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Abstract Mechanized tunneling through clayey forma-
tions is threatened by encountering the clogging problem.
Adhesion stress, as the tendency between clay and a met-
al surface, leads to clogging between TBM and excavated
materials. Some empirical clogging classification charts
were prepared based on the experienced clogging prob-
lems. Moreover, experimental attempts have been made
to evaluate clogging potential. The relation between
available empirical charts with laboratory measurements
has not been fully defined. This research was conducted
to clarify the relationship between measured adhesion
values and to propose empirical charts to support a labo-
ratory assessment method. In this regard, 35 clayey soil
samples (assumed to have different levels of clogging
potential) were selected using the main existing empirical
evaluation charts. The clayey soil samples were tested at
two different consistency indexes using the piston pullout
test, as a highly qualified adhesion assessment tool. The

performance of available classifications was examined by
laboratory test results. For this purpose, distribution of
the measured adhesion values and levels of clogging po-
tential with classification charts were compared. Among
the examined classification charts, one of them showed a
high match with adhesion values. Using the resulting re-
lationship, a new experimental method was proposed to
evaluate clogging potential using laboratory data.

Keywords Clogging . Adhesion . Tunneling . Clayey soils

Introduction

Adhesion is defined as the tendency of dissimilar parti-
cles or surfaces to cling to one another (Bhushan 2003).
Soil-metal surface adhesion leads to a clogging problem
in tunneling projects (Zumsteg and Puzrin 2012).
Clogging is a current problem in mechanized tunneling
through clayey soils and argillaceous rocks. It results
from adherence of clayey soil to TBM components and
hinders the soil transportation and slows down tunneling
and blocks forward progress (Thewes and Burger 2004;
Atkinson et al. 2003). The delays occurring due to this
problem impose a heavy cost on tunneling projects. To
overcome this issue, it is necessary to investigate soil
clogging potential. Numerous efforts have been made to
provide a way to assess this problem and different
methods have been suggested by various researchers to
measure and monitor the issue (Geodata 1995; Kooistra
et al. 1999; Zimnik et al. 2000; SubbaRao et al. 2002;
Thewes and Burger 2005; Burbaum 2009; Spagnoli et al.
2009; Feinendegen et al. 2011; Zumsteg and Puzrin
2012; Hollmann et al. 2014; Khabbazi Basmenj et al.
2016b; Burbaum and Sass 2016). The suggested methods
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can be categorized into empirical classifications and ex-
perimental tests. The classifications include four schemes
of empirical evaluation charts as in Fig. 1. During the
feasibility and preliminary design stages of a project,
when very limited detailed information on the soil
properties is available, the use of an empirical
classification scheme can be of considerable benefit.
The Geodata method (1995) uses the plasticity index
(PI) and natural water content (ω) while the Thewes
and Burger method (Thewes and Burger 2004) uses PI
and a consistency index (Ic) as the variable of their clas-
sifications. In addition, Feinendegen et al. (2010) used
laboratory and field data to derive a classification scheme
to quantify clogging potential based on a consistency
index (Ic). Hollmann and Thewes (2013) applied water
content, plasticity limits, and consistency index as the
basis of their modified classification for open shield
mode. Experimental tests include three categories of lab-
oratory test devices to assess adhesion. The first category
consists of tests that measure adhesion indirectly, includ-
ing ball and blade tests, mixing tools, rotating plates, and
a pressurized vane shear test. The results of these tests

can be applied to calculate adhesion force (Spagnoli et al.
2009; Messerklinger et al. 2011; Zumsteg and Puzrin
2012). The second category of tests includes direct mea-
suring of tangential adhesions, such as the slide and tilts
and modified direct shear tests (Kooistra et al. 1999;
SubbaRao et al. 2002). The third group of tests measures
normal adhesion directly. The cone pullout test and pis-
ton separation devices are classified in this category
(Zimnik et al . 2000; Thewes and Burger 2004;
Burbaum 2009; Spagnoli et al. 2011; Feinendegen et al.
2011; Burbaum and Sass 2016; Khabbazi Basmenj et al.
2016a, b). Sass and Burbaum (2009) mentioned requisites
for a standard test such as ease of implementation; pre-
cisely defined parameters; high reproducibility; high-
resolution measurement; simple test equipment; simple
test procedure appropriate for site use; the use of other
established standard testing methods, if possible; and ref-
erence to standardized soil parameters. To compare the
mentioned requisites with suggested test devices, the pis-
ton pullout test seems to cover the mentioned features
better than other suggested tests and measure adhesion
force directly. Furthermore, its principle has been already

