 25.08.20 | 26.08.20 | 31.08.20 | 08.09.20 | 01.09.20

16 16 16 16 16 16

Slurry B1-6% B1-6% B1-6% B1-6% B1-6% B1-6%
Density [g/cm3] 1.0331 1.0348 1.033 1.0341 1.0347 1.0359
Yield point (ball harp) 58.54 58.52 58.54 58.79 58.52 58.51
[N/m?]

tm1000 49 50 50 50 50 53
Marsh time [s] tm1500 105 98 104 97 100 99

‘tj;'ta 56 48 54 47 50 46
pH [-] 9.4 9.85 9.4 9.9 9.74 9.86
Dynamic viscosity [N/m?] 6.2 4.7 5.8 4.6 5 3.1
Experiment name 11b 123 12b
Date 09.09.2016 | 02.09.2016 | 09.09.2016
Slurry B1-6% B1-6% B1-6%
Density [g/cm3] 1.0356 1.0351 1.0356
\[(,ile/'ﬁgo'”t (ball harp) 58.51 58.52 58.51

tm1000 51 49 51
Marsh time [s] tm1500 100 101 100

f;'ta 49 52 49
pH [-] 9.81 9.88 9.81
Dynamic viscosity [N/m?] 4.4 5.9 4.4
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A.1.4 Properties of slurries — Case B

Experiment name la Ib Ic lla lib llc
Date 19.07.20 | 21.07.20 | 26.07.20 | 14.09.20 | 10.04.20 | 10.04.20
16 16 16 16 18 18
Slurry B1-6% | B16% | Bl16% | Bl6% | B16% | B16%
Density [g/cm?] 1.0338 | 1.0341 1.034 | 1.0358 | 1.036 1.036
Yield point (ball harp) 58.5 58.5 58.5 58.5 57.74 57.74
[N/m?]
tm1000 50 50 51 48 66 66
Marsh time [s] | fm1500 | 105 96 101 86 155 155
?;'ta 55 46 50 38 89 89
oH [] 9.4 9.43 9.89 9.86 10.7 10.7
Dynamic viscosity [N/m?] 5.5 4.5 5 2.5 7 7
Experiment name lla b lc IVa IVb IVc
Date 30.08.20 | 01.09.20 | 12.09.20 | 24.11.20 | 27.11.20 | 27.11.20
16 16 16 17 17 17
Slurry B1-6% | Bl16% | B16% | B16% | Bl6% | B1-6%
Density [g/cm?] 1.0332 | 1.0359 | 1.0312 | 1.036 1.035 1.035
\[(,ile/':jgo'”t (ball harp) 69.04 58.5 58.6 57.74 57.75 57.75
tm1000 63 53 50 66 74 74
Marsh time [s] |IM1500 [ 133 99 97 149 185 185
?;'ta 70 47 47 83 111 111
oH [] 9.81 9.86 9.87 9.29 9.28 9.28
Dynamic viscosity [N/m?] 5 4 4.5 5.5 7 7
Experiment name Va Vb Vc Via Vib Vic
Date 10.01.20 | 10.01.20 | 16.01.20 | 16.01.20 | 16.01.20 | 23.01.20
18 18 18 18 18 18
Slurry B1-6% | B1-6% | Bl16% | Bl16% | B1-6% | B1-6%
Density [g/cm®] 1.036 1.036 1.044 1.044 1.044 1.038
Yield point (ball harp) 57.74 57.74 57.67 57.67 57.67 57.72
[N/m?]
tm1000 64 64 62 62 62 58
Marsh time [s] | fm1500 | 144 144 132 132 132 119
?;'ta 80 80 70 70 70 61
oH [ 9.16 9.16 9.03 9.03 9.03 8.75
Dynamic viscosity [N/m?] 5 5 4 4 4 5
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Experiment name Vila Viib Vilia Vilib
Date 04.05.2017 | 04.05.2017 | 10.05.2017 | 10.05.2017
Slurry B1-6% B1-6% B1-6% B1-6%
Density [g/cm?] 1.039 1.039 1.038 1.038
Yield point (ball harp) 47.87 47.87 47.87 47.87
[N/m?]
tm1000 53 53 54 54
Marsh time [s] Lm|1500 118 118 116 116
elta 66 66 63 63
tm
pH [-] 10.81 10.81 10.76 10.76
Dynamic viscosity [N/m?] 6.5 6.5 6 6
Experiment name r-la r-lb r-lc r-lla r-1llb r-lic
Date 29.11.20 | 29.11.20 | 04.12.20 | 18.12.20 | 18.12.20 | 18.12.20
17 17 17 17 17 17
Slurry B1-6% | B1-6% | BL-6% | B1-6% | Bl1-6% | Bl-6%
Density [g/cm?] 1.041 1.041 1.043 1.039 1.039 1.039
Yield point (ball harp) 57.69 57.69 57.4 57.71 57.71 57.71
[N/m?]
tm1000 70 70 68 67 67 67
Marsh time [s] 2m|1500 174 174 176 176 176 176
t;ta 104 104 108 109 109 109
pH [] 9.26 9.26 9.28 9.35 9.35 9.35
Dynamic viscosity [N/m?] 7.8 7.8 8.1 8.1 8.1 8.1
Experiment name r-llla r-llb r-lllc r-Va r-Vb r-Vc
Date 13.12.20 | 13.12.20 | 13.12.20 | 23.01.20 | 23.01.20 | 24.01.20
17 17 17 18 18 18
Slurry B1-6% | B1-6% | BL-6% | B1-6% | B1-6% | Bl-6%
Density [g/cm?] 1.04 1.04 1.04 1.038 1.038 1.048
Yield poi Il'h
leld point (ball harp) 57.7 57.7 57.7 57.72 57.72 57.63
[N/m?]
tm1000 66 66 66 58 58 58
Marsh time [s] Zlmllsoo 174 174 174 119 119 120
elta 108 108 108 61 61 62
tm
pH [] 9.3 9.3 9.3 8.75 8.75 8.99
Dynamic viscosity [N/m?] 8 8 8 5 5 5.2
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Experiment name r-Via r-Vib r-Vic
Date 24.01.2018 24.01.2018 30.01.2018
Slurry B1-6% B1-6% Bl-6%
Density [g/cm3] 1.048 1.048 1.045
Yield 2pomt (ball harp) 5763 5763 5766
[N/m?]
tm1000 58 58 59
Marsh time [s] ';m|1500 120 120 127
elta 62 62 68
tm
pH [-] 8.99 8.99 9.35
Dynamic viscosity [N/m?] 5.2 5.2 43
Experiment name rc-la rc-1b rc-lc rc-lla rc-lib rc-llc
Date 22.03.20 | 23.03.20 | 30.03.20 | 08.02.20 | 21.02.20 | 02.03.20
17 17 17 17 17 17
Slurry Bl1-6% Bl-6% B1-6% B1-6% Bl -6% B1-6%
Density [g/cm3] 1.038 1.0387 1.039 1.0397 1.038 1.038
F;:jtigomt (ball harp) 47.88 47.87 47.87 47.89 47.878 | 47.878
tm1000 49 53 59 50 49 48
Marsh time [s] ;cjm|1500 116 118 120 124 111 116
elta 67 65 61 74 62 68
tm
pH [-] 10.51 10.81 10.8 10.56 10.49 10.51
Dynamic viscosity [N/m?] 7 6.5 4.5 8.1 7 8
Experiment name rc-Illla rc-llib rc-llic rc-1Va rc-IVb rc-1Vc
Date 21.02.20 | 21.02.20 | 06.06.20 | 19.02.20 | 20.02.20 | 20.02.20
18 18 18 18 18 18
Slurry B1-6% B1-6% Bl -6% B1-6% B1-6% B1-6%
Density [g/cm3] 1.031 1.031 1.032 1.035 1.031 1.031
i i IIh
Yield point (ball harp) 57,78 57,78 58.55 48.34 57,78 57,78
[N/m?]
tm1000 90 90 114 82 96 96
not not not not not not
Marsh time [S] tm1500 determinable determinable determinable determinable determinable determinable
delta not not not not not not
tm determinable determinable determinable determinable determinable determinable
pH [-] 10.61 10.61 10.4 10.69 10.75 10.75
Dynamic ViSCOSity [N/mz] deterrr]':itnable deterr::itnable deterr:T?itnable deterr::itnable deter?r?itnable deterrr]T?itnable
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A.2 Case A tests

Tests for the investigation of slurry-soil interaction for a shallow slurry penetration

were introduced in chapter 6.

