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Abstract: The study takes into account different classes of tunnel boring machines (TBMs), with the
aim of identifying correlation models which are meant to estimate, at a preliminary design phase,
the construction time of a tunnel and to evaluate the mechanical and operational parameters of the
TBMs, starting from the knowledge of the tunnel length and/or the excavation diameter. To achieve
this goal, first of all a database was created, thanks to the collection of the most meaningful technical
parameters from a large number of tunnels; afterwards, it was statistically analysed through Mi-
crosoft Excel. In a first phase, forecasting models were identified for the three types of machines
investigated, separately for compact rocks (open TBM) and fractured rocks (single and double shield
TBM). Then, the mechanical parameters collected through the database were analysed, with the aim
of obtaining models that take into account, in addition to the type of TBM, the geological aspect and
the type of rock characterising the rock mass. Finally, the validation of the study was proposed in a
real case, represented by the Moncenisio base tunnel, a work included in the new Turin-Lyon con-
nection line. The estimated values were compared with the real ones, in order to verify the accuracy
of the experimental models identified.

Keywords: Tunnel boring machine (TBM); correlation models; mechanical and operational param-
eters; performance prediction; model validation

1. Introduction

It is known that hard rock excavation by means of tunnel boring machines (TBMs)
brings many benefits in terms of productivity and safety, but at the same time the tunnel
geometry is limited to a circular shape [1], so the method is more appropriate for projects
with constant shapes [2]; moreover, it is not recommended for tunnels shorter than 1 km,
as the installation times would be of the same order of magnitude as the excavation times
[3, 4].

TBMs are classified into large families based on the type of material being excavated.
Open TBMs are suitable for hard and compact rocks, single shield machines offer more
protection in fractured rock [5,6] while the double shields generally allow a higher ad-
vancement speed compared to the single shield.

Anyway, independently from the kind of machine, it is crucial for tunnelling stock-
holders to predict the performance of the excavation. This issue has been addressed dif-
ferently by many authors. Empirical and analytical models aimed to predict both the cut-
ting depth of the tools and their wear have been studied by [7-23].

Together with the aforementioned studies, three important research schools have
drawn the attention of the scientific community to their prediction models, capable of
successfully predicting the penetration rate (mm/rev) considering both the parameters of
the machine and those of the rock. More in details, pertaining to the machine, total thrust
[N], thrust/tool (which depends on cutter diameter), cutterhead diameter, cutter geome-
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try, spacing between tools and tools numbers are required while, as for the rock parame-
ters, the uniaxial compressive strength (UCS), Brazilian tensile strength (BTS) and drilling
rate index (DRI) are needed.

The contribution of the Turkish school (Istanbul Technical University) in this field is
very relevant: [24-27] take into account the presence of discontinuities to better describe
the properties of the rock mass. The authors investigated in depth the influence of joint
orientation, spacing and persistence on the extent of tool penetration and wear.

The NTNU (Norwegian University of Science and Technology) prediction model for
hard rock TBMs combines rock boreability properties and TBM parameters in order to
determine the main factors influencing the penetration rate predictions [28,29]. Predic-
tions of advancement rate, cutter wear and excavation costs are also achieved using the
NTNU model. The first version of the model was proposed by [30], and it has been con-
tinuously updated with parameters derived from new projects.

The analytical model proposed by the Colorado School of Mines (CSM) is able to
predict excavation performance based on a “full-scale” laboratory test, i.e. the so-called
linear cutting test. The conditions of the rock-tool interaction during excavation by TBM
are well reconstructed with this test, which allows to estimate the cutting force, the normal
force and the tangential force acting on a disk that performs linear paths on a rock speci-
men with dimensions 1x1x0.6 m. For a given case study, the test is commonly repeated
several times, evaluating different spacing and penetrations. The first version of the model
was developed in 1977 [31,32] and was later revised [33-35]. The input parameters are
both geotechnical and TBM parameters; based on the physical model coming from the
laboratory, a penetration value p (mm/rev) can be assumed and, since the tool radius R
(mm) is known, the contact angle is settled, which defines the rock region affected by the
stress related to the interaction with the tool. Once this value is known, the tool contact
pressure is calculated and the thrust/tool Ft (kN/tool) is assessed. The main goal of the
CSM model is to estimate the total thrust, the torque and the power of the TBM; these
values are then compared with the machine design parameters; through iterative calcula-
tion, assuming each time a different value of p, the maximum penetration p achievable in
a given rock mass with a given TBM can be evaluated.

All the references above belong to research that can differ from each other, but that
are commonly based on a direct approach to the problem (information about the produc-
tivity of the machine is provided taking into account the parameters of both the machine
and the rock). However, it is worth mentioning another type of approach, which could be
defined indirect, capable of deriving predictive models based on the statistical analysis of
real excavation cases: [36, 37], [30], [38-41] developed predicting models based on that
approach. The equations obtained, resulting from the statistical treatment of real data, also
take into account the characteristic parameters of the TBMs, such as diameter, thrust,
torque and power. The equations are useful for leading engineers to choose the best ma-
chine in a given geological context. Unfortunately, the weakness of the indirect approach
cannot be overlooked: databases must be constantly updated according to new construc-
tion sites.

