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EPB tunnelling through clay-sand mixed soils: 
Proposed methodology for clogging evaluation

The clogging of Tunnel Boring Machine (TBM) tools by soils has 
long been investigated, owing to the numerous difficulties arising 
in shield tunnelling as a result. Its occurrence leads to operation 
delays owing to the frequent and lengthy interventions required 
to unblock the soil stuck to the excavation tools and screw con-
veyor. Several authors have proposed laboratory tests for evalu-
ating the clogging potential, however, those include limitations, 
such as not considering the clay fraction in a soil. One of these 
methods is the empirical stickiness evaluation, whereby a mixer 
and a beater are used to define a clogging evaluation parameter. 
Following an extended test campaign using soils with different 
clay contents and minerals, it became clear that this method was 
not adequate to provide reliable information regarding the ten-
dency of a soil to clog in a tunnel drive. A new device was then 
implemented, which adds to the first method a kinetic energy im-
pulse via dropping of the beater from a certain height. This com-
bination of methods could provide a reasonable approximation of 
the potential for clogging to occur along Earth Pressure Balance 
Machine (EPB) tunnel drives. This paper presents the results of 
the proposed combined methodology for clogging evaluation, 
as well as the research evolution that led to the addition of the 
beater dropping stage.

1  Introduction

The clogging of tools by soil was initially investigated for 
agriculture purposes over a century ago, as it is a particu-
larly troublesome soil characteristic. Early investigations 
into soil stickiness led to one of the most widely used 
standard soil classifications, the Atterberg limits, which 
defined different soil states according to their changes in 
water content [1]. Later, [2] refined this classification for 
its application to the soil mechanics field.

Clogging in tunnel boring machines, as defined by [3] 
[4], occurs through a combination of four single mecha-
nisms: adhesion of clay particles to metal surfaces, bridg-
ing of clay particles over a metal opening, cohesion of 
particles, and insolubility of clay minerals. The occurrence 
of clogging in earth pressure balance (EPB) machines 
(EPBMs) may cause several issues such as high torque re-
quirements of the machine, drastic performance reduc-
tions, and lowering of advance rates. These issues result in 
lengthy and frequent interventions for cleaning the 
clogged tools, as well as additional excavation costs [3] [4] 
[5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15].

The evaluation of the clogging potential and possible 
mitigation measures is therefore essential prior to excava-

tion of a shield tunnel. Appropriate machine design 
(namely location of the foam injection system, opening 
ratio of the excavation interface and other particularities 
of the machine) and effective soil conditioning play a sig-
nificant role in reducing clogging issues.

Soil conditioning is one of the most important ele-
ments of EPB tunnelling, as highlighted by several au-
thors, e.g. [16] [17] [18] [19]. The tunnel face stability fol-
lowing excavation by EPB machine relies on the support 
pressure transferred from the excavated soil inside the 
chamber to the tunnel face. This is best achieved with a 
soil that is conditioned to a paste with soft plastic consist-
ency and low permeability [20] [21]. Numerous additives 
such as water, foams, polymers, dispersants and slurries 
with fines, including bentonite, are used to condition the 
soil, with the goal of achieving the expected soil character-
istics.

A considerable number of research studies have dealt 
with clogging in EPB machines, e.g. [5] [6] [7] [9] [11] [12] 
[14] [15] [22] [23]. Nevertheless, the influence of clay grain 
size and mineralogy in a mixed clay-sand material on soil 
conditioning, as well as on clogging occurrence, has not 
yet been subjected to extensive investigation.

This paper presents the research evolution that led to 
the inclusion of an extra step in the methodology pro-
posed by [7], in order to assess the clogging potential by 
means of a Hobart mixer. Tests were conducted with pure 
clay and mixed sand-clay soils, assembled in the laborato-
ry, adding only water as a conditioner and changing the 
clay contents and minerals. The test results also disclose 
certain preliminary information regarding the influence of 
clay/clay mineral content in a mixed clay-sand soil. Soils 
assembled in the laboratory were selected to ensure repro-
ducibility, allowing for evaluation of the new combined 
methodology. The results were compared to the universal 
clogging evaluation diagram from [8], indicating closer fit-
ting between this empirical diagram based on real tunnel 
drives along pure clay soils and the results obtained using 
the proposed combined methodology.

