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ABSTRACT: When tunneling with EPB shields in coarse-grained soils, the flow behavior of the support 
medium is a decisive criterion for effective face support. On one hand, the support material should possess 
fluid-like properties ensuring a homogeneous pressure transfer to the face and on the other hand, it needs 
to exhibit sufficient stiffness for transportation and tipping. Usually, the flow behavior of conditioned 
soils is assessed using a concrete slump test, whereby a slump range of 10 to 20 cm is recommended by 
literature. The rheological characterization of soil-foam-mixtures is evaluated analytically. For this, meas-
urements from numerous slump tests are considered. In addition, numerous rheological investigations 
with Ball rheometers are considered with conditioned sands to get direct measurements of rheological 
properties. These results can be used for the calibration of a large scale experimental setup. By conducting 
experiments on different scales, information on the flow behavior of conditioned soil can be transferred 
from the laboratory scale to the real-world TBM scale.

A direct evaluation of the characteristics of the 
support medium in the excavation chamber while 
advancing is not possible. Normally the support 
medium is characterized by slump tests, for which 
there is a lot of empirical knowledge. To gain infor-
mation about the earth muck inside the chamber 
Galli (2016) studied how the slump test can be used 
to obtain the yield stress, which can also be meas-
ured with a Ball Measuring System (BMS).

1 INTRODUCTION

1.1 Soil conditioning and operation of 
EPB shields

Earth Pressure Balance shields (EPB) can be oper-
ated in several modes. The closed mode is the most 
frequently used operating mode of EPB shields. In 
this case, the excavated ground is used as support 
medium in order to assure a sufficient stabiliza-
tion of the tunnel face. The application area of 
EPB shields has enormously extended into coarse-
grained soils due to the use of various condition-
ing agents which have been proven suitable (see 
Fig.  1, Budach & Thewes 2015). For soil condi-
tioning, different types of additives are used (foam, 
polymers or slurries with fines). The addition of 
these conditioning agents generates temporarily 
an adequate workability (consistency), decreases 
permeability and achieves sufficient compressibil-
ity to ensure the smooth advance. Within the men-
tioned properties, the workability of the excavated 
soil has a significant influence on its flow behavior 
in the excavation chamber (Maidl 1995). The flow 
behavior of conditioned soils is usually described 
based on experiences from laboratory investiga-
tions (Galli & Thewes 2014).

Figure 1. Application ranges for EPB shields in coarse 
soils in dependence of the conditioning agents (Budach 
& Thewes 2015).
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In this paper, based on the basic principle of the 
rheological behavior and the flow behavior of soil 
foam mixtures, the materials and the test methods, 
the results of the performed slump tests and rheo-
logical tests are described. Subsequently, the results 
of these tests are evaluated and compared. Thus 
the yield stresses can be determined based on the 
associated slump results of 10 and 20 cm for dif-
ferent soils. The created range of yield stresses can 
be transferred to large scale tests and finally to real 
scale tests with a BMS use inside the excavation 
chamber to characterize the support medium dur-
ing the excavation.

1.2 Rheological behavior and flow behavior of 
soil foam mixtures

The basic parameters of rheology are considered 
below with reference to newton’s parallel plate 
model. A fluid is located between the parallel plates 
with defined shear area. The bottom plate is fixed 
and the upper plate is stressed by the force F, so that 
the fluid between is sheared. The resulting velocity 
v is measured or vice versa. Necessary condition for 
this model is the assumption that the fluid has wall 
adhesion on both plates and the flow conditions 
within the shear gap are laminar, whereby a layer 
flow occurs. The shear stress τ is defined as the quo-
tient of the tangentially acting force F and the shear 
area A of the upper plate (Eq. 1).

τ =
F

A
 (1)

where τ = shear stress (Pa); F = force to stress the 
upper plate (N); and A = shear area of the upper 
plate (m2).

The shear rate ɺγ  is defined as the quotient of 
the velocity v of the upper plate and the height 
of the fluid h, which is located in the shear gap  
(Eq. 2). It describes the velocity with which the 
fluid is deformed. If  the necessary conditions for 
the parallel plates model (wall adhesion and lami-
nar flow conditions) are complied, the shear rate is 
constant within the entire shear gap and describes 
the velocity difference between all neighboring lay-
ers and their distance from one another.

ɺγ =
v

h
 (2)

where ɺγ  = shear rate (1/s); v = velocity (m/s); and 
h = gap distance (m).

The (shear) viscosity η describes the internal 
friction forces caused of the flow resistance of a 
fluid regarding the external agitations. It can be 
calculated from Eq. 3.

