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Abstract: Strong rock blocks embedded in a weaker soil matrix are found in many geological units.
When tunneling in ground containing cobbles and boulders, extremely challenging conditions can
be encountered. Such inconveniences may be avoided by means of appropriate tunneling methods
and cutterhead designs, which require the content, frequency, and size of rock blocks to be predicted
as accurately as possible. Several approaches have been developed to estimate the block fraction of
heterogeneous geomaterials for excavation. However, the estimation of cobble-boulder quantities
both all along the tunnel and only partially embedded within the tunnel face remains a critical issue.
This study develops a methodology for the estimation of the probability of encountering blocks
partially or totally contained within the tunnel excavation area, wherein the area of intersection with
the tunnel face is greater than the given critical values. For this purpose, a statistical approach has
been implemented in a Matlab routine. The potential of this code is that it provides extremely useful
and statistically based information that can be used for making a more rational choice regarding
tunneling technique and in terms of designing a suitable cutterhead in order to avoid technical
problems during tunnel excavations in heterogeneous ground. The executable code is provided.

Keywords: block-in-matrix; heterogeneous ground; tunneling; cutterhead design; statistical simula-
tion; executable code

1. Introduction

Heterogeneous geological formations, such as glacial tills, conglomerates, flysches,
breccias, melanges, alluviums, and talus deposits, are widespread all over the world and
are characterized by strong rock blocks of variable dimensions embedded in a weaker soil
matrix [1-4]. Due to their considerable spatial, lithological, and mechanical variability, the
characterization, design, and construction concerning these geomaterials are extremely
challenging tasks. Since the 1990s, by performing many laboratory and in situ tests, as well
as numerical analyses, significant advancements have been made in understanding how
these heterogeneous formations behave [5-11]. However, improvements are still needed,
mainly to reduce the geotechnical and construction risks associated with the presence of
rock inclusions in the different engineering works.

Unexpected and expensive difficulties can arise when tunneling in these geomaterials
due to the mixed-face conditions [4,12]. Cobbles and boulders can cause technical problems
at the heading and excavation chamber, and of the mucking system of a TBM if cutting
tools are not capable of comminuting large blocks to small cobble or gravel sizes [13-15]. In
fact, the content, distribution, dimension, lithology, abrasivity, and strength of cobbles and
boulders can induce, among other problems, face instabilities, extraordinary high strains
and stresses on the tunnel lining, obstructions or damage to cutter housings, and more
rapid wear of cutters, with consequent schedule delays and costs increments [16-21].
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The risks associated with tunneling in these heterogeneous geological formations
mainly depend on the cobble-boulder characteristics but also on the site conditions (i.e.,
tunnel depth, surface access constraints, settlement limits, etc.), the size and type of the
machine (i.e., TBM with or without face access), and the strength and stiffness of the matrix.
Different strengths and stiffnesses of the matrix can significantly influence the effectiveness
of the cutter type and the breaking mechanism when the cutter penetrates the block (i.e.,
classical chip formation, boulder plucking by adhesive bond or matrix-bearing capacity
failure through going boulder fracturing) [13,14,22,23].

In order to limit the adverse impact of the cobbles and boulders on tunneling, an
appropriate TBM type and an adequate cutterhead design (i.e., opening size, shape, etc.)
are necessary. This requires careful geologic and subsurface investigations to predict
the rock block content, lithology, frequency, and size. Large diameter borings, boulder
volume surveys, geophysical methods, geological maps, test pits, and excavations may
help in assessing boulder and cobble quantities, as well as their characteristics [2,22,24,25].
Boulder and cobble volume ratios (i.e., the total volume of rock blocks divided by the
total excavation volume) may also be evaluated by means of semi-empirical correlations of
geologic and volumetric data from previous excavation works in nearby areas (with the
same geologic settings). Fractal block-size distributions have been observed by several
authors for fractured rock masses, melange formations, and similar rock—soil mixtures
containing a few large blocks and a greater number of smaller rock inclusions [26-28].
A few probabilistic methods have also been proposed [24,29,30]. Frank and Chapman
(2005) developed a mathematical method for the prediction of rock block quantities and
frequencies, which characterize the soil to be excavated. In particular, an exponential
distribution of the form N = C/V® was proposed, with N representing the number of
clasts of a given size, C a constant dependent on the sample size data, V the size of the
blocks being counted, and d a constant correlated with the clast size distribution. Napoli
et al. [30] developed a 3D statistical approach to provide an uncertainty factor to adjust
the estimated block quantity as a function of the size of the outcrop area investigated.
These methods represent extremely valid and useful tools for the estimation of boulder
and cobble quantities contained in an entire rock mass.