Fig. 1 Empirical clogging assessmentmethods based on: (a) Plasticity andwater content (Geodata 1995; (b) Plasticity and consistency index (Thewes and
Burger 2004); (c) Consistency index (Feinendegen et al. 2010); and (d) Water content, plasticity limits, and consistency index (Hollmann et al. 2014)
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used for soil adhesion testing (Schachbasian 1890;
Fountaine 1954; Riek 1963; Schlick 1989; Tong et al.
1994; Thewes 1999) and Thewes (1999) recommended
it as an industrial standard testing method. Despite the
conducted investigations, no single test method is favored
for assessment of the adhesion and subsequently clogging
properties of soil yet (Burbaum et al. 2010; Heuser et al.
2012). Different empirical classifications and the
mismatch among them have left a lack of clogging
investigations. Such soil samples may show high
clogging potent ia l in one class i f ica t ion, whi le
representing low or medium in another as experienced
in the Thessaloniki Metro area site investigation.
Geodata (1995) classification showed low to the medium
tendency to sticky behavior for the investigated soil sam-
ples in Metro pass while the Thewes and Burger (2004)

classification had a less optimistic assessment and
showed high sticky behavior (Marinos et al. 2008).
Thus, researchers hope it may eventually be possible to
evaluate clogging potential by determining adherence
using a simplified test. The effort to establish a relation-
ship between empirical clogging evaluation methods and
laboratory measurements can initiate an integration of the
performed investigations exclusively based on field data
or laboratory study. Then, it would be possible to develop
adhesion measurement as an alternative to investigate the
hazard and examine clay-metal adhesion diminishing ad-
ditives performance in the laboratory rather than risk test-
ing of an inappropriate additive on site (Jancsecz et al.
1999; Spagnoli et al. 2012a, b).

This research was performed to connect laboratory mea-
surements to empirical evaluation charts by testing clayey soil
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Fig. 3 XRD analyses for tested samples

Fig. 2 Adhesion testing device and features: (a) The testing device; (b) mold and test performing; (c) contact and pressure; and (4) pulling-out,
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samples, which were suspected to be a clogging problem.
High plastic clayey soil samples covering all classes in clog-
ging charts were tested by the piston pullout test. The test
results were used to present clogging potential based on mea-
sured adhesion value.

The rest of this paper is organized as follows: In the
second section, the previously applied materials and
methods are introduced. In the third section, test results
are presented and discussed. Finally, the fourth section
concludes the paper.

Methods and materials

The research is performed by testing soil samples at the
laboratory and interpreting the results. High plasticity
soil samples with a specified position in clogging poten-
tial classifications, which is determined based on their

physical properties, were selected and their adhesion
was measured using a piston pullout test device. The
test results together with the measured adhesion values
were compared with sample positions in the classifica-
tion charts. Thus, comparative analysis leads to clarify-
ing which range of measured adhesion values could be
experienced in each clogging potential class. In the fol-
lowing, the applied test device operation, the tested ma-
te r i a l s , and sample prepara t ion procedure a re
introduced.

Piston pullout device

A piston separation test device is a soil mechanical labo-
ratory tool that is applied to measure adhesion between
soil and metal normally. The pullout test device is com-
prised of a force producer, data logger, and data recorder
parts. The soil sampler mold is fixed to the base plate and

Fig. 4 The size distribution curves of tested clayey soils: (a) samples 1 to 9; (b) samples 10 to 18; (c) samples 19 to 27; and (d) samples 28 to 35
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compression pressure (7 kPa) is inserted into the interface
of soil and a metal piston (with 2 μm of surface rough-
ness). After a specified time (1 min), the specimen is
removed from the piston. The data logger records the
variation in stress at 0.2 s intervals. The adhesion stress
is calculated by dividing the measured tension force by
the area of the piston. Through this procedure, five tests
are performed on an unchanged sample; however, apply-
ing three or four physical tests are recommended (ASTM
E691 2011, ASTM E22-82 2013). In this regard, the
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precision of the piston pullout test was examined by
Khabbazi et al. (2014) using the precision index concept
(Eq. (1)) and it was proposed that based on Eq. (2)

applying five tests for each sample is the appropriate min-
imum number of test iterations (Gill et al. 2005). Figure 2
illustrates the testing device and features of the test.