A.2.1 Setup and testing procedure

i Soil cylinder Back-pressure | d — o .
e r— cylinder T
Slurry cyllnderA 4 e —— [—
v ! Computer
& ; | ] A L :
E _—
Manometer 1 ; : k N\
e
Manometer 2
Scale

Figure A-2-1: Photo of set-up for the testing of shallow slurry penetration — Case A (Variant
with back-pressure)

]

Soil cylinder
(@ 20cm)

¥ g e

Grid I_

Soil filter —_{

Slurry cylinder
(@ 20cm)

Soil sample
Soil filter A

Grid —3

ﬁ
EF [PWD2 | %

10cm

Free surface
outflow
reservoir

scale

Figure A-2-2: Schema of set-up for the testing of shallow slurry penetration — Case A
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Soil cylinder
(@ 20cm)

S

Grid

Soil filter —_{

Slurry cylinder
(@ 20cm)

Partially filled

Soil sample with water

e ] 12
o
3 Rl

Grid -2

Cewor H R

pressure (@ 20cm)

i Outflow reservoir with back-
D‘\\

\ scale

Figure A-2-3: Schema of set-up for the testing of shallow slurry penetration — Case A with
the back-pressure

Equipment

e 1slurrycylinder

1 soil cylinder
e 1 bucket/outflow cylinder
e 2 grids (the grids are similar to those visualized in Figure A-3-5)
e 2 pipes
e 1-2 computer connected scales*
e 1 stopwatch
e 1 computer
e 2video cameras + tripods
e 1-2 manometers for pressure steering*
e 3-4 pore water pressure sensors (PWD)* connected to the computer
*depends on variant with/without back-pressure
Preparation
1. Slurry mixing 24 hour before the experiment
2. Check of slurry properties the day before the test starts

3. Installation of bottom grid at bottom of soil cylinder
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8.
0.

Installation of bottom filter soil and compaction to the prescribed porosity
Installation of soil sample and compaction to the prescribed porosity

Installation of bottom filter soil and compaction to the prescribed porosity

. Connecting all pipes between cylinders

Water saturation of the cylinder for 45-60 minutes

Water permeability test

10.Slow pumping of slurry up to the interface between filter soil and investigated

soil sample

Procedure

11.Opening valve and starting of slurry penetration

12.Recording of the outflow from the set-up by scale and monitoring of pore

water pressure in the set-up every 0.25 s, recording the slurry levels in the
cylinder by camera

13.End of the experiment after minimally 15 minutes

14.Visual determination of the maximal slurry penetration depth during

dismantling
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A.2.2 Testing protocols

Date:| 14.07.2017 | 14.07.2017 | 14.07.2017

Experiment No: la 1b 1c
Installation of the test soil
Grain size of the test soil [mm] 0.25-0.50 0.25-0.50 0.25-0.50
Grain size of the filter bottom [mm] 2-4 2-4 2-4
Grain size of the filter top [mm)] 2-4 2-4 2-4
Weight of the installed test soil [kg] 4.94 494 4.94
Weight of the installed filter bottom [kg] 1.16 1.45 1.31
Weight of the installed filter top [kg] 8.45 8.53 8.36
Height of the installed test soil [m] 0.100 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.175 0.175 0.175
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%)] 5.5 5.5 5.5
Date of mixing 13.07.2017 | 13.07.2017 | 13.07.2017
pH-value [-] 9.81 9.81 9.81
Density of the slurry [g/cm?3] 1.031 1.031 1.031
Marsh-time tM,1000 [s] 68 68 68
Marsh-time tM,1500 [s] 179 179 179
Ball harp number 9 9 9
(stat.) Yield point [N/m?] 58.56 58.56 58.56
Water permeability test
Injection pressure [bar] 0.2 0.2 0.2
Back presure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 60.5 60.2 59.5
Filling level in the slurry cylinder at the end [cm] 9.4 12.5 12.5
Time of experiment [s] 178 203 169
Outflow [kg] 15.93 14.85 14.65
Slurry permeability test
Injection pressure [bar] 0.2 0.2 0.2
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 52.5 52.7 49
Filling level in the slurry cylinder at the end [cm] 48 48.7 44.6

Slurry at top test soil [s]

not reached

not reached

not reached

Slurry at top filter [s]

not reached

not reached

not reached

Time of experiment [s] 1140 1080 960
Outflow [kg] 1.396 1.229 1.26
Penetration depth [cm] 0.8 0.5 0.6
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Date: | 05.07.2016 | 13.07.2016 | 20.07.2016

Experiment No: 2a 2b 2c
Installation of the test soil
Grain size of the test soil [mm] 0.25-0.50 0.25-0.50 0.25-0.50
Grain size of the filter bottom [mm] 2-4 2-4 2-4
Grain size of the filter top [mm] 2-4 2-4 2-4
Weight of the installed test soil [kg] 4.94 494 494
Weight of the installed filter bottom [kg] 1.35 1.5 1.59
Weight of the installed filter top [kg] 8.34 8.32 8.6
Height of the installed test soil [m] 0.100 0.1 0.1
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.175 0.175 0.175
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 04.07.2016 | 12.07.2016 | 19.07.2016
pH-value [-] 9.85 9.45 9.4
Density of the slurry [g/cm3] 1.034 1.034 1.034
Marsh-time tM, 1000 [s] 50 48 50
Marsh-time tM, 1500 [s] 99 95 105
Ball harp number 8/9/9 9 9
(stat.) Yield point [N/m?] 54.98 58.54 58.53
Water permeability test
Injection pressure [bar] 0.3 0.3 0.3
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 59.1 55.7 58
Filling level in the slurry cylinder at the end [cm] 7.5 5.9 9.6
Time of experiment [s] 119 111 114
Outflow [kg] 16.07 15.54 15.14
Slurry permeability test
Injection pressure [bar] 0.3 0.3 0.3
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 50.8 47 40.7
Filling level in the slurry cylinder at the end [cm] 45.9 41.8 36

Slurry at top test soil [s]

not reached

not reached

not reached

Slurry at top filter [s]

not reached

not reached

not reached

Time of experiment [s] 1200 1200 1200
Outflow [kg] 0.28 0.31 0.34
Penetration depth [cm] 1.5 1.2 1.4
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Date: | 13.07.2016 | 15.07.2016 | 20.07.2016

Experiment No: 4a 4b 4c
Installation of the test soil
Grain size of the test soil [mm] 0.25-0.50 0.25-0.50 0.25-0.50
Grain size of the filter bottom [mm] 2-4 2-4 2-4
Grain size of the filter top [mm] 2-4 2-4 2-4
Weight of the installed test soil [kg] 4.94 494 494
Weight of the installed filter bottom [kg] 1.49 1.26 1.54
Weight of the installed filter top [kg] 8.58 8.62 8.63
Height of the installed test soil [m] 0.100 0.1 0.1
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.175 0.175 0.175
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 12.07.2016 | 14.07.2016 | 19.07.2016
pH-value [-] 9.45 9.4 9.4
Density of the slurry [g/cm3] 1.034 1.035 1.034
Marsh-time tM, 1000 [s] 48 54 50
Marsh-time tM, 1500 [s] 95 106 105
Ball harp number 9 8 9
(stat.) Yield point [N/m?] 58.54 47.9 58.53
Water permeability test
Injection pressure [bar] 0.7 0.7 0.7
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 60 62.5 59.9
Filling level in the slurry cylinder at the end [cm] 6 0.5 7.5
Time of experiment [s] 86 60 85
Outflow [kg] 16.77 19.67 16.29
Slurry permeability test
Injection pressure [bar] 0.7 0.7 0.7
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 53.5 45 44
Filling level in the slurry cylinder at the end [cm] 49.9 34.6 39.5

Slurry at top test soil [s]

not reached

not reached

not reached

Slurry at top filter [s]

not reached

not reached

not reached

Time of experiment [s] 1200 1200 1200
Outflow [kg] 0.67 0.61 0.19
Penetration depth [cm] 2.5 2.7 2.5
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Date: | 06.09.2017 | 05.09.2017 | 05.09.2017

Experiment No: 5a 5b 5c
Installation of the test soil
Grain size of the test soil [mm] 0.5-1.0 0.5-1.0 0.5-1.0
Grain size of the filter bottom [mm)] 5.6-8 5.6-8 5.6-8
Grain size of the filter top [mm] 5.6-8 5.6-8 5.6-8
Weight of the installed test soil [kg] 4.94 494 494
Weight of the installed filter bottom [kg] 1.06 1.24 1.19
Weight of the installed filter top [kg] 8.59 8.67 9.52
Height of the installed test soil [m] 0.100 0.1 0.1
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.175 0.175 0.175
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 5.5 5.5 5.5
Date of mixing 05,09,2017 | 04.09.2017 | 04.09.2017
pH-value [-] 9.52 9.47 9.47
Density of the slurry [g/cm3] 1.034 1.033 1.033
Marsh-time tM, 1000 [s] 64 72 72
Marsh-time tM, 1500 [s] 168 187 187
Ball harp number 9 9 9
(stat.) Yield point [N/m?] 58.53 58.53 58.525
Water permeability test
Injection pressure [bar] 0.2 0.2 0.2
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 59.5 58.5 59.9
Filling level in the slurry cylinder at the end [cm] 6 13 7.5
Time of experiment [s] 95 102 105
Outflow [kg] 16.712 14.241 16.454
Slurry permeability test
Injection pressure [bar] 0.2 0.2 0.2
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 39.2 52.8 50.4
Filling level in the slurry cylinder at the end [cm] 34.5 48 45.5

Slurry at top test soil [s]

not reached

not reached

not reached

Slurry at top filter [s]

not reached

not reached

not reached

Time of experiment [s] 900 1200 1200
Outflow [kg] 0.218 0.334 0.336
Penetration depth [cm] 0.8 1.2 1
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Date: | 09.02.2016 | 08.06.2016 | 16.06.2016