2  Clogging mechanisms and evaluation

Issues with clogging have long been addressed for tunnel 
drives in clayey soils. [24] demonstrated that clay adhe-
sion to metals exhibits a strong correlation between soil 
mechanical parameters, and increased adhesion occurs 
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cient to “achieve mixture homogeneity at a larger scale 
and a steady state for the amount (mass) of clay sticking to 
the mixing paddle”, although it does not provide a uni-
form water distribution at the particle scale.

From this comparison between the mass of the mate-
rial stuck in the beater and the total material mass, it is 
possible to obtain an empirical stickiness ratio (λ), as pro-
vided by Eq. (1):

λ = G /GMT TOT � (1)

where GMT refers to the mass of the material stuck in the 
beater and GTOT is the total soil mass.

[31] also compared the results obtained for the clog-
ging evaluation parameter λ to the diagram proposed by 
[3], to be applied in the clogging evaluation of mixshields. 
The authors defined different clogging potential levels 
corresponding to varying values for the parameter λ: low 
(λ < 0.2), medium (λ between 0.2 and 0.4) and high 
(λ > 0.4).

[7] developed an additional device to evaluate soil 
clogging potentials: the plate shear test. Using this device, 
the tangential adhesion was measured by rotating a plate 
tangentially to the soil sample, providing a parameter for 
evaluating the sliding resistance of the material against the 
steel surface, which, according to the authors, has a greater 
influence on the clogging potential than normal adhesion 
resistance. Numerous soil mixtures were tested, together 
with chemical additives, as explained by [7] [31] [29].

[13] conducted laboratory tests on three different 
clayey natural soils and explained that the samples were 
tested not only as an initially powdered fraction, but as 
pre-moulded lumps, as this would provide a closer ap-
proximation to the reality of the excavation of an EPB 
machine. According to the authors, it is possible that exca-
vated soil may not be reduced into a completely crushed 
form, but rather may detach in lumps of variable sizes, 
depending on the machine cutterhead openings, which 
are usually between 10 and 30 mm in diameter. In this 
case, the conditioning remains only around the surface of 
the lumps and is not completely homogenized. [13] also 
concluded that tests should always be carried out using 
only water as the conditioning agent in order to under-
stand the mixture behaviour fully and for comparison 
with the conditioned material results.

[15] compared the results from a piston pull-out test 
using 35 clayey soils in two distinct consistency indexes 
with the four main four evaluation charts, achieving a 
high match with the graph from [27], which was not ob-
served with the other charts.

These direct measurement methods to evaluate clog-
ging potential did not succeed, yet, to be directly validated 
with real tunnel drives, or to have a good correlation with 
the clogging diagram from [8], the diagram currently ap-
plied in the tunnel industry. These methods did not con-
sider the changes in the clay fraction, failing to evaluate 
mixed soils.

3  Materials and methods

The tested samples were soils that were reconstituted in a 
laboratory, so that all of the variables could be fully con-

with increased soil plasticity, or consequently, a decreased 
activity index, as well as being influenced by the un-
drained shear resistance of the material. Clogging mecha-
nisms were explained in detail by [3], who defined four 
mechanisms, as mentioned in the introduction: adhesion, 
bridging, cohesion and not dissolving. Of these four mech-
anisms, adhesion of the particles to the metal surface is 
the most significant factor leading to clogging, and this 
adhesion can be classified as tangential or normal.

Ref. [25] offered a review on the occurrence of clog-
ging in tunnel boring machines, reminding readers that a 
standardized method for evaluating clogging potential 
does not yet exist, particularly for mechanized excava-
tions. The authors of this paper divided the clogging evalu-
ation methods into two main approaches, the first being 
an empirical evaluation based on clogging occurrence in 
tunnel drives. Several empirical charts have been pro-
posed to evaluate clogging, such as those by [26], [27] and 
[28] for clogging evaluation in Mixshield specifically, as 
well as a universal chart by [8].