a

Thewes and Burger

(2004) - sample with ω1

b

Geodata (1995) - sample

with ω1

c

Hollmann and Thewes

(2013) - sample with ω1

d

Thewes and Burger

(2004) - sample with ω2

e

Geodata (1995) - sample

with ω2

f

Hollmann and Thewes

(2013) - sample with ω2

Fig. 7 The position of tested soil samples in clogging classification charts

Fig. 8 Preparation of clayey soil samples for the adhesion test: (a) Field samples; (b) The selected clay samples; (c) Size distribution by hydrometer
analysis; (d) Oven drying; (e) Mixing; (f) Putting samples in containers; (g) Keeping samples in the container until testing; and (h) Testing
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where, p is the precision index, M is the population ar-
ithmetic mean, tβ is the confidence coefficient obtained
from the Student t distribution, and β is determined by
the confidence level (95%), and cνob Cvobis the observed
coefficient of variation. Gill et al. (2005) recommended
p ≤ 1.35 for engineering studies and p ≤ 1.2p ≤ 1.2 for
scientific investigations for a confidence level of 95%.

The high precision index (p = 1.13) calculated for the
piston pullout test by Khabbazi et al. (2014) was also
applied in the present study.

Testing soil samples

The required plastic clayey soil samples for evaluation of
clogging classifications were supplied from a project in
the southwest of Iran. Clay samples were supplied from
an expanded Quaternary deposited area with a stratifica-
tion of clay and silt layers thicker than 100 m. Based on
the XRD analysis, the testing sample was detected as illite
(Fig. 3). In this step, 35 clayey soil samples were selected,
and their size distribution was determined using a hy-
drometer test according to ASTM D422 2007 (Fig. 4).
The Atterberg limits of the samples were determined

Fig.9 A sample (No. 20) sheet of adhesion test result for evaluation of
clogging classification charts. The sample shows low, high and little
clogging potentials, respectively, for Thewes and Burger (2004),
Geodata (1995), and Hollmann and Thewes (2013) classifications. The

measured needed forces for separation in four graphed results are almost
equal, implying the high accuracy of the test. In all mentioned tests, each
separation lasts about 5 s.
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according to ASTM D4318 2010 and summarized in
Fig. 5. Moreover, Fig. 6 Illustrates the testing samples that
are in the Casagrande chart. To cover all classes of clog-
ging evaluation classifications, two water contents and
subsequently two consistency indexes were selected for
soil samples to be tested (Fig. 5). Figure 7 indicates the
position of samples on classification charts.

A container with a volume of 1,000cm3 was used to
store clayey soil samples. Under laboratory environmen-
tal conditions, the oven dried soil was weighed and put in
a mixer. Sufficient distilled water was added for the spe-
cific water content, and the specimen was mixed for
15 min. Then, the sample was placed in the container,
and the container was sealed against moisture loss. A
spatula was used to put the specimen into the mold in
thin layers to minimize trapped air and a straight edge
was used to level the specimen. Figure 8 shows features
of tested samples and preparation steps followed for the
clayey soil samples. After each test, a sample was tested
for water content control.

Data recording

To organize data recording, a data sheet containing the
position of each sample in clogging classification charts

was produced. The designed sheet summarizes the prop-
erties of the tested sample and adhesion test curves and
can be used to compare the soil specimens. The
sheet allows a better understanding of samples behavior
during an adhesion test. For example, a sheet prepared
for sample No. 20 is shown in Fig. 9.

Results and discussion

The test results for clogging classification evaluation on
clayey soil samples (Fig. 5) were recorded on a special
sheet like the one shown in Fig. 9. At least five tests
were performed for each sample to meet the minimum
number of the required tests. Figure 10 shows the mea-
sured values in three types: maximum measured value, an
average of measured values, and an average of measured
values after eliminating inappropriate values. The last
value, which also was applied in the present research,
was named as the modified value. As illustrated in
Fig. 10, there is a good agreement among presented
values which indicates the good ability of the test for
adhesion measurement. The considered measured adhe-
sion values are summarized in Fig. 11.