Experiment No: 6a 6b 6¢
Installation of the test soil
Grain size of the test soil [mm] 0.5-1.0 0.5-1.0 0.5-1.0
Grain size of the filter bottom [mm)] 8.0-16.0 5.6-8 5.6-8
Grain size of the filter top [mm] 8.0-16.0 5.6-8 5.6-8
Weight of the installed test soil [kg] 5.2 494 494
Weight of the installed filter bottom [kg] 1.33 1.59 1.59
Weight of the installed filter top [kg] 7.55 8.46 8.60
Height of the installed test soil [m] 0.100 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.155 0.175 0.175
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 08.02.2016 | 07.06.2016 | 15.06.2016
pH-value [-] 10.32 9.84 9.85
Density of the slurry [g/cm3] 1.037 1.039 1.038
Marsh-time tM, 1000 [s] 54 51 52
Marsh-time tM, 1500 [s] 114 114 104
Ball harp number 8 9 9
(stat.) Yield point [N/m?] 47.92 58.49 58.5
Water permeability test
Injection pressure [bar] 0.3 0.3 0.3
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 61.1 58.4
Filling level in the slurry cylinder at the end [cm] 6.8 6
Time of experiment [s] 36 92
Outflow [kg] 16.94 16.33
Slurry permeability test
Injection pressure [bar] 0.3 0.3 0.3
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 22.2 40.4 35
Filling level in the slurry cylinder at the end [cm] 19 34 29.6
Slurry at top test soil [s] 6 not reached | not reached
Slurry at top filter [s] 540 not reached | not reached
Time of experiment [s] 2700 1260 1415
Outflow [kg] 0.93 0.26 0.42
Penetration depth [cm] >10 7.5 3.2
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Date: | 16.06.2016 | 09.02.2016 | 08.06.2016

Experiment No: 7a 7b 7c
Installation of the test soil
Grain size of the test soil [mm] 0.5-1.0 0.5-1.0 0.5-1.0
Grain size of the filter bottom [mm)] 5,6-8 8,0-16,0 5,6-8
Grain size of the filter top [mm] 5,6-8 8,0-16,0 5,6-8
Weight of the installed test soil [kg] 4.94 5.2 494
Weight of the installed filter bottom [kg] 1.59 1.33 1.66
Weight of the installed filter top [kg] 8.6 7.55 8.43
Height of the installed test soil [m] 0.100 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.175 0.155 0.175
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 15.06.2016 | 08.02.2016 | 07.06.2016
pH-value [-] 9.85 10.32 9.84
Density of the slurry [g/cm3] 1.038 1.037 1.039
Marsh-time tM, 1000 [s] 52 54 51
Marsh-time tM,1500 [s] 104 114 114
Ball harp number 9 8 9
(stat.) Yield point [N/m?] 58.5 47.92 58.49
Water permeability test
Injection pressure [bar] 0.5 0.5 0.5
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 56.9 59.7
Filling level in the slurry cylinder at the end [cm] 5.5 4.6
Time of experiment [s] 52 55
Outflow [kg] 16.1 17.05
Slurry permeability test
Injection pressure [bar] 0.5 0.5 0.5
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 49.1 46.2 41.3
Filling level in the slurry cylinder at the end [cm] 38.1 41.9 29.6
Slurry at top test soil [s] 6 10 6
Slurry at top filter [s] not reached 14 not reached
Time of experiment [s] 1320 1200 1560
Outflow [kg] 1.73 1.23 1.69
Penetration depth [cm] >10 >10 >10
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Date: | 29.06.2016 | 08.06.2016 | 17.02.2016

Experiment No: 8a 8b 8c
Installation of the test soil
Grain size of the test soil [mm] 0.5-1.0 0.5-1.0 0.5-1.0
Grain size of the filter bottom [mm)] 5,6-8 5,6-8 8,0-16,0
Grain size of the filter top [mm] 5,6-8 5,6-8 8,0-16,0
Weight of the installed test soil [kg] 4.94 4,94 5.2
Weight of the installed filter bottom [kg] 1.63 1.61 1.33
Weight of the installed filter top [kg] 8.32 8.63 7.55
Height of the installed test soil [m] 0.100 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.175 0.175 0.155
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 28.06.2016 | 07.06.2016 | 16,02.2016
pH-value [-] 9.32 9.84 not measured
Density of the slurry [g/cm3] 1.039 1.039 1.033
Marsh-time tM, 1000 [s] 51 51 55
Marsh-time tM,1500 [s] 109 114 116
Ball harp number 9 9 9
(stat.) Yield point [N/m?] 58.48 58.49 58.54
Water permeability test
Injection pressure [bar] 0.7 0.7 0.7
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 58.2 58.7
Filling level in the slurry cylinder at the end [cm] 6 6.2
Time of experiment [s] 76 17
Outflow [kg] 16.29 16.47
Slurry permeability test
Injection pressure [bar] 0.7 0.7 0.7
Back pressure [bar] 0 0 0
Filling level in the slurry cylinder at the start [cm] 44.7 43.6 12.9
Filling level in the slurry cylinder at the end [cm] 25.7 233 7.3
Slurry at top test soil [s] 5 3 15
Slurry at top filter [s] 7 not reached | not reached
Time of experiment [s] 1320 1200 900
Outflow [kg] 434 4,57 1.52
Penetration depth [cm] >10 >10 >10




Appendix A-19
Date: | 24.08.2016 | 25.08.2016 | 26.08.2016

Experiment No: 9a 9b 9¢
Installation of the test soil
Grain size of the test soil [mm] 0.5-1.0 0.5-1.0 0.5-1.0
Grain size of the filter bottom [mm)] 5,6-8 5,6-8 5,6-8
Grain size of the filter top [mm] 5,6-8 5,6-8 5,6-8
Weight of the installed test soil [kg] 4.94 494 494
Weight of the installed filter bottom [kg] 1.22 1.36 1.40
Weight of the installed filter top [kg] 8.96 8.81 8.76
Height of the installed test soil [m] 0.100 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025 0.025
Height of the installed filter top [m] 0.175 0.175 0.155
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%)] 6 6 6
Date of mixing 23.08.2016 | 24.08.2016 | 25.08.2016
pH-value [-] 9.4 9.85 9.4
Density of the slurry [g/cm3] 1.033 1.035 1.033
Marsh-time tM, 1000 [s] 49 50 50
Marsh-time tM,1500 [s] 105 98 104
Ball harp number 9 9 9
(stat.) Yield point [N/m?] 58.54 58.52 58.54
Water permeability test
Injection pressure [bar] 1 1 1
Back pressure [bar] 0.57 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 60 59.3 60
Filling level in the slurry cylinder at the end [cm] 3.6 4.2 3.4
Filling level in the bp-cylinder at the start [cm] 14 14 14
Filling level in the bp-cylinder at the end [cm)] 42.8 45 44.1
Time of experiment [s] 110 89 90
Outflow [kg] 16.2 17.05 17.2
Slurry permeability test
Injection pressure [bar] 1 1 1
Back pressure [bar] 0.57 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 48 47.5 49.6
Filling level in the bp-cylinder at the start [cm] 325 38 40
Filling level in the bp-cylinder at the end [cm] 14 14 14
Filling level in the slurry cylinder at the end [cm] 19.9 18.5 18.7
Slurry at top test soil [s] 2 2 2
Slurry at top filter [s] not reached | notreached | not reached
Time of experiment [s] 1140 1200 1200
Outflow [kg] 1.35 1.6 1.65
Penetration depth [cm] >10 >10 >10
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Date: | 31.08.2016 | 08.09.2016

Experiment No: 10a 10b
Installation of the test soil
Grain size of the test soil [mm] 0,25-0,50 0,25-0,50
Grain size of the filter bottom [mm] 2-4 2-4
Grain size of the filter top [mm] 2-4 2-4
Weight of the installed test soil [kg] 4.94 494
Weight of the installed filter bottom [kg] 1.34 1.25
Weight of the installed filter top [kg] 8.71 8.48
Height of the installed test soil [m] 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025
Height of the installed filter top [m] 0.175 0.175
Slurry properties
Type of bentonite B1 B1
Concentration [%)] 6 6
Date of mixing 30.08.2016 | 07.09.2016
pH-value [-] 9.9 9.74
Density of the slurry [g/cm3] 1.034 1.035
Marsh-time tM, 1000 [s] 50 50
Marsh-time tM,1500 [s] 97 100
Ball harp number 9 9
(stat.) Yield point [N/m?] 58.79 58.52
Water permeability test
Injection pressure [bar] 0.8 0.8
Back pressure [bar] 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 60.3 64.3
Filling level in the slurry cylinder at the end [cm] 7 12.8
Filling level in the bp-cylinder at the start [cm] 14 14
Filling level in the bp-cylinder at the end [cm)] 27.01 40.5
Time of experiment [s] 90 107
Outflow [kg] 16.35 15.55
Slurry permeability test
Injection pressure [bar] 1 1
Back pressure [bar] 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 51 56.6
Filling level in the bp-cylinder at the start [cm] 45.6 507
Filling level in the bp-cylinder at the end [cm] 14 14
Filling level in the slurry cylinder at the end [cm] 16.8 16.9

Slurry at top test soil [s]

not reached

not reached

Slurry at top filter [s]

not reached

not reached

Time of experiment [s] 1200 1200
Outflow [kg] 0.35 0.55
Penetration depth [cm] 1.2 1.2
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Date: | 01.09.2016 | 09.09.2016