The universal chart developed by [8], for instance, 
considers the plastic and liquid soil limits, the changes in 
water content and consistency index (Ic), correlating that 
with distinct clogging potential ranges, from absent (lumps 
or fines dispersing) to strong clogging. Data from several 
projects with clogging occurrences were compiled for the 
design of this graph. However, one of the limitations of 
this correlation was not considering changes in the clay 
percentage, for instance, in the case of mixed soils. Also, 
the used data are from soils with maximum values for 
plasticity index around 70 %, not being considered data 
from highly plastic soils.

The second approach to evaluating clogging is the 
direct assessment of particle adhesion to a metal surface, 
measured with different laboratory devices. [3] construct-
ed a separation test device to determine the clay adhesion 
when a piston is pulled away vertically from a soil sample. 
Several tests were conducted, and the results demonstrat-
ed that the normal adhesion is directly related to the pres-
ence of clay minerals, with greater normal adhesion re-
ported for samples containing swelling clays (such as 
Smectite).

[6] proposed a classification scheme to determine the 
clogging potential of different clays based on the “cone 
pull-out test”, defining an adherence value based on the 
energy required to pull a metallic cone out of the soil fol-
lowing compaction by a standard proctor device. The re-
sults were then plotted against the soil consistency. Be-
cause the cone is rotated prior to being pulled out, the 
adhesion measurements are assumed to have both a nor-
mal and a shear component.

[7] used a Hobart mixer with a B-flat beater, with the 
intention of qualitatively evaluating the soil clogging po-
tential. This Hobart mixer is used in concrete laboratories 
and the bakery industry and is available worldwide. For 
the first tests a 20-l capacity Hobart mixer was used, and 
later a 5-l version [29].

This simple method consists of weighing the B-flat 
beater with any sticky soil on it, following rotation inside 
a mixing bowl, and comparing this with the total soil mix-
ture weight. The mixer is rotated at speed level 1 at 100 
rpm for 3 min, which, according to [7] and [30], is suffi-
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lustrates the grain size curve for the sand components 
used in this research. There were three types of grain size 
distribution for the sand fraction: “Sfine”, “Fine-Medium 
Sand” and “12”. All three of them are quite similar in 
terms of grain size distribution. Table 2 presents a sum-
mary of all the tested artificial soils, including their Atter-
berg limit values.

3.2  Hobart mixer methodology – original version

The tests for evaluating the clogging potential were con-
ducted using a Hobart mixer with a 5-l capacity, as shown 
in Figure 2, together with a B-flat beater, as suggested in 
[7] and [29].

For each sample, the soil component was initially 
weighed with a 0.1-g precision scale, and subsequently 
mixed according to the proportions defined in Table 2. 
De-ionized water was added to achieve the initial water 
content, which was defined for each sample based on its 
consistency, usually starting with consistencies no higher 
than 1 in order to avoid damaging the machine with hard 
soils. There was a total waiting period of 24 h prior to 
starting the tests, in order to allow time for the clay miner-
als to react, or swell, as the case may be, enabling im-
proved moisture homogenization. The material was main-
tained in a closed recipient in order to avoid moisture 
loss.

In total, six to twelve tests were carried out for each 
sample, with the water content being increased every time 
until the consistency reached a level close to zero. For 
each increase in moisture content in the same mixture 
combination, the B-flat beater and total soil sample were 
weighed, providing the parameter λ0.

Following each test, for every water content increase, 
the moisture content was verified following the methodol-
ogy defined by [34], thereby verifying whether the mixture 
was moisturized homogenously. The moisture contents of 

trolled. Although that natural soils differ from reconsti-
tuted laboratory samples, the intention here was to vali-
date methodologies under a controlled scenario, avoiding 
the local variability found in natural materials.

It was decided to focus on two different clay miner-
als, which would represent the two plasticity extremes: 
Na-bentonite (highly plastic) and kaolinite (very low plas-
ticity). A larger number of tests were conducted with kao-
linite, due to the ease and stability of dealing with this 
material.