[42] conducted a statistical analysis on a database consisting of 262 TBM design pa-
rameters (72 open, 24 single shield, 41 double shield, 86 EPB and 39 slurry TBM) that refer
to projects implemented since 1985 around the world. The study analyses potential corre-
lations between TBM diameter, thrust, torque, total machine weight, head rotation speed
and number of tools on the cutterhead. Some parameters are well correlated, then fore-
casts for design purposes could be made. To this end, the authors validated their models
by comparing the estimated parameters with the TBM data used to carry out 30 projects
in Turkey in different geological contexts. The statistical treatment of the data was carried
out, and different regression functions were evaluated to find the best fitting. The function
with the highest correlation value was selected and chosen as the forecast equation.

[43] conducted a study whose goal was to evaluate the correlations between TBM
diameter and design parameters (thrust, torque, power, rotational speed) to obtain pre-
diction equations for different types of TBM and in different geological conditions.
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Studies by [42,43] are the most recent but still not updated to the present day. In
addition to this drawback, the need for tools capable of guiding tunnel construction com-
panies to the choice of the right machine for a given excavation work becomes crucial,
since a wrong choice could lead to a reduction in excavation performance and conse-
quently an increase in time and construction costs. This responsibility is well known to
tunnel builders who, in recent decades, have begun to seek answers to the delicate but
crucial problem of choosing the right machine in academic contexts. In light of these
needs, this paper analyses a larger and more updated database. 270 TBM data, with a
diameter greater than 6 m, used to carry out tunnel projects in various parts of the world
were analysed. Regression analysis was also done in cases where less than 10 data were
available, although being understood that the significance of the model needs to be re-
fined with further research. Three different geological conditions were also considered:
soft ground, mixed ground and rock. As for the correlation between diameter and thrust,
90 data were analysed. Open and single shield machines were not part of the analysis due
to lack of data. The results show a strong link between diameter and thrust, mainly for
soft ground conditions. The studies by [42,43] were adopted for comparison purposes
while the validation of the study was proposed in a real case, represented by the Mon-
cenisio base tunnel. Finally, the authors want to underline that this research is not in-
tended for the final choice of a TBM in the execution phase of a project, but it can be a
valid tool in the design phase.

2. 2. Data collection for performing statistical analysis

The purpose of the experimental analysis was to identify and evaluate the correla-
tions between the mechanical parameters of the TBMs and any links between them and
the speed of advancement, also according to the geological characteristics of the rock
mass. For this purpose, a robust database was built to perform statistical analyses: it in-
cludes information from 302 tunnels excavated by TBM (open, single shield and double
shield), with a total length of 2200 km. It was structured by assigning to each tunnel the
following information: name of the project; country where the project was carried out;
contractor of the work; purpose; geological context; overburden material; RMR and UCS;
excavation diameter; length; construction period; feed rate; machine manufacturer and
type of machine; number of tools on the excavation head; tools diameter; installed power;
thrust; cutterhead rotation speed; and torque. It is pointed out that, for many tunnels, only
a few data were available. As for the geological characteristics of the rock mass encoun-
tered, only qualitative descriptions were found, and almost no parameters characterising
the rock mass from a geomechanical point of view were found. This partially limited the
work. In addition, the average advancement rate was found only in very few cases since,
most of the time, TBM manufacturers only provide the peak speeds recorded during the
excavation. In this regard, since the utilisation coefficient was not available, the feed rate
was tentatively calculated as the ratio between the tunnel length and the construction
time. Obviously, the data contain all the downtimes related to possible machine stoppages
due to the replacement of the tools and/or to different organisations of the work shifts.
Because of this, the results of the processing are not provided in this work, as the infor-
mation obtained was too scattered and unreliable. Once the database was completed, the
statistical analysis was carried out. First, based on the type of machine examined (open,
single shield, double shield TBM) the following correlations were analysed: diameter —
power; diameter — thrust; diameter — torque; diameter — cutterhead rotation speed; thrust
— torque; power — torque; power — thrust.

For each of the pairs of parameters, different regression functions were evaluated,
and the one that returned the highest value of R? (coefficient of determination) was chosen
as a statistical measure of how close the data are to the fitted regression line. Admissible
values of R? range between 1 and 0 but only high R? values indicated that the model ex-
plains all the variability of the response data around its mean. So, the higher the R?, the
better the model fits the data.
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Correlation equations that took into account the geological aspect were sought, albeit
not in detail, due to the lack of geomechanical parameters. In this context, a series of filters
was applied, and the behaviour in five different rock types was examined for each type of
machine. The statistical analysis was carried out in the same way as in the previous cases,
considering only the correlations where the number of available data was greater than 10.
Finally, in the last phase of the study, links were sought between the machine parameters
and the forward speed, according to the type of rock and machine.

2.1. Analysis of the correlations identified on the basis of the TBM type

For the three types of machine selected (open, single shield and double shield TBM),
the cases found in the literature (whose number is summarised in Table 1) were analysed
in detail. As for the correlation between the diameter and the power supplied to the cut-
terhead (Figure 1), the trend identified is linear for open TBMs, with R2 = 0.766. The graph
shows that, with the same diameter, the power values vary in a more or less extended
range: this is due to the different characteristics of rock masses crossed. Good correlations
have also been found for single shield TBMs, through a power function where R?is 0.7833.
It has to be noticed that large diameters were used in very different rock masses, so that
their variation range is greater compared to smaller diameters. For each pair of parameters
investigated, the number of experimental data analysed was greater than 30. This made it
possible to get more reliable models. As for the double shield TBMs, the relationship iden-
tified is linear, and the power supplied to the cutterhead increases with the diameter; R? is
0.7903. The number of data analysed is, also in this case, consistent; the power varies be-
tween 200 and 6500 kW. However, most of data is in the range 200-3000 kW, with diame-
ters between 2 and 9 m. Diameters smaller than 3 m did not provide enough experimental
data to make a meaningful comparison; diameters between 3 and 5 m provided similar
values for both open and double shield TBM; with a diameter greater than 5 m, the double
shield TBMs are on average supplied with a power greater than the other types of TBM.