However, the prediction of the number and position of blocks of different clast sizes
that could be encountered during underground excavation works is of utmost importance.
In particular, the estimation of boulders that are near the tunnel perimeter or only par-
tially embedded within the tunnel face (i.e., protruding rock blocks) represents a critical
issue [2,17,18,24]. In fact, these blocks are much more difficult to cut and more likely to be
pushed aside or plucked, and may cause severe impacts, such as significant settlements,
mucking system damage, sinkholes, high contact stresses at the cutterhead-ground in-
terface causing lining damage, boring machine stuck, and obstruction or deflection of a
TBM shield. Moreover, they may also produce excessive torque and thrust demand and
a significant wear (or breakage) of the cutterhead tools, with consequent lower cutting
efficiency, more frequent cutter-change intervention intervals, safety risks, and higher costs.

The aim of this study is to develop a statistically based methodology to estimate the
probability of encountering blocks partially or totally contained within both the whole
excavation area and the lateral extremities of the tunnel when excavating through hetero-
geneous ground. The blocks to be considered are those for which the area of intersection
(with the tunnel face) is greater than a given critical value. This value must be chosen on
the basis of the current project characteristics (i.e., geological-geotechnical soil properties,
tunnel diameter, etc.) and must correspond to boulder dimensions that may cause technical
problems during the excavation work. The possibility of coming across such boulders
should be considered when choosing the excavation method as well as for designing an
appropriate cutterhead.

For this purpose, a Matlab routine implementing a statistical approach was written.
The code allows for different ground conditions to be simulated in order to take the
inherent variability of these geological deposits into account. It is based on algorithms that,
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among others, (i) generate many tunnel configurations composed of populations of 2D
circular blocks with random dimensions and positions within a control area containing
the tunnel geometry in order to take the inherent spatial and dimensional variability of
the heterogeneous formations into account; (ii) check if the blocks generated intersect—
totally or partially—the tunnel face; (iii) identify the blocks that are located at the lateral
distance furthest from the center of the tunnel; (iv) determine the intersection area of each
block and their equivalent diameter; and (v) calculate the average number and probability
of encountering rock blocks of different dimensions—up to six size classes—during the
excavation work. Although based on conceptually quite simple operations, the code
developed in this paper provides (in a very short time) extremely useful and statistically
based information that geopractitioners can use for making a more rational choice of
tunneling technique and for designing a proper cutterhead in order to avoid damage to
cutting tools, obstructions, etc., during tunnel excavations in heterogeneous ground.

The executable open-source code, named PBE_vers1.2, is provided for further research
on this topic.

2. The PBE Code

In order to statistically model the spatial and dimensional variability inherent in
heterogeneous formations, a specific Matlab code, performing Monte Carlo simulations,
was implemented to generate a great number of boulder—ground configurations. As
illustrated in Figure 1, each configuration is characterized by a control area of dimension
BxH, represented by the square window, containing the blocks and the tunnel section (i.e.,
the circular region in the center of the control area). The dimension of the control area can
be set each time according to the tunnel diameter. A ratio of at least 5 between the side
of the control area and the tunnel diameter is suggested to ensure that the control area is
representative of the real in situ geological conditions.
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Figure 1. An example of a tunnel configuration in a block-in-matrix formation with a VBP equal to
2%. The length of the control area was set at 5 times greater than the tunnel diameter, indicated with
the continuous circle. The dotted line indicates the inner boundary of the tunnel sub-area, where
blocks are more difficult to cut and may cause severe impacts, such as higher tool wear.

The tunnel has a circular shape and its center can be located anywhere within the
control area. This allows for the modelling of different geological ground properties in
the tunnel section. For example, if blocks are expected to occur only in half of the tunnel
section, the center of the tunnel can be positioned on one control area boundary (Figure 2).
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Figure 2. An example of a tunnel partially located outside the rectangular control area to simulate
different geologic units being present in a tunnel section.