Furthermore, several tests were conducted with mica 
flakes. The initial intention was to recreate a gneissic re-
sidual soil from the São Paulo Basin in Brazil, which is a 
typical tropical ground that presented numerous issues 
while being excavated by an EPB machine [32] [33]. Kao-
linite is a typical clay mineral for tropical residual ground. 
Mica is also an important component, leading to the in-
clusion of a short chapter on this research. Therefore, an-
other reason that kaolinite was selected as the main tested 
clay mineral was so that certain correlations between 
tropical residual ground and clogging occurrence could 
later be drawn.

The Hobart mixer testing methodology was continu-
ally modified throughout the research, until it was ac-
knowledged that an additional stage was required leading 
to the assemblage of a new device, namely the “Adhäsive 
Tone Untersuchung RUB/Queens (ATUR)” (RUB/Queens 
Clay Adhesion Tool). The description illustrated below is 
the final methodological sequence, which achieved supe-
rior results overall; however, modification of this method-
ology is still under investigation and improvement.

3.1  Reconstituted soils

Table 1 presents the main characteristics of each tested 
soil component, including the types of kaolinite (always 
cited as K) and bentonite (always cited as B). Figure 1 il-

Table 1. Main characteristics of each component of constituted soils

Product 
specification

Supplier Spec. 
grav.

Chemical comp. Specific Surface 
[m2/g]

Cation exc. capacity 
[meq./100 g]

pH Moisture 
[%]

Silica sand*1 Bell & 
Mackenzie

2.65 SiO2 – – 6–7 –

Kaolinite – EPK 
Kaolin*1

Edgar 
Minerals

2.65 Al203, 2SiO2, 2H20 28.52 4.5 5.8 Max. 1

Na-Bentonite – 
Volclay® 325 mesh*1

American 
Colloid 
Company

2.35 (Na,Ca)0.33 
(Al1.67Mg0.33) 
Si4O10(OH)2
nH2O

0.09–1.8 >70 8.5–10.5 Max. 12

Phlogopite Mica 
PD900*1

LKAB 2.8 KMg3(AlSi3O10) (OH,F)2 0.3 No appreciable CEC 9 Max. 1

Silica sand*2 Euroquarz 2.65 SiO2 – – 6.5–7 –

Kaolinite GHL KS 
80*2

Georg H. 
Luh GMBH

2.62 Al203, SiO2, Fe2O3 18.2 – 4.5–9.5 0.6–2

Active Na-Bentonite 
IBECO B1*2 

Imerys Civil 
Engineering

2.65 Al203, SiO2, Fe2O3, 
MgO, CaO, K2O, Na2O

600–800 70±10 10 11±3

*1 – Initial tests presented in Item 4.1; *2 – Final tests presented in Item 4.2
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samples, as measured from the beater and mixing bowl, 
were compared. As these samples often did not exhibit 
equal moisture contents, the original methodology had to 
be modified; the speed of the mixer was increased from 
139 rpm (speed level 1) to 285 rpm (speed level 2) for at 
least a couple of seconds until the mixture was homoge-
nized, and then returned to speed level 1 for 3 min.

3.3  Combined methodology – Hobart and ATUR

Following several tests, as originally conceived by [7], it 
was realized that for certain consistencies, any vibration 
or drop in the B-flat beater would be sufficient to totally or 
partially remove the soil stuck in the beater, as illustrated 
in the results of item 4.1. Therefore, a trial was initiated in 
order to determine different means of dropping the beater 
from a certain height. Initially, this was achieved by drop-

Fig. 1.  Grain size distribution only for 
the sand portion of the soil mixture 
presented in Table 2. This sand portion 
was mixed with different clay minerals 
or mica flakes, in different proportions, 
as listed in Table 2

Table 2.  Tested samples with respective proportions of minerals and Atterberg limits

Sample ID Sand type (Fig. 1) Sand (%) Kaolinite (%) Bentonite (%) Mica (%) WL (%) WP (%) PI (%)