Table 1. Number of cases found in the literature to compare the main parameters of the TBM ana-
lysed. S.S.: single shield; D.S.: double shield.

OpenTBM S.5.TBM D.S. TBM

Diameter [m] — Power [kW] 72 89 78
Diameter [m] — Torque [kNm] 53 84 58
Diameter [m] — Thrust [kN] 53 21 77
Thrust [kN] — Torque [kNm] 22 14 37
Power [kW] - Torque [kNm] 44 73 48
Power [kW] — Thrust [kN] 34 55
Diameter [m] — Rotation speed [rpm] 24 17 48

Similar results were obtained from the previously quoted study carried out by [43]:
they observed linear trends for open and double shield TBM, with R? = 0.6 in both cases
and noticed that, the diameter being the same, the double shield machines are character-
ised by higher power; single shield TBMs could not be evaluated, due to lack of data.
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Figure 1. Correlation between the diameter and the power at the cutterhead for the three clas-
ses of TBM analysed. Red: open TBM; blue: single shield TBM; green: double shield TBM.

The trend of the torque vs. the diameter is given in Figure 2. The correlations are
represented by a linear function in the case of open TBMs and by power functions for
single and double shield TBMs. The results are in line with those obtained by [42]. It can
also be noticed that in the whole domain, with the same diameter, single shield machines
operate with a larger torque. In the range of diameters between 3 and 7 m, the perfor-
mance of open TBMs and that of double shield TBMs are very similar. Over 7 m, the gap
increases progressively as the diameter increases, and, for the same diameter, the open
TBMs work with a lower torque compared to the other two types of machines. A higher
concentration of data in the range of diameters between 2 and 9 m is also noticeable. Fur-
thermore, in the same range, the range of the torque is small, and the model approximates
the experimental points very well.
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Figure 2. Correlation between diameter and torque. Red: open TBM; blue: single shield TBM;
green: double shield TBM.

A kind of correlation, expressed by a logarithmic trend, is observed in open TBM
between the diameter and the thrust (Figure 3), characterised by R2 = 0.6417. In general,
these two parameters are not very well correlated, as the thrust depends only in part on
the diameter, whereas it is mainly conditioned by the geomechanical characteristics of the
rock mass. On the other hand, the correlation (R? < 0.5) in the single shield TBM is poor:
considering the intersection of the domains of the three functions and examining, there-
fore, a range of diameters between 2 and 12.5 m, the trend represented by single shield
TBMs is always above the other two functions. As for the double shield TBMs, also in this
case the correlation is low: however, a model consisting of a power function was consid-
ered, with R? = 0.4089. The processed data (n = 77), are correctly distributed along the
function up to a diameter of 5 m; in the range 2-6 m, the trends of the open and double
shield TBMs are very similar. Over 6 m, with the same diameter, the thrust exerted by the
double shield TBM is greater than that exerted by the open TBM; however, starting from
these values, the dispersion of the experimental points increases considerably. [43] stated
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that the trend of the thrust vs. the diameter is linear for double shield machines. This dif-
ference, compared to the model described in Figure 3, is linked to the small number of
data processed (8) by [43], in addition to the probable difference in geomechanical char-
acteristics of the rock masses analysed.
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Figure 3. Correlation between diameter and thrust. Red: open TBM; blue: single shield TBM;
green: double shield TBM.

Thrust and torque in the open TBM are linked by a relationship described by a power
function with a high R? coefficient, equal to 0.8682. The range of thrust values is 4-28 MN,
while the torque is in the range 0-10 MNm. Figure 4 shows that most thrust data are be-
tween 4 and 13 MN, distributed with a very small deviation along the regression function.
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Figure 4. Correlation between thrust and torque. Red: open TBM; blue: single shield TBM;
green: double shield TBM.

As for the single shield TBM, the data fitting was done with a linear function; in this
case R? is slightly greater than 0.5, as the available cases were limited to 14. In the double
shield TBM, on the contrary, a good correlation is observed: the experimental points (37)
are mainly distributed in a thrust range between 3500 and 34000 kN, with a maximum
peak torque of 5200 kNm. Two isolated points with thrusts equal to 82500 kN and 93000
kN can be identified, which correspond to torques of 18700 kNm and 41000 kNm, respec-
tively. The linear regression function, with R? = 0.838, could be more precise if more data
were available for thrusts greater than 34000 kN. The comparison between the three re-
gression functions can only be carried out for thrusts lower than 20 MN. In this range,
with the same thrust, it can be noticed that single shield TBMs require a higher torque
than the other two types of machines, whose trends overlap. From the study of [42] Ates
et al. (2014), the correlation between thrust and torque is linear for single and double
shield TBM and is instead expressed by a power for open TBM. Figure 5 provides the
power—torque trends. The correlation is expressed by a power function for open TBM and
single shield TBM and by an exponential for double shield TBM. Open TBMs exhibit a
strong correlation between power and torque: 44 data were analysed, and R? is 0.8809. It
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is also noticeable that single shield TBMs operate with higher torques than the other two;
the model approximates the experimental data very well, especially up to 2000 kW; for
higher values, the dispersion partially increases, and the torque variation interval in-
creases too. Furthermore, in the power range between 400 and 3000 kW, the curves refer-
ring to the open TBM and double shield TBM overlap. In this interval, the power being
the same, the gap between single shield TBM and open and double shield TBM increases
in terms of torque. Over the threshold of 3000 kW, double shield TBMs show higher
torque values than open TBMs; moreover, the gap between single shield and double
shield TBM decreases.
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Figure 5. Correlation between the power supplied to the excavation head and the torque. Red:
open TBM,; blue: single shield TBM; green: double shield TBM.