Fig. 10 Three types of measured
adhesion values for 35 tested
clayey soil samples in two
moisture contents: The maximum
measured value (max.), average
of measured values (Av.), and
average of measured values after
eliminating inappropriate values
(modified value)
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As mentioned earlier, the existing clogging evaluation
charts treat the consistency index as the basic element of their
classification. To assess adhesion potential variation with the
changes in consistency index, the Ic values of the specimens
are depicted with their measured adhesion value in Fig. 12. As
shown in this figure, there is a poor correlation between adhe-
sion values and consistency index in both cases (ω1 andω2).
However, this hardly existing correlation has a larger slope for
drier samples (ω1).

Therefore, it is inferred from Figs. 12 and 13 that the
consistency index cannot be solely adequate to classify
clayey soils for their adhesion and subsequently clogging
potential. Moreover, the increase in adhesion with consis-
tency is not valid for all cases and not the same for all
ranges of moisture content. In other words, Fig. 13 shows
a rate of adhesion increase with a consistency that is
different for two groups of tested samples. This behavior
might explain why it is necessary to use also other prop-
erties of soils for clogging evaluation potential in addi-
tion to Ic.

The clayey soil samples with determined properties do
not present the same clogging potential in different clas-
sifications. For example, one sample with ωx may show
a high clogging potential in the chart of Thewes and
Burger (2004) while it has low or medium clogging po-
tential based on Geodata (1995). To see which classifica-
tion is more consistent with the measured adhesion
values and could predict adhesion potential of clayey
soils, the measured adhesion values were depicted in
three main existing classification charts (Fig. 14).
Among all four presented classification charts (Fig. 1),
three of them (Geodata 1995; Thewes and Burger 2004;
and Hollmann et al. 2014) were prepared using real site
data and were used in this study. Although the chart of
Feinendegen et al. (2011) was created for the cone pull-
out test, the outputs were not compared with those of
other tests since they were different and not applicable
for this purpose.

Figure 14 illustrates the adhesion value for tested clay-
ey soil samples in three classifications at two moisture
contents. The consistency index variation also could be
considered in different zones of classifications. The dif-
ference in clogging potential evaluation for the same
samples is seen in Fig. 14.

To compare the measured adhesion values with their
situation for the classification chart in the first group of
tests (samples with ω1; Fig. 14a, b, c), it is observed that
the Thewes and Burger (2004) shown in Fig. 14a is more
consistent with the adhesion potential in clayey soil sam-
ples. The decrease in adhesion values with chart zoning
from high to low clogging potential is also evident. The
mentioned regular trend is not sharp enough at other two
classifications (Fig. 14 b, c). Figure 14d shows that,
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despite the change in sample position in a classification
chart with a change in moisture content and subsequent
consistency index, the inferred trend in Fig. 14a is valid
for the second group of the tests. Moreover, the second
and third classifications have shown similar results as for
the first group of tests. Although the correlation coeffi-
cient is not very high even for the first chart (Fig. 14a,
d), it is notable and the same for both groups of tests.
Thus, it can be stated that the Thewes and Burger (2004)
classification chart for the evaluation of clogging

potential is more competent with laboratory measured
adhesion values. Figure 15 presents the distribution of
measured values in three ranges of clogging potential in
the Thewes and Burger (2004) classification chart.

Conclusion

Adhesion of clayey soils to metal surface interrupts TBM
progress and leads to a clogging problem in tunneling

Fig. 12 Adhesion value and
consistency index (Ic) in tested
clayey soil samples

Fig. 13 The measured adhesion
value increases relatively with an
increase in consistency index
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operations. Inherent and physical properties of the con-
sidered soil determine its potential for adhesion and risk
of a clogging problem. A variety of field classifications
and laboratory measurements were carried out indepen-
dently to assess adhesion and predict clogging likelihood.
To this end, 350 adhesion tests were performed using a
piston pullout test device, and the resulting values were
compared with their assumed clogging potential values
from empirical classifications. Results confirmed that, de-
spite an increase in adhesion value with consistency in-
dex, it could not solely predict clogging potential.
Among the existent empirical classification for clogging
potential evaluation, the chart provided by Thewes and

Burger (2004) presents a better consistency with labora-
tory results. Adopting the confirmed classification and
measured adhesion values, in the present work, a new
classification for clogging potential was produced based
on laboratory measured adhesion values.

Acknowledgements Laboratory staff of SCE Institute, Dorin Kashan
clay supplying group and Iran Barite clay supplying group was appreci-
ated for support in laboratory tests and soil preparation.
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