FMK20 Fine-medium 80 20 – – 24 15 9

FMK25 Fine-medium 75 25 – – 26 16 10

FMK35 Fine-medium 65 35 – – 29 18 11

FMK40 Fine-medium 60 40 – – 32 19 13

12K3 12 70 30 – – 22 13 9

12B1 12 80 – 20 – 90 24 65

12B2 12 60 – 40 – 194 36 158

12KM1 12 25 60 – 15 41 24 17

12KM2 12 10 60 – 30 47 31 16

Ksfine30 Sfine 70 30 – – 22 16 6

Ksfine50 Sfine 50 50 – – 32 21 11

Ksfine70 Sfine 30 70 – – 44 29 16

K100 Sfine 0 100 – – 62 40 22

Fig. 2.  Hobart N50 mixer and B-flat beater
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(37 cm) along the same axis. Figure 2 illustrates this new 
assembled device, the denominated ATUR, from research 
cooperation between Queen’s University in Canada and 
Ruhr Universität Bochum in Germany.

Later, a calibration was conducted considering main-
ly pure kaolinite samples for different consistency indexes, 
as shown in item 4.2. The final methodology sequence is 
schematically presented in Figure  4. The sequence may 
undergo certain changes in the future, especially consider-
ing that a total of seven drops (λ7) was necessary to 
achieve similar results to three drops (λ3) when using the 
Casagrande cup base, which has a higher material stiff-
ness.

4  Results and discussion
4.1  Initial results – preliminary phase

Following the Hobart testing methodology, a total of 
35  samples were tested during the preliminary testing 
phase. Firstly, the results for the mixtures with a fine-medi-
um sand mixed with kaolinite are illustrated, compared to 
the original method of simply weighing the B-flat beater, 
using the initial dropping version without a reliable meth-
od for dropping the beater. Figure 5 presents the results of 
the empirical clogging parameter λ for samples with in-
creasing clay contents. The EPB consistency range (be-
tween 0.4 and 0.75) is illustrated with a grey square in the 
images.

It should be noted that the λ values tend to increase 
with increasing consistency beyond 0.8, when the clay 
fraction increases from 20 to 25 %; these values continue 
to increase as the clay content increases. For these initial 
tests, although the new dropping adaptation was still 

ping the beater firstly on top of a plastic bowl, and then on 
top of a Casagrande cup base, which has a standardized 
material and size specification [35], leading to the first re-
sults demonstrated in item 4.1.

Every time the beater hit the surface, the tool was 
weighed again, initially resulting in three additional meas-
ures of the empirical clogging evaluation parameter λ, de-
noted by λ1, λ2 and λ3, representing the values achieved 
after 1, 2 and 3 blows, respectively. The impact that the 
beater with the soil suffered by dropping the beater into a 
plastic bowl was lower than when dropping it onto the 
Casagrande cup base; therefore, due to the lack of a 
steady standard, the preliminary results are merely illus-
trative.

Finally, a device was assembled in order to provide 
the B-flat beater with a free fall from the same height 

Fig. 3.  ATUR device: drawing with dimensions on the left 
and B-Flat beater with soil stuck to it on the right

Fig. 4.  Schematic sequence for combined methodology for clogging evaluation with Hobart and ATUR, considering the 
following parameters: IC (consistency index); IP (plasticity index); WC (water content); and the clogging evaluation para
meters: GTOT (total mass of sample); GMT0 (total mass of soil stuck in the mixing tool); GMT1,2,3,7 (mass of soil after 
dropping the beater 1, 2, 3 and 7 times, respectively). The curing time is considered the time that the sample is left to rest 
in a closed recipient, to achieve moisture homogenisation
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any vibration or mixing tool impact. Likewise, for certain 
consistency ranges and soil combinations, most of the soil 
would remain stuck, even once the beater was abruptly 
jolted. Figure 7 illustrates four cases for two different clay 
mineral samples.

On the top left is an example of a sample with 30 % 
kaolinite mixed with fine sand and on the top right, a mix-
ture of 20 % bentonite with fine sand, both with a consist-
ency index of 1 (equal to the plastic limit). In this case, 
without any beater impact, the sample would be classified 
as high clogging (λ0 = 0.9 and λ0 = 1.0 for the kaolinite and 
bentonite samples, respectively). However, after always 
dropping the sample from the same height, once (λ1), 
twice (λ2), or even three times (λ3), there was a significant 
decrease in the soil stuck in the beater, leading to an ab-

crude, completely distinct λ0 and λ2 values were reported 
at the 25 and 35 % clay content levels along the EPB con-
sistency range.