As for the correlation between power and thrust (Figure 6), the open TBMs provide
an R? of 0.6805. The limited number of data available for single shield TBMs (< 10) did not
allow to extrapolate a reliable trend, while, for double shield TBMs, 55 data were pro-
cessed, with R? = 0.5003. In the power range 400-1400 kW, the two regression functions
overlap. Beyond the 1400 kW threshold, double shield machines operate on average with
higher thrusts than open TBMs; the dispersion is anyhow high, as the case studies ana-
lysed came from projects realised in rock masses with different geomechanical character-
istics.
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Figure 6. Correlation between the power supplied to the excavation head and the thrust. Red:
open TBM,; blue: single shield TBM; green: double shield TBM.

The trend of the rotation speed of the head as a function of the diameter is shown in
Figure 7. The regression functions are, for all cases, expressed by powers with negative
exponent, so the rotation speed decreases with increasing diameter, and vice versa. Fur-
thermore, with the same diameter, the double shields show higher rotation speeds than
the others; open TBMs follow, then single shield TBMs. The correlation coefficients are, in
all cases, relatively low.
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Figure 7. Correlation between the diameter and the rotation speed of the head. Red: open TBM
open; blue: single shield TBM; green: double shield TBM.

Ates et al. (2014), in accordance with Figure 7, showed that single shield TBM work
at lower rotation speeds compared to the others; however, they found that open TBMs are
characterised by higher rotation speeds: this difference could be partly due to the different
amount of data analysed.

2.2 Analysis of correlations based on the type of rock crossed

As mentioned, the information obtained from the research in terms of geomechanical
parameters is unfortunately rough and not very detailed. Only very few complete cases
were found, and therefore it was not possible to use them as input for the models: an
attempt was made of using the available geological data, with the aim of obtaining reliable
and representative results of a given type of rock mass. In this regard, the correlations
between the mechanical parameters of the three categories of machines were analysed,
dividing them into groups, and using five types of rocks (where available) as discrimi-
nants: granite, gneiss, sandstone, limestone and shale; however, for some of these types,
not enough cases where available (at least 10 are needed to identify a reliable correlation),
and therefore it was not possible to carry out the analyses.

2.2.1. Open TBM

Data relating to the excavation in granite and gneiss were available for open TBMs.
The diameter of the machines examined varies between 3 and 10 m. For both types of
rocks, the correlation between the diameter and the power supplied to the head is linear
(Figure 8). In the case of gneiss, the number of data analysed is higher (30) and the disper-
sion is greater; in fact, a given diameter often corresponds to several power values, show-
ing that gneisses have mechanical properties different from each other. The regression
equations identified have, in both cases, a medium-high correlation coefficient. The data
available about the trend of the thrust as a function of the diameter refer to case studies
carried out in granite, gneiss and shale, and the trends obtained are shown in Figure 9. As
for granite, the regression function identified is logarithmic with a very high R?, greater
than 0.9: the experimental data are perfectly approximated by the function, and this sug-
gests that the geomechanical properties of the granite are very similar in the different cases
analysed (n. 13). The TBM diameter varied from 3 to 8 m, which corresponds to thrusts
between 5 and 17 MN. As for the gneisses, the regression function is an exponential, with
R? greater than 0.8. Also in this case, the experimental data are represented very well by
the function, with a very small deviation.
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Figure 8. Correlation between the diameter and the power supplied to the head due to the
excavation in granites and gneisses by open TBMs.
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Figure 9. Correlation between the diameter and the thrust due to the excavation in granites,
gneisses and shales by open TBMs.

The diameter of the machines examined varies between 3 and 10 m, with thrusts in
the range between 5 and 28 MN. As for shale rocks, low correlations were almost always
obtained in the case studies examined: the equation is linear and was taken from 24 pairs
of parameters. R? coefficient, slightly higher than 0.5, is low compared to expectations,
since almost all the data available fall within a very small diameter range, between 3 and
6 m. Therefore, several thrust values correspond to a given diameter, which implies that
the excavations have been performed in rocks with variable mechanical characteristics.
The diameter and the torque are also very well correlated in granites: the experimental
points can be represented by an exponential function with a coefficient R? greater than 0.9
(Figure 10). The correlation is also very high in gneisses, except for a diameter of about 10
m, where four different torque values can be observed. In all other cases, the torque in-
creases linearly as the diameter increases. The equation that expresses the correlation be-
tween the diameter and the torque in the shale is logarithmic. The R? coefficient is very
low compared to expectations, since almost all the available data fall within a very small
range of diameters, between 3 and 5 m: therefore, for the same diameter, more torque
values are noticeable, which derive from having carried out the excavation in rock masses
with variable mechanical characteristics. The last correlation analysed in granite rocks is
between the power at the excavation head and the torque (Figure 11). The 11 experimental
points are approximated by an exponential function with an R? coefficient greater than
0.9. The head power varies between 700 and 4400 kW, which corresponds to torque values
between 400 and 11000 kNm. About the behaviour in gneisses, the data fitting was carried
out with a power function that approximates very well the experimental data, with a cor-
relation coefficient R2 = 0.968.
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Figure 10. Correlation between the diameter and the torque due to the excavation in granites,
gneisses and shales by open TBMs.
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Figure 11. Correlation between the power and the torque due to the excavation in granites and
gneisses by open TBMs.