Experiment No: 11a 11b
Installation of the test soil
Grain size of the test soil [mm] 0,25-0,50 0,25-0,50
Grain size of the filter bottom [mm] 2-4 2-4
Grain size of the filter top [mm] 2-4 2-4
Weight of the installed test soil [kg] 4.94 494
Weight of the installed filter bottom [kg] 1.52 1.31
Weight of the installed filter top [kg] 8.39 8.69
Height of the installed test soil [m] 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025
Height of the installed filter top [m] 0.175 0.175
Slurry properties
Type of bentonite B1 B1
Concentration [%)] 6 6
Date of mixing 31.08.2016 | 08.09.2016
pH-value [-] 9.86 9.81
Density of the slurry [g/cm3] 1.036 1.036
Marsh-time tM,1000 [s] 53 51
Marsh-time tM,1500 [s] 99 100
Ball harp number 9 9
(stat.) Yield point [N/m?] 58.51 58.51
Water permeability test
Injection pressure [bar] 1 1
Back pressure [bar] 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 62.2 61.1
Filling level in the slurry cylinder at the end [cm] 10 9.6
Filling level in the bp-cylinder at the start [cm] 14 14
Filling level in the bp-cylinder at the end [cm)] 41.3 40.5
Time of experiment [s] 101 99
Outflow [kg] 15.9 15.6
Slurry permeability test
Injection pressure [bar] 1 1
Back pressure [bar] 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 57.4 57
Filling level in the bp-cylinder at the start [cm] 52.5 50.8
Filling level in the bp-cylinder at the end [cm] 14 14
Filling level in the slurry cylinder at the end [cm] 16.25 16.3

Slurry at top test soil [s]

not reached

not reached

Slurry at top filter [s]

not reached

not reached

Time of experiment [s] 1200 1200
Outflow [kg] 0.3 0.4
Penetration depth [cm] 2 2
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Date: | 02.09.2016 | 09.09.2016

Experiment No: 12a 12b
Installation of the test soil
Grain size of the test soil [mm] 0,25-0,50 0,25-0,50
Grain size of the filter bottom [mm] 2-4 2-4
Grain size of the filter top [mm] 2-4 2-4
Weight of the installed test soil [kg] 4.94 494
Weight of the installed filter bottom [kg] 1.32 1.31
Weight of the installed filter top [kg] 8.6 8.56
Height of the installed test soil [m] 0.100 0.100
Height of the installed filter bottom [m] 0.025 0.025
Height of the installed filter top [m] 0.175 0.175
Slurry properties
Type of bentonite B1 B1
Concentration [%] 6 6
Date of mixing 01.09.2016 | 08.09.2016
pH-value [-] 9.88 9.81
Density of the slurry [g/cm3] 1.035 1.036
Marsh-time tM,1000 [s] 49 51
Marsh-time tM, 1500 [s] 101 100
Ball harp number 9 9
(stat.) Yield point [N/m?] 58.52 58.51
Water permeability test
Injection pressure [bar] 1.2 1.2
Back pressure [bar] 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 64 62
Filling level in the slurry cylinder at the end [cm] 9.8 6
Filling level in the bp-cylinder at the start [cm] 14 14
Filling level in the bp-cylinder at the end [cm)] 39.1 44
Time of experiment [s] 87 88
Outflow [kg] 15.05 17.1
Slurry permeability test
Injection pressure [bar] 1.2 1.2
Back pressure [bar] 0.57 0.57
Filling level in the slurry cylinder at the start [cm] 50.5 48.8
Filling level in the bp-cylinder at the start [cm] 44.5 42.3
Filling level in the bp-cylinder at the end [cm] 14 14
Filling level in the slurry cylinder at the end [cm] 16.6 17.1

Slurry at top test soil [s]

not reached

not reached

Slurry at top filter [s]

not reached

not reached

Time of experiment [s] 1200 1200
Outflow [kg] 0.3 0.75
Penetration depth [cm] 2 2.4
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A.2.3 Diagrams

A.2.3.1 Time-dependent slurry penetration
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Figure A-2-4: Slurry penetration depth in combination 1
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Figure A-2-8: Slurry penetration depth in combination 5
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Figure A-2-11: Slurry penetration depth in combination 10

0.050

0.040

0.030

0.020

0.010

0.000

Slurry penetration depth [m]

[ - = =11a-0.25-0.5 mm, 0.7 bar, 0.41, B1 6% -BP

[ e 11b - 0.25-0.5 mm, 0.7 bar, 0.41, B1 6% -BP

i J‘_",";"_":'L"_"'_";"_"'_' ____________________

-, :..

r

0 10 20 30 40 50 60
Time [s]

Figure A-2-12: Slurry penetration depth in combination 11



A-26 Appendix

A.2.3.2 Time-dependent development of permeability coefficient of soil for slurry
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Figure A-2-15: Permeability coefficient development in combination 3
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Figure A-2-17: Permeability coefficient development in combination 5

Time [m/s]
0 10 20 30 40 50 60

E‘ 1.E-01 T T T T T T v T . T . '
E i | - - -6a-0.5-1.0 mm, 0.3 bar, 0.41, B1 6%
= o3 veeeee=6b-0.5-1.0 mm, 0.3 bar, 0.41, B1 6%
= 6¢ - 0.5-1.0 mm, 0.3 bar, 0.41, B1 6%
8 1.E-04
[8)
Z L1EO05 |
() - -o........,...._
€ 1e07 } ST TN e e
(]
[a W

1.E-08 =

Figure A-2-18: Permeability coefficient development in combination 6



A-28 Appendix

\

1LE06 | % RV

Time [s]
— 0 10 20 30 40 50 60
g 1.E-01 r r r r . r . r . T T \
g 1E02 I?\' - = =7a-0.5-1.0 mm, 0.5 bar, 0.41, B1 6%
S 1E-03 seseese7b -0.5-1.0 mm, 0.5 bar, 0.41, B1 6%
T ' 7c-0.5-1.0 mm, 0.5 bar, 0.41, B1 6%
3 1.E-04
=
= 1.E-05
0
O
Q
£
(]
o

1.E'07 L ."0.0...0.......

1608 L
Figure A-2-19: Permeability coefficient development in combination 7

Time [s]
. 0 10 20 30 40 50 60
é 1.E-01 r ' r ' r r r r ,
‘g 1.E-02 - = =8a-0.5-1.0 mm, 0.7 bar, 0.41, B1 6%
Q2 eeseese8b -0.5-1.0 mm, 0.7 bar, 0.41, B1 6%
Q‘_: 1.E-03
5 8c-0.5-1.0 mm, 0.7 bar, 0.41, B1 6%
o) 1.E-04
o
> .
= 1.E-05 Tteeeennn....,
5 _____---';"-'oo-.o;no--o-..,.........coo-o-c-.-o-co.
S 1E06F 090N TTTTTmEmmmsmmms=m-=-
€
] 1.E-07 F e ——
o
1.E-08 *~

Figure A-2-20: Permeability coefficient development in combination 8
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Figure A-2-21: Permeability coefficient development in combination 9
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A.3 Case B — column tests

Tests for the investigation of slurry-soil interaction for a deep slurry penetration (Case

B) were introduced in chapter 7.

A.3.1 Set-up and testing procedure
A.3.1.1 Set-up

A
Slurry cyllnder

-
- -
=

Figure A-3-1: Photo of set-up for the testing of deep slurry penetration — Case B
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Figure A-3-2: Schema of set-up for the testing of deep slurry penetration — Case B
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Figure A-3-3: Schema of set-up for the testing of deep slurry penetration — Case B with back-
pressure

Total stress sensor Pore pressure
(W2) transducer (PWD)

Outflow
reservoir on a
scale

Slurry cylinder

Figure A-3-4: Detailed view on the components of set-up for the testing of deep slurry
penetration — Case B
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The plastic grid and the wired mesh fixing the soil ~ The plastic grid and the wired mesh fixing the soil
sample atthe bottom of the cylinder sample atthe top of the cylinder

Figure A-3-5: Stabilization of the soil sample in the soil cylinder

Screws pushing on the plastic
grid

Figure A-3-6: Location of the screws at the cover of the soil cylinder
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Equipment

1 slurry cylinder

1 soil cylinder

1 bucket/outflow cylinder*

2 grids

2 pipes

4 effective stress regulating screws

1-2 computer connected scales*

2 stopwatches

1 computer

2 video cameras + tripods

1 -2 manometers for pressure steering*
8 pore water pressure sensors (PWD)* connected to the computer

2 total stress sensors (W2Z)

*depends on variant with/without back-pressure

Preparation

1.

2.

8.
9.