η
τ

γ
=
ɺ

 (3)

where η = (shear) viscosity (Pa⋅s).
Depending on the shear load, temperature and 

time, the flow behavior of a fluid are defined and 
can be classified by their load-dependent flow 
behavior. It is characterized by its shear rate-shear 
stress-interaction and its viscosity. Ideal viscous 
fluids are described by the Newtonian model. Non-
Newtonian fluids have shear thickening or shear 
thinning properties as a result of a non-proportional 
relationship between shear rate and shear stress. The 
flow behavior of fluids can occur with and without 
yield stress, which must be overcome first to initiate 
fluid flow. Figure 2 illustrates qualitatively the rela-
tionship between the shear stress and the shear rate 
for the different types of fluid.

The shear rate and shear stress relationship 
can be determined by flow curve experiments like 
rheometer testing. Before conducting a model 
function by approximation of the data points, 
torque measurements and shear velocities have to 
be transformed into rheological parameters. To 
describe the different flow patterns, there are dif-
ferent flow models.

2 MATERIALS AND EXAMINATION 
METHODS

2.1 Materials

The investigated soils were selected based on the 
research of Budach & Thewes (2015). The investiga-
tions cover whole spectrum of grain sizes typical for 
sands. Thus, the obtained results can later be gener-
alized. In Figure 3, the grain-size distribution curves 
of all investigated soils are shown (fine sand fS; fine 
sandy middle sand mSfs; middle sand mS; sand S; 

Figure  2. Classification of fluid according to their 
shear-stress rate-relationship (Galli 2016).
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middle sandy coarse sand gSms; coarse sand gS). The 
soil samples are produced by using special dry labo-
ratory sands, which have a well-determined grain-
size distribution to ensure a high reproducibility.

2.2 Investigation with slump test

The slump test was previously employed by various 
researchers for the investigation of the workability 
of the soil-foam mixtures. Former research recom-
mend a range for suitable workability of the earth 
muck for EPB applications by a slump between 10 
and 20 cm (Vinai 2006). However, the former stud-
ies have not aimed to derive rheological properties 
of the mixture from the test results.

2.2.1 Setup and testing procedure
The test setup consists of the equipment as 
demanded in DIN EN 12350-2 (2009). To generate 
reproducible results, a specific testing procedure 
with precise temporal constraints must be adhered. 
Before the mixing progress starts, the foam has to 
be produced and its FER has to be determined and 
filled into the mixer in the first 210 seconds of the 
test. After homogenization of at least 13 kg of soil-
foam mixture in 60  seconds, the slump cone and 
the bottom plate have to be moistured with water 
to eliminate side effects between the sample and 
the test setup. The filling process of the soil-foam 
mixture into the cone takes 240 seconds and is con-
ducted in three layers of equal height. Each layer 
is compacted by 25 impacts of a steel bar. After-
wards, the overlaying material is removed by wip-
ing it off with the aid of a ruler to generate an even 
surface. To exclude manual influences when lifting 
the cone within 2 to 5 seconds, a guide rail exten-
sion for perpendicular lifting was installed (Fig. 4).

As test results, following variables are observed 
after lifting the cone: the slump measure S in the 
planar reference, the average slump flow SF and 

the occurring heights h0 of the undeformed sec-
tion of the sample (Fig.  5). A specific timing of 
this testing procedure has to be followed to gen-
erate reliable and reproducible results. For this 
purpose every process steps are assigned to precise 
time frames. The schedule begins straight after the 
foam production and ends with the measuring of 
the sample after lifting the cone.

2.2.2 Test results
The test results for two selected soils (sand and fine 
sand) are presented in Figure 6. For this purpose 
slump tests with variable water contents and Foam 
Injection Ratios (FIR) were extensively performed. 
The concentration of the foaming agent cf and the 
Foam Expansion Ratio (FER) remained constant. 
The concentration of the foaming agent describes 
the amount of surfactant in the liquid phase and 
the FER is an indicator for the dryness or wetness 
of the foam. The black horizontal lines are the bor-
derlines for the recommended range for suitable 
workability, so the depicted soils with each water 
content could be conditioned with foam to a suit-
able material. The diagram shows the slump data 
representing the mean value of at least three tests. 

Figure  3. Grain-size distribution curves of the soils 
used in the lab tests. (fS: fine sand, mSfs: fine sandy mid-
dle sand, mS: middle sand, S: sand, gSms: middle sandy 
coarse sand, gS: coarse sand).

Figure  4. Developed Version of the slump test with 
guide rail extension to prevent manual influences during 
perpendicular lifting.