The correlations between power and thrust were also analysed in the gneisses (Fig-
ure 12), where an exponential equation was obtained, with R? = 0.6524.
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Figure 12. Correlation between the power and the thrust due to the excavation in gneisses and
schists by Open TBMs.

In shales, the correlation is rather low (R? = 0.4384), but many pairs of data have been
found very close to each other for powers less than 1000 kW, while few very scattered
data are observed for higher power values.

2.2.2. Single Shield TBM

For this type of machine, data on the excavation in sandstone, limestone and schist
were available. The correlation between the diameter and the power supplied to the head
is expressed for the first two cases by a power function (Figure 13). The number of pairs
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of parameters available for the sandstone was 20, and the R? coefficient was greater than
0.8. With diameters smaller than 8 m, the deviation from the average is very small, and it

increases for larger diameters. Also for limestone, the correlation between diameter and
power was good, with R?=0.78.
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Figure 13. Correlation between the power and the diameter due to the excavation in sandstone
and limestone by single shield TBMs.

As for the excavation in the sandstone, the correlation between the diameter and the
thrust is very weak (Figure 14), whereas the one between the diameter and the torque
(Figure 15) and between the power supplied to the head and the torque are quite high
(Figure 16): both are described by a power function with R? greater than 0.7.
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Figure 14. Correlation between the diameter and the thrust due to the excavation in sandstone
and limestone by single shield TBMs.
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Figure 15 Correlation between the diameter and the torque due to the excavation in sandstone,
limestone and schist by single shield TBMs.
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Figure 16. Correlation between the power and the thrust due to the excavation in sandstone
and limestone by single shield TBMs.

In the first case, there is a very small deviation from the average for diameters less
than 8 m, which grows as they increase; in the second case, the function approximates the
experimental data very well in the whole power range, between 200 and 5200 kW. As for
the excavation in limestone, both diameter and thrust (Figure 14) are poorly correlated,
and the experimental data are scattered, showing the variability of the rocks crossed in
the cases examined: the fitting of the experimental points corresponds to a power function
with R? = 0.5187. Finally, there are high correlations between the diameter and the torque
(Figure 15) and between the power supplied to the excavation head and the torque (Figure
16). As for the excavation in shale rock, only the correlation between the diameter and the
torque (Figure 15) was assessed, expressed by a power function with R? of 0.8992.

2.2.3. Double Shield TBM

For this type of machine, data coming from the excavation in four kinds of rocks
were available: granite, sandstone, limestone and schist. From the analysis performed in
granite, the correlations between the diameter and the power supplied to the excavation
head (Figure 17) and between the diameter and the torque (Figure 19) were analysed. In
the first case, the 13 experimental data are approximated by a linear function (R?2=0.9114),
whereas in the second case the regression function is a power (R2= 0.7645).
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Figure 17. Correlation between the diameter and the power due to the excavation in granite,
sandstone, limestone and schist by double shield TBMs.

In both cases, the low data dispersion suggests that the excavation was performed in
rock formations having a similar geomechanical behaviour. Correlations in sandstone are
very high. Figure 17 shows the trend of the power supplied to the excavation head vs. the
diameter, represented by a linear equation with coefficient R? equal to 0.9166. The function
that correlates the diameter and the thrust is an exponential (Figure 18), which approxi-
mates very well the experimental points for diameters between 2 and 6 m; with a diameter
of 10 m, three very different thrust values are evident.
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Figure 18. Correlation between the diameter and the thrust due to the excavation in sandstone
and limestone by double shield TBMs.

Figure 19 shows the torque trend vs. the diameter. The two parameters are well cor-
related, and the experimental points are perfectly represented by a power function (R? =
0.942). The range of diameters is between 2 and 10 m, while the torque varies between 200
and 23000 kNm; a single “anomalous” experimental point is evident, represented by a
machine with a diameter of 10 m and a torque greater than 40000 kNm.

Also, in the limestones there are good correlations between the mechanical parame-
ters of this type of machine: The exceptions are represented by the diameter vs. the cut-
terhead power (R?=0.627, Figure 17) and the diameter vs. the thrust (R?=0.4563, Figure 18).
Excellent correlations are instead between the diameter and the torque, with R? equal to
0.9067 (Figure 19).
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Figure 19. Correlation between the diameter and the torque due to the excavation in granite,
sandstone, limestone and schist by double shield TBMs.

As for the shales, the correlations between diameter and power (Figure 17) and di-
ameter and torque (Figure 19) were analysed. In the first case, the regression function is
linear, with R? = 0.8378; the experimental data are mainly concentrated in a range of di-
ameters between 3 and 8 m, corresponding to power values between 200 and 2500 kW. In
addition, two isolated points with a 10 m diameter are identified, which are associated
with two power values greater than 4 MW. In the second case (Figure 19), the exponential
trend of the torque vs. the diameter is given (R? = 0.892). In both cases, the deviation from
the average is small.