Slurry mixing 24 hour before the experiment

Check of slurry properties the day before the test starts

Installation of bottom grid at bottom of soil cylinder

Installation of soil sample and compaction to the prescribed porosity
Installation of the top grid

Connecting all pipes between cylinders

Water saturation of the cylinder for minimally 30 minutes

Adjusting the desired level of effective stress by screws

Water permeability test

10.Slow pumping of slurry up to the interface between the bottom grid and

investigated soil sample (this point can be disregarded, if the methodology
considers the slurry only in the slurry cylinder at the start of the test)
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A.3.1.2  Primary penetration of slurry

Procedure
11.Opening valve and starting of slurry primary penetration

12.Recording of the outflow from the set-up by scale and monitoring of pore
water pressure in the set-up every 0.25 s, recording the slurry levels in the
cylinder by camera

13.End of the experiment after minimally 20 minutes

14.Visual determination of the maximal slurry penetration depth during
dismantling

A.3.1.3  Re-penetration of slurry

Procedure
11.Opening valve and starting of slurry primary penetration

12.Recording of the outflow from the set-up by scale and monitoring of pore
water pressure in the set-up every 0.25 s, recording the slurry levels in the
cylinder by camera

13.The primary slurry penetration takes a defined time
14.Increase of injection pressure by the manometer to desired value
15.Re-penetration during the desired timespan

16. Visual determination of the total maximal slurry penetration depth
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A.3.2 Testing protocols
Experiment No.: la Ib Ic
Date of experiment: 19.07.2016 | 21.07.2016 | 26.07.2016

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?] 1.57 1.57 1.57
Actual bulk density p [g/cm?] 1.57 1.57 1.57
Porosity n: n=1—pq/p [-] 0.41 0.41 0.41
max pd = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min ps = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 51 62.5 58.3
Height of the water in the s-cylinder at the end [cm] 3.5 6.5 4.3
Duration of the experiment [s] 18 21 19
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 18.07.2016 20.07.2016 25.07.2016
pH-value [-] 9.4 9.43 9.89
Density [g/cm?] 1.034 1.03 1.034
Yield point with ball harp [N/m?] 49.67 58.5 58.5
Marsh-time tMiogo [s] 105 50 51
Marsh-time tMaisgo [s] 55 96 101
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the slurry in the s-cylinder before start [cm] 60.5 62.5 65.3
Pressure of the first load cell (WZ1) before start [kPa] 22 13 20
Pressure of the second load cell (WZ2) before start [kPa] 33 27 32
Height of the slurry in the s-cylinder at the end [cm] 35.2 36.7 39.9
Pressure of the first load cell (WZ1) at the end [kPa] 24 23 35
Pressure of the second load cell (WZ2) at the end [kPa] 39 46 37
Slurry penetration depth [cm] 26 27 26
Duration of the experiment [s] 1800 1830 1920
Filtrate volume [kg] 7.66 8.02 7.63
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Experiment No.: lla lib llc
Date of experiment: 14.09.2016 | 10.04.2018 | 10.04.2018

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?3] 1.57 1.57 1.57
Porosity n:n=1-p4/p [-] 0.41 0.41 0.41
max pd = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min pg = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 64 61.6 61.5
Height of the water in the s-cylinder at the end [cm] 4.5 3.3 6.5
Duration of the experiment [s] 63 15 14
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 13.09.2016 | 09.04.2018 | 09.04.2018
pH-value [-] 9.86 10.7 10.7
Density [g/cm?] 1.036 1.036 1.036
Yield point with ball harp [N/m?] 58.5 57.74 57.74
Marsh-time tMiogo [s] 48 66 66
Marsh-time tMaisgo [s] 86 155 155
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the slurry in the s-cylinder before start [cm] 61 61.5 57.9
Pressure of the first load cell (WZ1) before start [kPa] 15 23 18
Pressure of the second load cell (WZ2) before start [kPa] 33 20 22
Height of the slurry in the s-cylinder at the end [cm] 40 40 26.6
Pressure of the first load cell (WZ1) at the end [kPa] 53 67 59
Pressure of the second load cell (WZ2) at the end [kPa] 45 48 48
Slurry penetration depth [cm] 28 22.5 225
Duration of the experiment [s] 1830 1260 1260
Filtrate volume [kg] 8.13 6.39 6.05
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Experiment No.: lla b lllc
Date of experiment: | 30.08.2016 | 01.09.2016 | 12.09.2016

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?3] 1.57 1.57 1.57
Porosity n:n=1-p4/p [-] 0.41 0.41 0.41
max pd = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min pg = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 1 1 1
Back-Pressure [bar] 0.57 0.57 0.57
Height of the water in the s-cylinder before start[cm] 58.5 60 60.2
Height of the water in the s-cylinder at the end [cm] 4.2 4.5 2.5
Duration of the experiment [s] 26 26 26
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 29.08.2016 31.08.2016 11.09.2016
pH-value [-] 9.81 9.86 9.87
Density [g/cm?] 1.1033 1.036 1.031
Yield point with ball harp [N/m?] 69.04 58.5 58.6
Marsh-time tM1o000 [s] 63.33 53 50
Marsh-time tMaisgo [s] 133 99 97
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 1 1 1
Back-Pressure [bar] 0.57 0.57 0.57
Height of the slurry in the s-cylinder before start [cm] 67.6 66 65.8
Pressure of the first load cell (WZ1) before start [kPa] 75 70 61
Pressure of the second load cell (WZ2) before start [kPa] 73 72 59
Height of the slurry in the s-cylinder at the end [cm] 49.8 45 43
Pressure of the first load cell (WZ1) at the end [kPa] 106 80 38
Pressure of the second load cell (WZ2) at the end [kPa] 95 88 52
Slurry penetration depth [cm] 15 19 23
Duration of the experiment [s] 1830 1830 1830
Filtrate volume [kg] 5.45 6.40 7.35




A-38

Appendix

Experiment No.: IVa IVb IVc
Date of experiment: | 24.11.2017 | 27.11.2017 | 27.11.2017

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?3] 1.57 1.57 1.57
Porosity n:n=1-p4/p [-] 0.41 0.41 0.41
max pd = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min pg = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 58.3 64 68
Height of the water in the s-cylinder at the end [cm] 8.2 8.6 9.6
Duration of the experiment [s] 19 24 30
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 23.11.2017 26.11.2017 26.11.2017
pH-value [-] 9.29 9.28 9.28
Density [g/cm?] 1.036 1.035 1.035
Yield point with ball harp [N/m?] 57.74 57.75 57.75
Marsh-time tMiogo [s] 66 74 74
Marsh-time tMsoo [s] 149 111 111
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the slurry in the s-cylinder before start [cm] 58.3 61.4 59.9
Pressure of the first load cell (WZ1) before start [kPa] 24 13 30
Pressure of the second load cell (WZ2) before start [kPa] 20 11 21
Height of the slurry in the s-cylinder at the end [cm] 41.3 433 42.9
Pressure of the first load cell (WZ1) at the end [kPa] 58 47 73
Pressure of the second load cell (WZ2) at the end [kPa] 46 31 39
Slurry penetration depth [cm] 22 22 215
Duration of the experiment [s] 1320 1200 1800
Filtrate volume [kg] 491 7.11 6.87
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Experiment No.: Va Vb Vc
Date of experiment: 10.01.2018 | 10.01.2018 | 16.01.2018

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?3] 1.57 1.57 1.57
Porosity n:n=1-p4/p [-] 0.41 0.41 0.41
max pd = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min pg = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0,3 0,3 0,3
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 58,5 66 64.1
Height of the water in the s-cylinder at the end [cm] 2,3 9.7 18
Duration of the experiment [s] 23 24 19
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 09.01.2018 | 09.01.2018 15.01.2018
pH-value [-] 9,16 9,16 9.03
Density [g/cm?] 1.036 1.036 1.044
Yield point with ball harp [N/m?] 57,74 57,74 58.442
Marsh-time tMiogo [s] 64 64 62
Marsh-time tMisoo [s] 144 144 132
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.3 0.3 0.3
Back-Pressure [bar] 0 0 0
Height of the slurry in the s-cylinder before start [cm] 60,3 50 50
Pressure of the first load cell (WZ1) before start [kPa] 20 29 16
Pressure of the second load cell (WZ2) before start [kPa] 23 29 16
Height of the slurry in the s-cylinder at the end [cm] 50,2 42.5 42.5
Pressure of the first load cell (WZ1) at the end [kPa] 46 51 35
Pressure of the second load cell (WZ2) at the end [kPa] 37 32 25
Slurry penetration depth [cm] 15 11 9.5
Duration of the experiment [s] 1200 1260 1200
Filtrate volume [kg] 4.43 4.01 3.86
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Experiment No.: Via Vib Vic
Date of experiment: 16.01.2018 | 16.01.2018 | 23.01.2018

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?3] 1.57 1.57 1.57
Porosity n:n=1-p4/p [-] 0.41 0.41 0.41
max pd = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min pg = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0,3 0.7 0.7
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 62.1 66 64
Height of the water in the s-cylinder at the end [cm] 11 10 10.2
Duration of the experiment [s] 21 15 13
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 15.01.2018 15.01.2018 22.01.2018
pH-value [-] 9.03 9.03 8.75
Density [g/cm?] 1.044 1.044 1.038
Yield point with ball harp [N/m?] 58.442 58.442 58.494
Marsh-time tMiogo [s] 62 62 58
Marsh-time tMisoo [s] 132 132 119
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.7 0.7 0.7
Back-Pressure [bar] 0 0 0
Height of the slurry in the s-cylinder before start [cm] 52.4 60.7 54.5
Pressure of the first load cell (WZ1) before start [kPa] 24 20 21
Pressure of the second load cell (WZ2) before start [kPa] 23 21 19
Height of the slurry in the s-cylinder at the end [cm] 26.5 36.8 30.8
Pressure of the first load cell (WZ1) at the end [kPa] 70 76 70
Pressure of the second load cell (WZ2) at the end [kPa] 57 63 68
Slurry penetration depth [cm] 30.5 30 30.5
Duration of the experiment [s] 1200 1200 1200
Filtrate volume [kg] 9.48 9.05 8.54
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Experiment No.: Vila Vilb
Date of experiment: 10.05.2017 | 10.05.2017