For the estimation of cobble-boulder quantities at the lateral distance furthest from the
center of the tunnel, the thickness of an internal circular crown must be set. This value rep-
resents the distance of the inner boundary of the circular crown from the tunnel perimeter,
defining the position of the dotted line in Figure 1. The probability of encountering blocks
located inside this tunnel sub-area or that extending past the perimeter (i.e., protruding
blocks) is extremely important for the reasons highlighted above.

The clasts, represented by circles of variable sizes, are located randomly within the
control area. Their number depends on the boulder and cobble volume ratio expected.
For each configuration, the code randomly generates n diameters (d) extracted from a
population distributed according to the cumulative distribution function of Equation (1),
as shown in Figure 3 [31,32], until the block content requested as input is achieved:

F(d) = (a¥*P — @1 *P)/ (al*D — p1+P) (1)

where D is the fractal dimension and 2 and b are the minimum and maximum expected
clast dimensions [31].
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Figure 3. An example of a cumulative distribution function (CDF) obtained for D = —1.75,a = 0.075 m,
and b =3 m.

Such a distribution properly reflects the grain size distribution of geological units with
a block-in-matrix fabric containing a few large boulders and increasing numbers of smaller
blocks [33,34]. The parameters a, b, and D of Equation (1) should be estimated on the basis
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of geological surveys, site observations, and field data, all of which should be as detailed
as possible.

Once the n diameters are generated, the code locates the blocks randomly within the
control area while avoiding block-block interpenetrations, as this would have no physical
meaning. Furthermore, intersections between the blocks and control area boundaries are
not allowed either as this would no longer reflect the requested rock content. To these
aims, a minimum distance between two clasts and between the clasts and control area
boundaries were set and equal to 10 cm.

A great number of simulations can be requested in order to achieve a statistical
validity of the results. For each configuration generated, the code computes and returns the
number and intersection area of all the blocks that are either entirely or partially contained
within the tunnel section. Then, the code compares each intersection area with a threshold
user-defined value corresponding to the minimum block dimension deemed a possible
cause of obstruction or tool damage. If the intersection area of a block (either fully or
partially contained within the excavation volume) is smaller than the minimum requested
intersection area (i.e., the threshold value), the block is not considered problematic and is
discarded from the subsequent analyses (Figure 4).
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Figure 4. Two tunnel configurations with a protruding boulder (in light gray). (a) The protruding
block A has an intersection area greater than the threshold value. Hence, the code classifies it as
a possible cause of obstruction. (b) The protruding block B has an intersection area smaller than
the threshold value. Since it does not represent a possible cause of obstruction or other technical
problems, the code discards it.

Furthermore, in order to estimate the probability of encountering cobbles and boulders
of different sizes during the excavation, six dimensional categories of intersecting rock
blocks (i.e., six equivalent clast areas) can be set. The smallest category corresponds to the
previously defined threshold value.

The estimated probability that a certain number, #, of rock blocks (withn=0,1,2, ...,
10, >10) belonging to a given size class can be encountered during the tunnel excavation is
finally computed by dividing the number of configurations, in which n blocks of that size
class were found for the total number of simulations performed. The potential of this new
tool is discussed in the next section.

3. Application Example

In order to show the validity of the Matlab routine implemented in the free exe-
cutable code PBE_vers1.2, the excavation of a circular tunnel in heterogeneous ground was
simulated. The parameters required as input are listed in Table 1.

The values assigned in this example to the 16 input parameters can be found as default
values in the executable code. The A_thr1 variable corresponds to the minimum requested
intersection area (i.e., the minimum block dimension deemed a possible cause of technical
problems). Its default value was set as equal to 177 cm?, corresponding to an equivalent
circular block fully encapsulated in the tunnel with a diameter of 15 cm, according to [24].
The threshold areas listed in Table 1 define six size classes in terms of equivalent clast
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diameters: class 1: 15-30 cm (i.e., 177-707 cm?); class 2: 30-50 cm (i.e., 707-1,963 cm?);
class 3: 50-75 cm (i.e., 1963-4418 cm2); class 4: 75-100 cm (i.e., 4418-7854 cmz); class 5:
100-150 cm (i.e., 7854-17,663 cmz); and class 6: >150 cm (i.e., >17,663 cm2). All the blocks
with an intersecting area smaller than A_thr1 (i.e., 177 cm?, corresponding to an equivalent
circular block with a diameter of 15 cm) were not considered further in this study.