3. Validation of the experimental models

The predictive models of the parameters, obtained by type of machine, have been
validated graphically by direct comparison with the equations obtained from two similar
studies, which have previously been quoted ([42,43]).
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As for the open TBM models, from the analysis of the graphs in Figs 20 and 21, it
appears that the trends of the power supplied to the excavation head vs. the diameter and
those of the torque vs. the diameter are linear for all the case studies analysed. On the
other hand, a difference (Figure 22) is noticeable between the shape of the function which
expresses the trend of the thrust vs. the diameter (logarithmic), obtained in the present
study, and the experimental, linear equation obtained from [42].

However, with the same diameter, the thrust values are very similar, and the dis-
crepancy is probably related to the different amount of data analysed.
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Figure 20. Trend of the power vs. the diameter based on data collected from the analysis of
open TBMs: in red, the experimental model proposed in this study; in green, the model proposed
by [43].

¥ = 135442 - 47642
14000

¥ = 108933 - 4188.8

12000 [ ¥ 134,635 - 574852

10000

Torque [kNm|
g
£
s

Diameter [m]

Figure 21. Trend of the torque vs. the diameter based on data collected from the analysis of
open TBMs: in red, the experimental model proposed in this study; in blue, the model proposed by
[42]; and in green, the model proposed by [43].
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Figure 22. Trend of the thrust vs. the diameter based on data collected from the analysis of
open TBMs: in red, the experimental model proposed in this study; in blue, the model proposed by
[42].

In case of single shield TBMs, it was not possible to validate the forecast model ex-
pressing the correlation between the diameter and the power supplied to the excavation
head. The correlations between torque and diameter (Figure 23) and between thrust and
diameter (Figure 24) are represented by power functions. Finally, validation was sought
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for double shield TBMs: the trends of the power supplied to the excavation head as a
function of the diameter are linear (Figure 25). Regarding the trend between torque and
diameter, the function obtained during the experimental analysis is a power (Figure 26),
in line with the results of [42]. The experimental model proposed by [43] is instead linear.
However, in the latter case, the authors analysed a small number of experimental data.
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Figure 23. Trend of the torque vs. the diameter based on data collected from the analysis of

single shield TBMs: in red, the experimental model proposed in this study; in blue, the model pro-
posed by [42].
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Figure 24. Trend of the thrust vs. the diameter based on data collected from the analysis of

single shield TBMs: in red, the experimental model proposed in this study; in blue, the model pro-
posed by [42].
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Figure 25. Trend of the power vs. the diameter based on data collected from the analysis of

double shield TBMs: in red, the experimental model proposed in this study; in green, the model
proposed by [43].
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Figure 26. Trend of the torque vs. the diameter based on data collected from the analysis of
double shield TBMs: in red, the experimental model proposed in this study; in blue, the model pro-
posed by [42] and in green, the model proposed by [43].

In Figure 27, the experimental models of thrust as a function of diameter, obtained
from the three case studies, are shown. It should be noted that [42] made a distinction
between main thrust (application as double shield TBM) and auxiliary thrust (application
as single shield TBM). There are several differences between the shapes of the experi-
mental functions, showing that the geomechanical properties play a fundamental role in
the determination of the thrust. Finally, it should be noted that the linear trend proposed
by [43] is the result of the experimental processing of few data.
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Figure 27. Trend of the thrust vs. the diameter based on data collected from the analysis of
double shield TBMs: in red, the experimental model proposed in this study; in light blue main
thrust, in dark blue auxiliary thrust representing the experimental model of [42]; and in green, the
model proposed by [43].

4. Case study: The Moncenisio base tunnel

The forecast models identified were applied to the real case of Moncenisio base tun-
nel, a work included in the set of infrastructures that will be part of the new Turin-Lyon
line. The main objective was to evaluate the performance of the open TBM “GEA” and the
single shield TBM “Federica”. The use of the models found in this study represents a pre-
liminary approach to a very current, important topic on which there are few complete and
exhaustive references.

The Moncenisio base tunnel, 57.5 km long (45 km in France, 12.5 km in Italy), consists
of two single-track tubes; it connects the international stations of Saint-Jean de Maurienne
(France) and Susa (Italy), crossing the mountain range of the Alps. The work represents
the fundamental part of the new Turin-Lyon railway connection, which is located at the
intersection of the two major axes of communication between the North and the South
and between the East and the West of Europe: it is a line for goods and passengers that
extends for about 270 km, of which 70% is in France and 30% is in Italy. TELT (Tunnel
Euralpin Lyon Turin) is the public promoter responsible for the construction and man-
agement of the cross-border section of the future freight and passenger line. The project
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also involves the construction of four exploratory and access tunnels (most of which have
already been built), with the aim of investigating the characteristics of the geological for-
mations. Three of these tunnels are located on the French side and are: Saint Martin La
Porte, La Praz and Modane, while the fourth is located on the Italian side in La Madda-
lena, Susa Valley.