Soil properties
Grain size of the soil [mm] 0,063-4,0 0,063-4,0
Number of installed layers 4 4
Height of layers [cm] 0.1 0.1
Actual weight of soil sample [kg] 37.78 37.78
Height of the soil sample [cm] 39.5 39.5
Density of the sample [g/cm?3] 1.623 1.623
Actual bulk density p [g/cm?3] 1.744 1.744
Porosity n:n=1-p4/p [-] 0.387 0.387
max pd = mass of the closest compact soil [g/cm?]
min pg = mass of the least compact soil [g/cm?3]
Actual compactness of the ground D [-]
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.3 0.3
Back-Pressure [bar] 0 0
Height of the water in the s-cylinder before start[cm] 60.7 60.7
Height of the water in the s-cylinder at the end [cm] 2.8 2.8
Duration of the experiment [s] 133 133
Slurry properties
Type of bentonite B1 B1
Concentration [%] 6 6
Date of mixing 09.05.2017 | 09.05.2017
pH-value [-] 10.76 10.76
Density [g/cm?] 1.038 1.038
Yield point with ball harp [N/m?] 47.875 47.875
Marsh-time tMiogo [s] 54 54
Marsh-time tMaisgo [s] 116 116
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.3 0.3
Back-Pressure [bar] 0 0
Height of the slurry in the s-cylinder before start [cm] 56.5 56.6
Pressure of the first load cell (WZ1) before start [kPa] 35 31
Pressure of the second load cell (WZ2) before start [kPa] 30 25
Height of the slurry in the s-cylinder at the end [cm] 52.2 53
Pressure of the first load cell (WZ1) at the end [kPa] 26 24
Pressure of the second load cell (WZ2) at the end [kPa] 13 15
Slurry penetration depth [cm] 3 3.6
Duration of the experiment [s] 1320 1320
Filtrate volume [kg] 1.20 1.02
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Experiment No.: Villa Vililb
Date of experiment: | 04.05.2017 | 04.05.2017

Soil properties
Grain size of the soil [mm] 0,063-4,0 0,063-4,0
Number of installed layers 4 4
Height of layers [cm] 0.1 0.1
Actual weight of soil sample [kg] 37.78 37.78
Height of the soil sample [cm] 39.5 39.5
Density of the sample [g/cm?3] 1.623 1.623
Actual bulk density p [g/cm?3] 1.744 1.744
Porosity n:n=1-p4/p [-] 0.387 0.387
max pd = mass of the closest compact soil [g/cm?]
min pg = mass of the least compact soil [g/cm?3]
Actual compactness of the ground D [-]
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.9 0.9
Back-Pressure [bar] 0 0
Height of the water in the s-cylinder before start[cm] 60.5 60.5
Height of the water in the s-cylinder at the end [cm] 4.9 4.9
Duration of the experiment [s] 96 96
Slurry properties
Type of bentonite B1 B1
Concentration [%] 6 6
Date of mixing 03.05.2017 | 03.05.2017
pH-value [-] 10.81 10.81
Density [g/cm?] 1.039 1.039
Yield point with ball harp [N/m?] 47.873 47.873
Marsh-time tMiogo [s] 53 53
Marsh-time tMaisgo [s] 118 118
Slurry penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.9 0.9
Back-Pressure [bar] 0 0
Height of the slurry in the s-cylinder before start [cm] 56 56
Pressure of the first load cell (WZ1) before start [kPa] 12 12
Pressure of the second load cell (WZ2) before start [kPa] 9 9
Height of the slurry in the s-cylinder at the end [cm] 48.1 48.1
Pressure of the first load cell (WZ1) at the end [kPa] 75 75
Pressure of the second load cell (WZ2) at the end [kPa] 63 63
Slurry penetration depth [cm] 6.2 6.5
Duration of the experiment [s] 1320 1320
Filtrate volume [kg] 2.17 2.31
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Experiment No.: r-la r-lb r-lc
Date of experiment: | 29.11.2017 | 29.11.2017 | 04.12.2017

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?] 1.57 1.57 1.57
Porosity n:n=1—p4/p [-] 0.41 0.41 0.41
max pa = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min ps = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 63.8 63.4 55.7
Height of the water in the s-cylinder at the end [cm] 4.6 7.3 15.9
Duration of the experiment [s] 19 18 14
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 28.11.2017 | 28.11.2017 | 03.12.2017
pH-value [-] 9.26 9.26 9.28
Density [g/cm?] 1.041 1.041 1.043
Yield point with ball harp [N/m?] 57.69 57.69 57.69
Marsh-time tMiogo [s] 70 70 68
Marsh-time tMasoo [s] 174 174 176
Re-penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Pressure at start of re-penetration [bar] 0.6 0.6 0.6
Time of primary penetration [sec] 10 10 10
Time of re-penetration [sec] 60 60 60
Height of the slurry in the s-cylinder before start[cm] 60.4 55.3 56.8
Pressure of the first load cell (WZ1) before start [kPa] 23 24 20
Pressure of the second load cell (WZ2) before start [kPa] 28 29 28
Height of the slurry in the s-cylinder at the end [cm] 42.7 36.1 37.7
Pressure of the first load cell (WZ1) at the end [kPa] 55 53 56
Pressure of the second load cell (WZ2) at the end [kPa] 51 58 61
Slurry penetration depth [cm] 24 24.5 26
Duration of the experiment [s] 70 70 70
Filtrate water volume [kg] 6.98 7.61 7.53
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Experiment No.: r-lla r-lib r-lic
Date of experiment: | 18.12.2017 | 18.12.2017 | 18.12.2017

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?] 1.57 1.57 1.57
Porosity n:n=1—p4/p [-] 0.41 0.41 0.41
max pa = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min pa = mass of the least compact soil [g/cm?] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 58.5 62 62.3
Height of the water in the s-cylinder at the end [cm] 12 8.7 7.3
Duration of the experiment [s] 14 17 17
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 17.12.2017 | 17.12.2017 | 17.12.2017
pH-value [-] 9.35 9.35 9.35
Density [g/cm?] 1.039 1.039 1.039
Yield point with ball harp [N/m?] 57.71 57.71 57.71
Marsh-time tMiogo [s] 67 67 67
Marsh-time tMasoo [s] 176 176 176
Re-penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Pressure at start of re-penetration [bar] 0.6 0.6 0.6
Time of primary penetration [sec] 15 15 15
Time of re-penetration [sec] 60 60 60
Height of the slurry in the s-cylinder before start[cm] 56.5 58 55.5
Pressure of the first load cell (WZ1) before start [kPa] 21 21 22
Pressure of the second load cell (WZ2) before start [kPa] 22 22 23
Height of the slurry in the s-cylinder at the end [cm] 40.2 42.1 44
Pressure of the first load cell (WZ1) at the end [kPa] 55 67 58
Pressure of the second load cell (WZ2) at the end [kPa] 60 62 54
Slurry penetration depth [cm] 22.5 23 22.5
Duration of the experiment [s] 75 75 75
Filtrate water volume [kg] 6.30 6.52 6.57
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Experiment No.: r-llla r-lllb r-llic
Date of experiment: | 13.12.2017 | 13.12.2017 | 13.12.2017

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?] 1.57 1.57 1.57
Porosity n:n=1—p4/p [-] 0.41 0.41 0.41
max pa = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min ps = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 63.3 59.2 63
Height of the water in the s-cylinder at the end [cm] 115 8.5 9.1
Duration of the experiment [s] 16 15 16
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 12.12.2017 | 12.12.2017 | 12.12.2017
pH-value [-] 9.3 9.3 9.3
Density [g/cm?] 1.039 1.039 1.039
Yield point with ball harp [N/m?] 57.7 57.7 57.7
Marsh-time tMiogo [s] 66 66 66
Marsh-time tMasoo [s] 174 174 174
Re-penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Pressure at start of re-penetration [bar] 0.6 0.6 0.6
Time of primary penetration [sec] 20 20 20
Time of re-penetration [sec] 60 60 60
Height of the slurry in the s-cylinder before start[cm] 53.9 54 55.8
Pressure of the first load cell (WZ1) before start [kPa] 21 22 18
Pressure of the second load cell (WZ2) before start [kPa] 24 25 22
Height of the slurry in the s-cylinder at the end [cm] 334 34.9 37
Pressure of the first load cell (WZ1) at the end [kPa] 60 65 73
Pressure of the second load cell (WZ2) at the end [kPa] 70 58 73
Slurry penetration depth [cm] 25 25 25
Duration of the experiment [s] 80 80 80
Filtrate water volume [kg] 7.55 7.40 7.40
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Experiment No.: r-Va r-Vb r-Vc
Date of experiment: | 23.01.2018 | 23.01.2018 | 24.01.2018

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?] 1.57 1.57 1.57
Porosity n:n=1—p4/p [-] 0.41 0.41 0.41
max pa = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min pa = mass of the least compact soil [g/cm?] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 64.3 66.2 64
Height of the water in the s-cylinder at the end [cm] 115 10.5 75
Duration of the experiment [s] 16 18 19
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 22.01.2018 | 22.01.2018 | 23.01.2018
pH-value [-] 8.75 8.75 8.99
Density [g/cm?] 1.038 1.038 1.048
Yield point with ball harp [N/m?] 58.494 58.494
Marsh-time tMiogo [s] 58 58 58
Marsh-time tMasoo [s] 119 119 120
Re-penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Pressure at start of re-penetration [bar] 0.6 0.6 0.6
Time of primary penetration [sec] 30 30 30
Time of re-penetration [sec] 100 100 100
Height of the slurry in the s-cylinder before start[cm] 57 44 59
Pressure of the first load cell (WZ1) before start [kPa] 21 21 20
Pressure of the second load cell (WZ2) before start [kPa] 23 23 23
Height of the slurry in the s-cylinder at the end [cm] 38.5 27 40
Pressure of the first load cell (WZ1) at the end [kPa] 62 57 68
Pressure of the second load cell (WZ2) at the end [kPa] 55 50 48
Slurry penetration depth [cm] 24 23 24.5
Duration of the experiment [s] 130 130 130
Filtrate water volume [kg] 7.37 7.07 7.27
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Experiment No.: r-Via r-Vib r-Vic
Date of experiment: | 24.01.2018 | 24.01.2018 | 30.01.2018

Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Number of installed layers 4 4 4
Height of layers [cm] 10 10 10
Actual weight of soil sample [kg] 35.22 35.22 35.22
Height of the soil sample [cm] 39.1 39.1 39.1
Density of the sample [g/cm?3] 1.57 1.57 1.57
Actual bulk density p [g/cm?] 1.57 1.57 1.57
Porosity n:n=1—p4/p [-] 0.41 0.41 0.41
max pa = mass of the closest compact soil [g/cm?] 1.65 1.65 1.65
min ps = mass of the least compact soil [g/cm?3] 1.43 1.43 1.43
Actual compactness of the ground D [-] 0.63 0.63 0.63
Water permeability test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Height of the water in the s-cylinder before start[cm] 61.3 63.5 63.5
Height of the water in the s-cylinder at the end [cm] 11 11 8
Duration of the experiment [s] 17 17 18
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 23.01.2018 | 23.01.2018 | 29.01.2018
pH-value [-] 8.99 8.99 9.35
Density [g/cm?] 1.048 1.048 1.045
Yield point with ball harp [N/m?] 57.86 57.86 57.66
Marsh-time tMiogo [s] 58 58 59
Marsh-time tMasoo [s] 120 120 127
Re-penetration test
Pressure in s-cylinder (pressure gauge) [bar] 0.5 0.5 0.5
Back-Pressure [bar] 0 0 0
Pressure at start of re-penetration [bar] 0.6 0.6 0.6
Time of primary penetration [sec] 40 40 40
Time of re-penetration [sec] 100 100 100
Height of the slurry in the s-cylinder before start[cm] 57 55.7 56.3
Pressure of the first load cell (WZ1) before start [kPa] 22 20 19
Pressure of the second load cell (WZ2) before start [kPa] 22 21 21
Height of the slurry in the s-cylinder at the end [cm] 38.5 36 38.5
Pressure of the first load cell (WZ1) at the end [kPa] 72 66
Pressure of the second load cell (WZ2) at the end [kPa] 48 52
Slurry penetration depth [cm] 30 26.5 25.5
Duration of the experiment [s] 140 140 140
Filtrate water volume [kg] 8.79 7.71 6.33
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A.3.3 Diagrams

A.3.3.1 Time-dependent penetration depth
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A.3.3.2 Time-dependent development of pore pressures
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Figure A-3-20: Pore pressure development in la, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-21: Pore pressure development in Ib, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-22: Pore pressure development in Ic, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-23: Pore pressure development in lla, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-24: Pore pressure development in llb, no bp, 1-2mm, 0.5 bar, B1-6%

ceeeees APWD]1 ==== APWD2 = = =APWD3 = - = APWD 4
— —APWD5 =— - - APWD 6 APWD 7 = - = APWD 8

APWD [kPa]
&

15
5
-5 %, ye0ecseccattoosee’
0 10 20 30 20 o "
Time [s]

Figure A-3-25: Pore pressure development in lic, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-26: Pore pressure development in llla, bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-27: Pore pressure development in lllb, bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-28: Pore pressure development in llic, bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-29: Pore pressure development in IVa, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-30: Pore pressure development in IVb, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-31: Pore pressure development in IVc, no bp, 1-2mm, 0.5 bar, B1-6%
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Figure A-3-32: Pore pressure development in Va, no bp, 1-2mm, 0.3 bar, B1-6%
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Figure A-3-33: Pore pressure development in Vb, no bp, 1-2mm, 0.3 bar, B1-6%
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Figure A-3-34: Pore pressure development in V¢, no bp, 1-2mm, 0.3 bar, B1-6%
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Figure A-3-35: Pore pressure development in Via, no bp, 1-2mm, 0.7 bar, B1-6%
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Figure A-3-36: Pore pressure development in Vib, no bp, 1-2mm, 0.7 bar, B1-6%
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Figure A-3-37: Pore pressure development in Vic, no bp, 1-2mm, 0.7 bar, B1-6%



Appendix A-59
55 [ eeceees APWD 1 ==== APWD?2 - = =APWD3
- - - = APWD4 = = APWD 5 - . - APWD 6
45 |
© L
g 25 '-,"----- ---------------------------------------------------
[a 9 1 -
g 15 =
h-‘--; ———————————————————————————
5 N e ST M SR el cm ey mmp e _apete BTt Wande e oSt o Wl Gl s §
_5 L L L A L L J
0 10 20 30 40 50 60
Time [s]

Figure A-3-38: Pore pressure development in Vlla, no bp, 0.063-4mm, 0.3 bar, B1-6%

55
45
35
25

APWD [kPa]

15

[ eseces APWD1 ==== APWD 2 - = = APWD 3

- - . = APWD 4 = = APWD 5 - -+« APWD 6
Ty O
:__.,r’--'

x.v-\d— L e Nt U - e - e e e e e o = -
[ TS e T T T e e+ e e e e ————————

0 10 20 30 40 50 60

Time [s]

Figure A-3-39: Pore pressure development in Vllb, no bp, 0.063-4mm, 0.3 bar, B1-6%
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Figure A-3-40: Pore pressure development in Vllla, no bp, 0.063-4mm, 0.9 bar, B1-6%
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Figure A-3-41: Pore pressure development in Vlilb, no bp, 0.063-4mm, 0.9 bar, B1-6%
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Figure A-3-42: Pore pressure development in r-la, 10/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-43: Pore pressure development in r-lb, 10/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-44: Pore pressure development in r-Ic, 10/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-45: Pore pressure development in r-lla, 15/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-46: Pore pressure development in r-llb, 15/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-47: Pore pressure development in r-lic, 15/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-48: Pore pressure development in r-llla, 20/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-49: Pore pressure development in r-lllb, 20/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-50: Pore pressure development in r-llic, 20/60, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-51: Pore pressure development in r-Va, 30/100, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-52: Pore pressure development in r-Vb, 30/100, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-53: Pore pressure development in r-Vc, 30/100, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-54: Pore pressure development in r-Vla, 40/100, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-55: Pore pressure development in r-Vlb, 40/100, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-56: Pore pressure development in r-Vic, 40/100, 1-2 mm, 0.5 bar, B1-6%
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Figure A-3-57: Total stress development in combination |
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Figure A-3-58: Total stress development in combination Il
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Figure A-3-59: Total stress development in combination Il
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Figure A-3-60: Total stress development in combination IV
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Figure A-3-65: Total stress development in combination r-1 10/60
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Figure A-3-66: Total stress development in combination r-1l 15/60
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Figure A-3-67: Total stress development in combination r-11l 20/60
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Figure A-3-68: Total stress development in combination r-V 30/100
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Figure A-3-69: Total stress development in combination r-VI 40/100
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A.4 Case B — RUB tunnelling device

Tests for the investigation of slurry-soil interaction for a deep slurry penetration (Case

B) with soil cutting were introduced in chapter 7.

A.4.1 Setup and testing procedure
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Figure A-4-2: Sketch with dimensions of the soil cylinder of the RUB tunnelling device,
adapted from Kiipferle (2017)
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Equipment

2 slurry cylinders

1 RUB tunnelling device (Kupferle, 2018) with soil cylinder
1 bucket

3 pipes

1 computer connected scale

2 stopwatches

1 computer

2 video cameras + tripods

2 manometers for pressure steering*

6 pore water pressure sensors (PWD)* connected to the computer
2 total stress sensors (W2Z)

2 video cameras + tripods

3 glass capillaries

Preparations

1.
2.

8.
9.

Slurry mixing 24 hours before the experiment
Check of slurry properties the day before the test starts
Installation of drainage grid at the bottom of soil cylinder

Saturated installation and compaction of the soil into the soil cylinder in
vertical position

Installing of glass capillaries on elevations corresponding to the location of the
pore pressure sensors, the capillaries are connecting the excavation axis with
the respective pore pressure sensor

Installing the cutting wheel
Filling the rest of cylinder with slurry
Putting the soil cylinder in horizontal position and fixing on the lathe

Connecting slurry cylinders to the soil cylinder by pipes

10. Opening of valves on slurry pipes and pressurizing the soil cylinder

11.Opening of drainage valve enabling primary slurry penetration for 15 minutes
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Procedure
12. Excavation starts by activation of lathe moving and cutting wheel rotating

13.Recording of the outflow from the set-up by scale and monitoring of pore
water pressure by sensors in the set-up every 0.25 s, Recording the slurry
levels in the cylinders

14. Defined length of soil is excavated, excavation stops automatically to avoid any
damage of the device
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A.4.2 Testing protocols

Experiment No.: rc-la rc-lb rc-Ic

Date of experiment: 21.02.2018 21.02.2018 06.06.2018
Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Actual weight of soil sample [kg] 25 25 25
Remaining height in the soil container [cm] 19.5 20.25 19
Density of the sample [g/cm?] 1.57 1.57 1.57
Grain density pc [g/cm?] 2.65 2.65 2.65
Porosity n: n=1—pg/p [-] 0.394 0.4 0.41
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 20.02.2018 20.02.2018 05.06.2018
pH-value [-] 10.61 10.61 10.4
Density [g/cm?] 1.031 1.031 1.032
Yield point with ball harp [N/m?] 57,78 57,78 58.55
Marsh-time tM1ooo [s] 90 90 114