Figure 6 presents the results of bentonite clay with 
sand (grain size denominated 12 in Figure 1), comparing 
two samples containing 20 and 40 % bentonite, respective-
ly, each mixed with sand of sieve number 50. Following 
several drops, the soil was totally detached from the beater 
for consistencies higher than 0.8, which is similar to the re-
sults obtained for samples containing kaolinite. This obser-
vation was more pronounced for the sample containing 
20 % bentonite than for that with 40 % bentonite.

Following several tests, particularly for low plasticity 
samples with a relevant sand contribution, the majority of 
the soil stuck in the beater would be easily removed with 

Fig. 5.  Fine-medium sand mixed with 20, 25, 35 and 45 % kaolinite

Fig. 6.  Comparison of samples 12B_1 and 12B_2 with sand sieve 50 and bentonite
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with consistency values of 0.5 and 0.8, characterized by 
the diagram of [8] as a strong clogging area.

For stiffer consistencies, detachment occurred in 
lumps, while for softer consistencies, it occurred as a 
sticky and liquid paste, illustrating the strong connection 
between the consistency indexes and clogging tendency. 
Likewise, it is demonstrated that this original methodolo-
gy may exhibit a superior fit for samples with higher clay 
contents or pure clay materials, and for a certain consist-
ency range, mainly between 0.5 and 0.8. As the consisten-
cy values increase or decrease beyond this range, the ad-
ditional stage of dropping the beater could provide more 
accurate results for the clogging potential, compared to 
the graph from [8].

Figure  8 presents all of the samples plotted in the 
graph of [8]. In the top graph, the samples have not re-
ceived any jolting, and on the bottom are plotted the re-
sults after three beater drops from the same height. There 
is improved fitting between the graphed clogging potential 
ranges and the empirical parameter λ3, using three drops 
of the beater, compared to the sampling of stuck soil with-
out applying any kinetic energy (λ0). However, too many 
discrepancies can be detected and the lack of a solid pro-
cedure for dropping the beater certainly influenced the 
results.

Furthermore, several tests were performed including 
mica flakes, as previously mentioned, in order to repre-
sent the typical residual soil originating from a gneissic 
rock, which is rich in this mineral. The results are pre-
sented in Figure 9, and the λ values are quite similar at 
consistency values below 0.7. For higher mica flake con-
tents, λ decreases slightly at consistency values above 0.7. 
The values of λ1, λ2 and λ3 decrease more evidently with 
higher mica flake contents.

Presumably, the mica flakes functioned as a lubri-
cant, detaching the material from the metal surface and 
thereby diminishing its adherence. This phenomenon was 
even more evident when the beater was dropped, which 
can be related to the low binding forces between the mica 
flake layers.

These results could even be compared to the EPBM 
excavation along a gneissic residual soil, such as that of 
the São Paulo Metro, Line 5, Lot 3, Brazil ([32] and per-
sonal communication). At this site, stretches with higher 
biotite content (originally from the dark gneissic bands) 
would not present clogging issues, even with the presence 
of clay minerals, while excavated sections with clay but 
without mica flakes (light bands from the gneissic parent 
rock) exhibited clogging. However, there was a higher in-
cidence of face instability along portions with higher mica 
content, which was less apparent along stretches with less 
mica flakes and higher clay content.

4.2  Combined methodology – calibration and initial results

The following tests demonstrate the initial results ob-
tained using the combined methodology of the Hobart 
mixer together with the dropping stage conducted with 
the new device, ATUR. The concept for the dropping 
stage is schematized in Figure 10. A clayey material would 
possess adhesion stress, maintaining the sample attached 
to the metal surface (top of figure) along a certain surface 

sence of clogging. Nevertheless, for lower consistencies, 
as seen in the bottom of the figure, a significant amount of 
soil was present in the beater, even after several joltings of 
the mixing tool.