The geological context along the longitudinal profile of the tunnel can be summarised
as follows: along the first stretch, from Saint Martin La Porte (pk 11 + 725) to La Praz (pk
20 + 133), the prevalent presence of sandstones, shales and conglomerates is noticeable;
along the second stretch, which develops from La Praz (pk 21 + 048) to Modane (pk 29 +
920), schists, sandstones, gneiss and quartz conglomerates with pink quartz and shales,
limestones, dolomites, chalks and anhydrites are observed; the third stretch, from Modane
(pk 33 + 341) to La Maddalena (pk 51 + 640), is the most heterogeneous from a geological
point of view, as it is characterised by the presence of many formations: quartzites and
quartzite conglomerates, limestones and dolomites, chalks and anhydrites with intercala-
tions of schist and dolomite, limestone, chalks and anhydrites, chlorite marbles, quartz-
ites, quartzite mica schists, albitic gneisses passing through quartz mica schists, mica
schists and minutes gneisses with prevalence of glaucophane; the last stretch, from La
Maddalena (pk 53 + 650) to Susa (pk 61 + 076), is characterised by mica schists and minute
gneiss, albitic gneiss passing through quartz mica schists, quartzite, carbonatic schists,
prasinites and prasynitic schists.

4.1. Application of correlation models between the mechanical parameters of TBMs to the case
study

The application of the correlation models between the mechanical parameters of the
TBM, previously validated (§3.1), to the case study under examination, has the purpose
of estimating the power of the excavation head, the torque and the thrust of the “GEA”
open TBM (6.3 m diameter), used in the construction of the Maddalena access tunnel, and
the “Federica” single shield TBM (11.26 m diameter), used in the excavation of the first
section of the future Moncenisio base tunnel.

4.1.1. “Gea” Open TBM

Table2 shows the equations that correlate the diameter D with the three mechanical
parameters (power (P), torque (C), thrust (5)), in the case of open TBMs; through these
equations, by entering a diameter of 6.3 m, the minimum values of P, C, and S are ob-
tained. The results are then compared with the real TBM values (Table 3).

Table 2. Equations that link the diameter D to the power supplied to the excavation head (P), to
the torque (C) and to the thrust (S) for the open TBMs.

Experimental model [42] [43]

P =434.55D -832.66 - P =350.6D + 169.62

C=13544D -4764.2 C=1089.3D—-4188.8 C=1834.63D —8748.52

S =12185In(D) — 10072 S=1777.1D +377.72 -

From the analysis of the results of Table 3, it is clear that the power supplied to the
excavation head and the thrust are perfectly estimated by the experimental prediction
models obtained in the present study. Particularly noteworthy is the forecasted value of
the thrust that underestimates the real value of only 3.6%.

Table 3. P, C, S values estimated with the experimental models and real values.
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Experimental
Wstimated values [42] [43] Real value
results
Cutterhead Power P [kW] 1905 - 2378 2203
Torque C [kNm] 3769 2674 2810 2083
Thrust S [kN] 12355 11573 - 12800

Pertaining to the cutterhead power, the discrepancy is slightly higher but, however,
it’s aligned with the prediction value proposed by Park et al. (2018). Finally, an overesti-
mation of the torque of about 45% with respect to the real value is observed. However,
even references from [42] and [43] provided overestimated torque values with a discrep-
ancy greater than 20%. This greater gap between the real value of the torque and the out-
comes of the prediction models probably denotes the existence of typicality in the geolog-
ical formation crossed.

4.1.2. “Federica” Single Shield TBM

The equations that correlate the diameter D to the three mechanical parameters
power (P), torque (C), and thrust (S) in case of single shield TBM are shown in Table 4;
through these equations, by entering a diameter of 11.26 m, the values of power, torque
and thrust for single shield TBM are estimated. The results are compared with the real
machine values (Table 5).

Table 4. Correlation equations, obtained for single shield TBMs, between the power supplied to
the excavation head (P), the torque (C) and the thrust (S) as a function of the diameter.

Model developed in the present study [42]

P =94.279D1 4792 -

C =110.42D20014 C =90.478D19951
5=1364.3D16314 S =2261.5D12726

Table 5. P, C, S values estimated with the experimental models and real values.

Estimated values Experimental results [42] Real value
Cutterhead Power P [kW] 3387 - 4900
Torque C [kNm] 14047 11336 8888
Thrust S [kN] 70858 49270 123800

By analysing the results of Table 5, the differences between estimated values and real
values are noticeable. As for the comparison of references, only the data of [42] are avail-
able. In particular, he highest gap between the forecasted and the real values can be spot-
ted for the thrust. The proposed prediction model provides a value about 75% lower than
the real one, but this discrepancy is halved compared to [42]. The cutterhead power is also
underestimated (44%) while for the torque an overestimation of more than 20% is ob-
tained both in the proposed and in the reference model. These divergences are due to the
peculiarity of the geological formation (carboniferous) where the tunnel is built. During
the excavation of the winze with the conventional method, strong convergences were
found, up to 1 m in 12 hours, which required an appropriate study of the TBM to be used.
Specifically, there was no demand for high torque due to the low strength of the material.
On the other hand, in order to avoid the shield clamping due to the strong convergences,
it was preferred to equip the machine with a thrust capacity able to reduce the risk. There-
fore, the atypical real values, compared to the experimental theoretical models, are linked
to the peculiar characteristics of the geological formation.
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4.2. Application of models taking into account the geological aspect

The geological context along the longitudinal profile of the Moncenisio base tunnel
is characterised, as already observed, mainly by schists and gneiss, especially along the
third and fourth stretches. The correlation models previously obtained between the me-
chanical parameters of TBMs are applied below, which take into account the geological
aspect. The aim is always to evaluate the power, the torque and the thrust, according to
the available equations, for the different types of machines operating in schists and gneiss.
For calculations, a diameter of 11 m is considered.