Marsh-time tMaisgo [s]

not determinable

not determinable

not determinable

Slurry filling - primary penetration

Pressure in s-cylinder 1 (pressure gauge) [bar] 0.45 0.44 0.4
Pressure in s-cylinder 2 (pressure gauge) [bar] 0.39 0.39 0.32
:((;irgt?;crg]‘ the slurry in the s-cylinder 1 before 05 ) 145
izlrgt?ctn:}‘ the slurry in the s-cylinder 2 before 135 259 26
Height of the water in the s-cylinder 1 at the end [cm)] 4.2 11 20
Height of the water in the s-cylinder 2 at the end [cm] 16.2 25.5 26.3
Outflow [kg] 3.483 2.107 1.406
Duration of the experiment [s] 900 900 900
Excavation

Pressure in s-cylinder 1 (pressure gauge) [bar] 0.52 0.44 0.64
Pressure in s-cylinder 2 (pressure gauge) [bar] 0.42 0.39 0.44
Chamber pressure [bar] 0.23 0.21 0.27
Slurry discharge from the set-up at [min] 45 45 48
Excavation path [mm)] 465 465 465
RPM [-] 71 71 71
PR [0.1 mm/rev] 0.1 0.1 0.1
Outflow [kg] 6.663 6.474 6.574




Appendix A-75
Experiment No.: rc-lla rc-lib rc-lic
Date of experiment: 21.02.2018 20.02.2018 20.02.2018
Soil properties
Grain size of the soil [mm] 1-2 1-2 1-2
Actual weight of soil sample [kg] 25 25 25
Remaining height in the soil container [cm] 215 19.5 19.7
Density of the sample [g/cm?] 1.57 1.57 1.57
Grain density pc [g/cm?] 2.65 2.65 2.65
Porosity n: n=1—pq/p [-] 0.38 0.4 0.41
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 18.02.2018 19.02.2018 19.02.2018
pH-value [-] 10.69 10.75 10.75
Density [g/cm?] 1.035 1.031 1.031
Yield point with ball harp [N/m?] 48.34 57,78 57,78
Marsh-time tM1o0o [s] 82 96 96
not

Marsh-time tMaisgo [s]

not determinable

not determinable

determinable

Slurry filling - primary penetration

Pressure in s-cylinder 1 (pressure gauge) [bar] 0.73 0.69 0.64
Pressure in s-cylinder 2 (pressure gauge) [bar] 0.59 0.39 0.58
Height of the slurry in the s-cylinder 1 before

start[cm] 6 8.7 0
;Zli?;rg{ the slurry in the s-cylinder 2 before 43 79 9.3
Height of the water in the s-cylinder 1 at the end [cm] 16.9 21.5 9.5
Height of the water in the s-cylinder 2 at the end [cm] 7 7.2 11.3
Outflow [kg] 3.895 4.077 3.483
Duration of the experiment [s] 900 900 900
Excavation

Pressure in s-cylinder 1 (pressure gauge) [bar] 0.73 0.73 0.69
Pressure in s-cylinder 2 (pressure gauge) [bar] 0.6 0.59 0.61
Chamber pressure [bar] 0.43 0.43 0.41
Slurry discharge from the set-up at [min] 28 40 40
Excavation path [mm)] 460.5 465 465
RPM [-] 71 71 71
PR [0.1 mm/rev] 0.1 0.1 0.1
Outflow [kg] 11.101 8.913 12.704




A-76 Appendix

Experiment No.: rc-llla rc-lllb rc-llic

Date of experiment: | 22.03.2017 23.03.2017 30.03.2017

Soil properties

Grain size of the soil [mm] 0.063-4 0.063-4 0.063-4
Actual weight of soil sample [kg] 29.9 29.65 29.83
Remaining height in the soil container [cm] 20 21 21
Density of the sample [g/cm?] 1.88 1.94 191
Grain density pc [g/cm?] 2.65 2.65 2.65
Porosity n:n=1—p4/p [-] 0.353 0.358 0.354
Slurry properties

Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 21.03.2017 22.03.2017 29.03.2017
pH-value [-] 10.513 10.807 10.803
Density [g/cm?] 1.038 1.039 1.039
Yield point with ball harp [N/m?] 47.877 47.873 47.873
Marsh-time tM1ooo [s] 49 53 59
Marsh-time tMaisgo [s] 116 118 120
Slurry filling - primary penetration

Pressure in s-cylinder 1 (pressure gauge) [bar] 0.35 0.38 0.38
Pressure in s-cylinder 2 (pressure gauge) [bar] 0.35 0.38 0.38

Height of the slurry in the s-cylinder 1 before start[cm]

Height of the slurry in the s-cylinder 2 before start[cm]

Height of the water in the s-cylinder 1 at the end [cm]

Height of the water in the s-cylinder 2 at the end [cm]

Outflow [kg] 0.29 not measured 0.29
Duration of the experiment [s] 848 not measured 889
Excavation

Pressure in s-cylinder 1 (pressure gauge) [bar] 0.34 0.37 0.34
Pressure in s-cylinder 2 (pressure gauge) [bar] 0.34 0.37 0.34
Chamber pressure [bar] 0.20 0.23 0.24
Slurry discharge from the set-up at [min]

Excavation path [mm)] 457 457 457
RPM [-] 71 71 71

PR [0.1 mm/rev] 0.1 0.1 0.1

Outflow [kg] 4.46 412 4.32
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Experiment No.: rc-lVa rc-IVb rc-1Vc
Date of experiment: | 08.02.2017 21.02.2017 02.03.2017

Soil properties
Grain size of the soil [mm] 0.063-4 0.063-4 0.063-4
Actual weight of soil sample [kg] 294 27.75 29.16
Remaining height in the soil container [cm] 22 22 21
Density of the sample [g/cm?] 1.81 1.92 1.89
Grain density pc [g/cm?] 2.65 2.65 2.65
Porosity n:n=1—p4/p [-] 0.364 0.399 0.369
Slurry properties
Type of bentonite B1 B1 B1
Concentration [%] 6 6 6
Date of mixing 07.02.2017 20.02.2017 01.03.2017
pH-value [-] 10.56 10.49 10.51
Density [g/cm?] 1.0397 1.038 1.038
Yield point with ball harp [N/m?] 47.886 47.878 47.878
Marsh-time tMiooo [S] 50 49 48
Marsh-time tMisoo [S] 124 111 116
Slurry filling - primary penetration
Pressure in s-cylinder 1 (pressure gauge) [bar] 1.04 1.03 1.03
Pressure in s-cylinder 2 (pressure gauge) [bar] 1.04 1.03 1.03
Height of the slurry in the s-cylinder 1 before start[cm]
Height of the slurry in the s-cylinder 2 before start[cm]
Height of the water in the s-cylinder 1 at the end [cm]
Height of the water in the s-cylinder 2 at the end [cm]
Outflow [kg] 0.85 0.582 0.68
Duration of the experiment [s] 560 849 885
Excavation
Pressure in s-cylinder 1 (pressure gauge) [bar] 1.04 1.03 1.03
Pressure in s-cylinder 2 (pressure gauge) [bar] 0.76 0.89 0.88
Chamber pressure [bar] 0.76 0.89 0.88
Slurry discharge from the set-up at [min]
Excavation path [mm)] 457 447 457
RPM [-] 71 71 71
PR [0.1 mm/rev] 0.1 0.1 0.1
Outflow [kg] 4.63 5.195 5.36
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A.4.3 Diagrams

A.4.3.1
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Figure A-4-3: Outflow from RUB tunnelling device during excavation in rc-I
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Figure A-4-4: Outflow from RUB tunnelling device during excavation in rc-ll
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Figure A-4-5: Outflow from RUB tunnelling device during excavation in rc-lll
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7 eeeeeserc-lVa, 0.063-4 mm, B1-6%, 0.8 bar
6 = = =rc-1IVb, 0.063-4 mm, B1-6%, 0.8 bar
_ rc-1Vc, 0.063-4 mm, B1-6%, 0.8 bar
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Figure A-4-6: Outflow from RUB tunnelling device during excavation in rc-1V



A-80 Appendix
A.4.3.2 Time-dependent development of pore pressures
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Figure A-4-7: Pore pressure development in combination rc-la — 0.2 bar
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Figure A-4-8: Pore pressure development in combination rc-lb — 0.2 bar
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Figure A-4-9: Pore pressure development in combination rc-lc — 0.2 bar
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Figure A-4-10: Pore pressure development in combination rc-lla — 0.4 bar
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Figure A-4-11: Pore pressure development in combination rc-llb — 0.4 bar
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Figure A-4-12: Pore pressure development in combination rc-lic — 0.4 bar
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Figure A-4-13: Pore pressure development in combination rc-llla — 0.2 bar
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Figure A-4-14: Pore pressure development in combination rc-lllb — 0.2 bar
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Figure A-4-15: Pore pressure development in combination rc-llic — 0.2 bar
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Figure A-4-16: Pore pressure development in combination rc-llla — 0.2 bar
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Figure A-4-17: Pore pressure development in combination rc-lllb — 0.2 bar
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Figure A-4-18: Pore pressure development in combination rc-llic — 0.2 bar
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