This same behaviour was observed during several 
tests: Material was frequently being removed from the 
beater with the extra blow stage for stiff to very stiff soils 
higher than the EPB consistency range, and for very soft 
soils lower than the EPB consistency range. In these cas-
es, the samples did not exhibit the same high clogging re-
sults from the original λ0 value. Mostly, for both cases of 
clay, it was observed that, within the ranges where the 
adhesion of the clay to the metal surface was significant, 
the beater dropping did not really affect the value of pa-
rameter λ0. This observation occurred mainly for soft soils 

Fig. 7.  Two tested samples with distinct consistencies (IC): 
on top, a kaolinite mixture and at the bottom, a bentonite 
one. The arrow indicates the direction that increases the 
number of drops, providing different values for λ (λ0 = zero 
drop; λ1 = one drop, and so on)
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stuck or not, depending on its clogging potential. This can 
be verified during laboratory tests, and later correlated 
with the empirical chart from [8], which is based on real 
tunnel drive data.

When clogging is pronounced, the counterbalance of 
kinetic energy (red arrow in Figure 10) would not be suf-
ficient to detach the sample from the surface. Ideally, this 
counterbalance kinetic energy should be calibrated with a 

area, which would depend on certain variables, such as 
consistency and adhesion, as already investigated by nu-
merous authors [3] [6] [14] [15] [30].

If a certain counterbalance of kinetic energy is exert-
ed, as in the case of the laboratory tests, the beater drop, 
or in a real EPB tunnel drive, the machine cutterhead ro-
tation and soil flow inside the excavation chamber (there-
fore, not static), the clogged material would either remain 

Fig. 8.  Results from preliminary testing 
phase plotted in the clogging potential 
universal graph (modified from [8]). 
The top chart represents the samples 
without any beater dropping, as origi-
nally defined by [7], while the bottom 
chart presents the modified version 
after three beater drops

Fig. 9.  Comparison between samples 12KM_1 and 12KM_2, with fixed 60 % kaolinite, and 15 and 30 % mica flakes 
(phlogopite), respectively
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that the empirical stickiness parameter λ0 does not reflect 
the expected clogging potential.

The final stage involved calibrating the number of 
beater drops with the ATUR device. Pure kaolinite soils 
were tested and the results were crossed with the clogging 
potential, as defined in the universal chart of [8]. The tar-
get consistency values were defined considering the limits 
among distinct clogging potentials for this chart (Fig-
ure  12). The results are displayed in Table 3, where the 
cells are coloured according to the clogging potential (yel-
low – low; orange – medium; red – high). The limits de-
fined for these ranges were adjusted to better fit the ranges 
from the graph of [8], with λx values (x representing any 
number of drops, including none as 0): < 0.2 = low clog-
ging potential; between 0.20 and 0.46 = medium clogging 
potential and higher than 0.46 = high clogging potential. 
These values differ slightly from those defined by [7].

As can be observed from Table 3, following seven 
beater drops using the ATUR device, it was possible to 
obtain very close results to those defined by [8] with the 
universal chart. If the results without any beater dropping 
are considered (λ0) for all the tested consistency indexes, 
the clogging would be high, and the results would not cor-
respond with those expected from this chart. Further-
more, kaolinite is a very low plasticity clay and should not 
be expected to exhibit such extensive clogging for this 
wide range of consistency values. Thus, these values cer-
tainly need to be adjusted with additional obtained data 
and crossed with tunnel drives.

Certain values of λ7 (marked in bold and italics in the 
table) still do not entirely fit the chart of [8]; nonetheless, 
the results should be closer to the reality of clogging oc-

large amount of tunnel data, which could undoubtedly 
increase this calibration refinement.