Figure 5. Recorded values in slump experiments (Galli 
2016).
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Furthermore, the standard deviation of the slump 
measurements are shown. The connection lines 
between the single data points are just for a bet-
ter visualization of the results, whereby the dashed 
lines represents the sand and the continuous lines 
represents the fine sand. The different colors sig-
nify variations of the water content.

The provided results of the different investigated 
samples of soil-foam mixtures act as one might 
expect. The higher the FIR and the higher the water 
content, the bigger the resulting slump measure.

In former publications, Galli & Thewes (2016) 
showed, that a direct relation between the material 
slump and its yield stress can be established. This is 
the outcome of an analytical analysis of the slump 
test based on the work of Murata (1984). The “equi-
librium state” condition is considered prior to and 
after slumping for a simplified slump body com-
posed of slices. For details see Galli & Thewes (2016).

2.3 Investigation with Ball Measuring 
System (BMS)

Contrary to the slump test, the Ball Measur-
ing System (BMS) can be directly employed for 
the determination of the rheological properties. 
The BMS was originally developed for rheologi-
cal investigations of granular media with particle 
sizes up to 5 mm. Müller et al. (1999) applied the 
BMS formerly to cementitious pastes in order to 
carry out flow curve tests. Schatzmann et al. (2009) 
investigated the flow behavior of debris flow mate-
rial, which is only possible to perform with BMS.

2.3.1 Setup and testing procedure
In this research, the rheometer Rheolab QC and 
the related ball measuring systems of Anton Paar 
were used. The BMS consists of a round sample 
cup with a capacity of approximately 500 ml and 
an eccentrically positioned steel ball with the diam-
eters dBMS08 = 8, dBMS12 = 12, dBMS15 = 15 mm (Fig. 7).

After the sample preparation, the soil-foam mix-
ture is placed into the sample cup. In order to gen-
erate a reproducible compaction of the sample, the 
filled sample cup is placed on a Haegermann table 
and compacted by 15 hits. Afterwards the excess 
material is removed by wiping it off with a ruler and 
the sample is positioned in the rheometer. If all the 
preparation steps are done, the ball is immersed into 
the sample 60 seconds before the testing procedure 
starts. The depth of immersion is selected equal to 
the half of the sample height in the cup. In the rheo-
logical tests, the ball moves with a defined number of 
revolutions (n) on a concentric track with the specific 
radius (L) through the sample and thereby creates 
a displacement flow. During the investigation, the 
torque (M) is recorded in dependency on the defined 
number of revolutions n. The choice of the meas-
uring profile is of particular importance, because 
it predetermines the rotation speed of the ball in 
dependence of the time. The measuring profile used 
in this research is the version of Tyrach (2000) and 
Schatzmann (2005) revised by Galli (2016). In this 
profile the ball runs 6 complete revolutions (360°). 
The measurements in the zone close to the point of 
immersion into the sample are avoided. The zone 
is defined to one ball diameter before and after the 
point of immersion. The system runs 6 rounds in 
order to determine unsheared material (round 1) and 
also sheared material (round 2–6). Information about 
the development of the flow curve from unsheared to 
sheared material conditions should supplied by the 
repeated rotation through the sample.

2.3.2 Test results
The results of the rheological tests with BMS are 
exemplary shown for fine sand with a BMS12. The 
Data of all the other investigated soils and Ball 
diameters were qualitatively the same.

At low shear rates, the increase in shear stress 
was very small. By increasing the shear rates, the 

Figure 6. Mean slump values S and the standard devia-
tions from experiments on different soil-foam mixtures (FS: 
fine sand and S: sand) over foam injection ratio FIR (Galli 
2016) with various water content w = 2% up to w = 12%.

Figure 7. System sketch of the ball measuring system 
according to Tyrach (2000).
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increase of the shear stress was a bit more sig-
nificant. The FIR and the water content had an 
explicit influence on the amount of shear stress. 
To analyze the results in detail, the Bingham 
Model was chosen for evaluation of the yield stress 
depending on the water content (w) and the FIR. 
Meng et  al. (2011) and Vennekötter (2012) made 
similar assumptions for the flow behavior of soil-
foam mixtures.

The flow curves in Figure 8 are in almost every test 
rather flat. The increase of the shear stress related to 
the yield stress is small, what would imply that the 
shear stress is almost independent of the shear rate. 
Along the lines of the results of the slump tests, the 
influence of the water content and the FIR can be 
described as follows: The higher the water content 
and the higher the foam injection ratio, the lower 
the shear stress of the conditioned soil.

3 CORRELATION OF BMS AND  
SLUMP TEST

The material flow in the excavation chamber is 
influenced by various parameters. Two essential 
parameters are the viscosity and the yield stress of 
the excavated material. The torque of the cutting 
wheel is not only designed for excavated ground 
from the tunnel face, it should also allow to mix 
and to knead the material inside the excavation 
chamber (Düllmann et al. (2014)).