The models that correlate the diameter of the TBM (D) to the power supplied to the
excavation head (P) and to the torque (C) in case of single and double shield TBMs, in
shale formations, are listed below:

Single shield TBM: C = 26.161D?8067 1)
Double shield TBM: P =620.07D — 1720.5 (2)
C = 273.24¢04356D 3)

Through formulas (1), (2) and (3), considering a diameter D of 11 m, the minimum
head power and torque values necessary for the two types of TBM are calculated (Table
6).

Table 6. Minimum values of P and C with which the two types of TBM must work in rock
formations with the presence of schists, having chosen a diameter of 11 m.

Parameter S.S. TBM D.S. TBM
Cutterhead power P [kW] - 5100
Torque C [kNm] 21904 32924

The models that link the diameter D of the TBM to the power of the excavation head
(P), the torque (C) and the thrust (S) in the case of open TBM operating in rock formations

with a prevalence of gneiss are shown below:

Open TBM: P =483.01D — 1173.6 4)
C = 1427.3D — 52239 (5)
S = 3124.6e9197° (6)

By inserting in the equations (4), (5) and (6) a diameter of 11 m, the minimum values
of P, C and S with which the open TBMs must operate (Table 7) are obtained.

Table 7. Minimum values of P, C and S with which open TBMs must work in rock formations
with the presence of gneiss, having chosen a diameter of 11 m.

Parameter Open TBM

Cutterhead Power P [kW] 4140

Torque C [kNm] 10476

Thrust S [kN] 27556

5. Conclusions

The prediction of excavation performance is a fundamental element for tunnel de-
sign. The optimisation of mechanised excavation using full-face machines also requires
continuous insights into the mechanisms of interaction between rock and tools; therefore,
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a targeted analysis of the geological and geomechanical context where the work must be
located is essential.

In the literature, there are many models for predicting the machine parameters that
affect the excavation performance, which however have a series of limitations, linked both
to the knowledge of the parameters required as input and to the validity of the hypotheses
on which they are based.

In the present study, correlation models between the mechanical parameters of the
TBMs and between the latter and the rates of advancement (m/month) were researched,
with the aim of obtaining equations that can be used to carry out a first assessment of the
construction times of a work and to estimate as a first approximation the mechanical pa-
rameters (essentially power, torque, thrust) suitable for optimising the excavation process
using TBM.

As for the first phase of the study, i.e. the analysis of the correlations between the
TBM machine parameters, the models were analysed by distinguishing, at first, by type
of TBM (open, single shield and double shield). The results emerged are in line with those
reported in two similar experimental studies, which have been used for comparison pur-
poses.

Subsequently, the models between the machine parameters were researched and
compared, taking into account the geological aspect. In this case, the study was partially
limited by the poor knowledge of the identification parameters of the rock formations
(UCS, RMR, GSI); however, the analysis of the data returned functions with a medium-
high correlation index in most of the cases analysed. This result shows that the distinction
between different types of rock formations (gneiss, limestone, sandstone, etc.) where
TBMs operate has made it possible, in most cases, to obtain groups with very similar ge-
omechanical characteristics.

As for the analysis of the correlations between the machine parameters and the exca-
vation rates of advancement using full-face TBM, several difficulties were encountered.

First of all, from the literature, it was found that the information related to the aver-
age speed of advancement is not accessible, information being available only about the
length of the tunnel and the total duration of its construction: therefore, by estimating an
average value in m/month, it was found that the advancement rates varied, with the same
diameter and type of machine, from less than 200 to about 1000 m/month, and it was
therefore not possible to provide a reliable assessment.

Furthermore, the lack of information on the geomechanical nature of the rock masses
has heavily influenced any attempt to evaluate the models, as the state of fracturing has a
great influence on the rate of advancement.

In the final phase of the study, following the validation of the experimental study,
the forecast models by type of machine were used, with the aim of estimating the mechan-
ical parameters of the single shield TBM “Federica” and the open TBM “GEA”, used in
the construction of the new Turin-Lyon rail link. In this regard, the minimum power,
torque and thrust values for the two types of TBM have been assessed, based on the di-
ameter.

The estimated values were compared with the real values of the two TBMs to evalu-
ate the accuracy of the forecast models; it was found that the estimated values for the TBM
“GEA” are perfectly in line with the real parameters. On the other hand, there are discrep-
ancies between the estimated and real values as regards the “Federica” TBM, justified by
the typical features found during the excavation.

Finally, the equations coming from the experimental phase were used, according to
the different types of rock, with the aim of obtaining results that are as reliable and repre-
sentative of reality as possible.

The results were expressed in the form of models for the predictive analysis of the
mechanical parameters of rock TBMs; for further developments, it will be necessary to
expand the database, that at presents contains the technical characteristics of 2200 km of
tunnels excavated in rock by TBM, with other case histories and to complete the database
with geomechanical information; in fact, access to the parameters characterizing the rock


https://doi.org/10.20944/preprints202102.0600.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2021 d0i:10.20944/preprints202102.0600.v1

masses, from a structural point of view, would allow to obtain very precise and specific
forecasting models.
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