Thereafter, tests were conducted using the combined 
methodology, initially only dropping the beater up to 
three times, with the results illustrated in Figure 11. The 
samples were mixed with very fine sand, denoted as 
“sfine” in Figure 1. From these three graphs (30, 50 and 
70 % kaolinite) it can be observed that at higher (Ic > 0.75) 
and lower (Ic < 0.4) consistencies, the differences between 
λ0 and λ3 are greater, precisely because clogging should 
not be expected at these consistencies. This demonstrates 

Fig. 10.  Scheme of drop stage added to Hobart mixing 
methodology. A soil sample (represented by the shape in 
pink colour) with two different consistency indexes exerts 
a certain adhesion force (represented by the blue arrow), 
which attaches this sample to a metal surface (black line). 
Depending on the clogging potential and responding to a 
counterbalance kinetic energy (red arrow), this soil may or 
may not detach, separating from the metal surface

Fig. 11.  Results from three different samples, containing 30, 50 and 70 % kaolinite, showing four different empirical 
stickiness values of λ
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currence in EPB machines than those of the original em-
pirical stickiness evaluation using the Hobart machine 
alone, as proposed by [7].

At present, the addition of an extra final stage is also 
under consideration, characterizing the ease of removing 
the soil from the beater and mixing bowl. Although this 
would provide an imprecise parameter, it may aid in distin-
guishing between low potential clogging and a lump, as in 
the second case where the soil is easily detached from both 
the beater and bowl by hands and with the use of water 
only, while the first option, namely a large amount of soil, 
sticks to the fingers, and soap is required for the cleaning 
process. Furthermore, this could later be correlated with 
the ease/difficulty of realising interventions, as a soil that is 
challenging to clean and remove from the metal parts of the 
machine would imply lengthier interventions.

Fig. 12.  Main testing target points for the initial ATUR 
calibration, considering clogging potential boundaries as 
defined by chart of [8], with limits presented on the right

Table 3.  Results for initial calibration of Hobart + ATUR values compared with clogging potential ranges of [8] (indicated as 
H&T in the table). The colours in the cells are as follows: red for high clogging potential, orange for medium clogging poten-
tial, yellow for little clogging potential and white for occurrence of lumps

Test ID Test N° Water content IC λ0 λ1 λ2 λ3 λ7 H&T

Kpure_T2

1 40.5 1.0 0.62 0.62 0.62 0.62 0.06 Lumps

2 42.2 0.9 0.65 0.65 0.65 0.39 0.39 Medium

3 47.2 0.7 0.60 0.60 0.60 0.60 0.60 Strong

4 49.8 0.6 0.56 0.56 0.56 0.56 0.56 Strong

5 54.1 0.4 0.64 0.64 0.64 0.29 0.09 Little

6 56.8 0.2 0.54 0.54 0.53 0.30 0.13 Little

Kpure_T3

1 40.2 1.0 0.62 0.62 0.62 0.27 0.08 Lumps

2 42.4 0.9 0.56 0.56 0.56 0.56 0.41 Medium

3 45.9 0.7 0.67 0.67 0.53 0.53 0.48 Strong

4 48.8 0.6 0.60 0.60 0.60 0.60 0.37 Strong

5 51.8 0.5 0.64 0.64 0.64 0.64 0.64 Strong

6 53.3 0.4 0.66 0.66 0.65 0.65 0.13 Little

Kpure_T4

1 39.8 1.0 0.63 0.62 0.61 0.58 0.07 Lumps

2 41.5 0.9 0.59 0.59 0.59 0.59 0.56 Medium

3 44.8 0.8 0.67 0.67 0.67 0.67 0.62 Medium

4 47.1 0.7 0.66 0.66 0.66 0.66 0.66 Strong

5 50.6 0.5 0.71 0.71 0.71 0.71 0.62 Strong

6 53.5 0.4 0.61 0.61 0.61 0.60 0.10 Little

7 61.6 0.0 0.53 0.52 0.16 0.12 0.06 Little

Kpure_T5

1 39.9 1.0 0.64 0.64 0.64 0.64 0.09 Lumps

2 41.3 0.9 0.67 0.64 0.61 0.58 0.46 Medium

3 45.1 0.8 0.60 0.60 0.60 0.60 0.58 Medium

4 47.8 0.6 0.66 0.66 0.66 0.66 0.66 Strong

5 50.9 0.5 0.72 0.72 0.72 0.72 0.35 Strong

6 53.9 0.4 0.68 0.68 0.67 0.67 0.09 Little

7 61.1 0.0 0.52 0.51 0.22 0.13 0.05 Little
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