In consideration of the results of the slump 
tests of the investigated soils and the correspond-
ing results of the rheological tests with BMS 
can be reflected. To determine a range of yield 
stresses for the investigated soils, the results of 
the rheological tests with BMS were considered 
with the corresponding slump results of 10 and 
20  cm, because this is a generally acknowledged 

range for the workability of the support medium.  
Figure 9  shows an example of the conclusion of 
the performed tests for fine sand. The results of the 
slump tests are only evaluated regarding a slump 
for 10 and 20 cm while not taking into account the 
conditioning parameters. The corresponding BMS 
yield stresses for these slumps are summarized 
to the horizontal lines and are very close to each 
other independent of the diameter of the ball. The 
average values are 250 Pa for Slump10 and 130 Pa 
for Slump20 and give a range of the yield stresses 
for an optimum conditioning for the soil.

In Figure  10 the results of further researches 
with BMS12 is presented for fine sandy middle 
sand conditioned with foam. The soil was condi-
tioned with constant cf = 3%. The water content, 
the FER and the FIR were varied to reach a slump 
value of 10 or 20  cm. The concentration of the 
foam cf was constant. For this type of soil, the rec-
ommended range of BMS yield stress is between 
190 and 310 Pa.

The results of this study show, that the range 
for the yield stresses can vary for other soils, 
whereby two of the investigated soils could not be 

Figure  8. Average flow curve data of fine sand-foam 
mixtures with water content w  =  10% and increasing 
foam content (BMS12, rounds 2–6); curve fitting with 
Bingham model (Galli 2016).

Figure  9. Average BMS yield stresses and standard 
deviations of fine sand-foam mixtures with slumps of 10 
and 20 cm. (Galli 2016).

Figure 10. Average BMS yield stresses of conditioned 
fine sandy middle sand with slumps of 10 and 20  cm. 
(Schweigmann 2016).
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conditioned only with foam for a slump of 10 cm. 
The values in Table 1 represent the average of all 
conditioning solutions achieving the desired slump 
value.

4 OUTLOOK

The results presented in this paper can be seen 
as the first step to obtain information about the 
rheological characteristics and the flow behavior 
of soil-foam mixtures. In future research, inves-
tigations should concentrate on the extension of 
the scaling of the rheological tests to larger appli-
cations. Therefore the Ruhr-University Bochum 
developed a large scale test device (COSMA) for 
the simulation of excavation and mixing process 
(Fig.  11). Here the existing foam generator can 
be connected with the pressure tank in which the 
investigated soil can be mixed by agitators inside. 
Furthermore, there is the possibility to install a 
BMS for calibration purposes and comparison to 
the small-scale tests.

A final step will be, to install a BMS in the 
excavation chamber of  an EPB shield to provide 
online information on the efficiency of  the soil 
conditioning, the flow behavior of  the earth muck 
inside and the filling level of  the chamber in cer-
tain intervals. Thereby the installed BMS should 
be prepared to high impacts from temperature, 
shock loads of  the excavated material, fluids or 
adhesion. For this purpose, the BMS should be 
extendable into the excavation chamber to inves-
tigate the conditioned earth muck. In Figure 12 a 
thinkable scenario of  the installation of  a BMS 
inside the excavation chamber is shown. Differ-
ent positions are suggested. Though the instal-
lation on the cutting wheel is not recommended 
because the BMS has a non-permanent position 
for the measurements. The results of  these meas-
urements can be compared with results of  former 
researches or preliminary tests to optimize the 
conditioning parameters. Thus, tunneling situa-
tions as described in Galli & Thewes (2014) can 

be evaluated already during advance maintaining 
the TBM performance.

In addition to this research, more types of soil 
should be investigated including various condi-
tioning agents (e.g. conditioned soil with high-
density slurry).
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Table 1. Average yield stresses for slump range dBMS12.
with cf = 3%.

Soil
yield  
stress Slump10

yield  
stress Slump20

Fine sand 250 Pa 130 Pa
Fine sandy middle sand 310 Pa 190 Pa
Middle sand 270 Pa 190 Pa
Sand 250 Pa 130 Pa
Middle sandy coarse sand – 130 Pa
Coarse sand – 100 Pa

Figure  11. Large-scale test device COSMA at Ruhr-
University Bochum for simulation of mixing progress in 
the excavation chamber.

Figure  12. Installation of BMS-like systems (inflated 
design) for an estimation of the current workability of 
the support material and the filling level in the excavation 
chamber (Galli 2016).
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