Table 1. Input parameters for the probabilistic analysis.

Parameter Variable Assigned Value
Length of the control area [m] B 325
Height of the control area [m] H 325
Tunnel radius [m] R_t 3.25
Circular crown thickness [m] R_ext 0.8
. B/2=16.25
Tunnel x-y coordinates [m] coord_t H/2 =16.25
Threshold area class 1 5
(equivalent diameter of 0.15 m) [m?] A_thrl 0.0177
Threshold area class 2 5
(equivalent diameter of 0.3 m) [m?] A_thr2 0.0707
Threshold area class 3 5
(equivalent diameter of 0.5 m) [m?] A_thr3 0.1963
Threshold area class 4 [m?] A_thrd 0.4418

(equivalent diameter of 0.75 m)

Threshold area class 5 5
(equivalent diameter of 1 m) [m?] A_thr5 0.7854
Threshold area class 6 >
(equivalent diameter of 1.5 m) [m?] A_thré 1.7663
Block content [-] BC 0.02
Minimum expected clast dimension [m] a 0.075
Maximum expected clast dimension [m] b 3
Fractal dimension [-1 D —1.75
Number of configurations to generate [-] z 500

In total, 500 configurations were generated in this example in about 4 min. However,
since the computation only takes a few minutes, many more configurations can easily be
requested and obtained. Moreover, since uncertainties always exist in the determination
of some of the input parameters (i.e., BC, a, b, and D), more than a single value may be
assumed for each of them and a greater number of analyses can also be performed in a very
short time. In this way, by averaging the data obtained, the user can obtain more reliable
statistically based results.

Figure 5 shows five of the 500 configurations generated for the example considered,
while the probability of finding n intersecting blocks greater than the threshold value,
A_thr1, both within the tunnel and at the lateral distance furthest from the center of the
cutterhead (i.e., inside the circular crown) is given in Table 2.
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Figure 5. Five of the 500 configurations generated with the Matlab code. Different block sizes and positions are shown.
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Table 2. Probability, P, of encountering #n blocks (with # from zero to more than seven) with an intersection area greater
than the threshold value A_thr1, equal to 0.0177 m?. The average number of blocks corresponding to each equivalent clast
diameter is also provided. The results are related to the entire tunnel section (table above) and to the circular crown (table
below). These results are contained in the output text files “Probability” and “N_Average” of Table 3.

TUNNEL Average
Equival Poblocks  Piblocks  Pablocks  P3blocks  Pablocks  Psblocks  Peblocks  P>7blocks 5
quivalent clast o o o o o o o o number
. [%] [%] [%] [%] [%] [%] [%] [%]
diameter [m] of blocks
0.15-0.30 494 31.4 13.8 4.4 0.8 0 0.2 0 0.77
0.30-0.50 67.4 27.8 4.0 0.6 0.2 0 0 0 0.38
0.50-0.75 79.0 19.4 1.4 0.2 0 0 0 0 0.23
0.75-1.0 86.6 13.0 0.2 0.2 0 0 0 0 0.14
1.0-1.5 84.4 154 0.2 0 0 0 0 0 0.16
>1.5 90.8 8.2 1 0 0 0 0 0 0.10
CIRCULAR
Average
CROWN Povlocks ~ Piblocks  P2blocks  Pablocks  Pablocks  Psblocks  Peblocks  P>7blocks o2
Equivalent clast [%] [%] [%] [%] [%] [%] [%] [%]
. of blocks
diameter [m]
0.15-0.30 65.4 27.8 5.8 0.8 0.2 0 0 0 0.43
0.30-0.50 77.6 20.4 2.0 0 0 0 0 0 0.24
0.50-0.75 87.4 12.0 0.6 0 0 0 0 0 0.13
0.75-1.0 93.6 6.4 0 0 0 0 0 0 0.06
1.0-1.5 86.6 13.0 0.4 0 0 0 0 0 0.14
>1.5 97.6 2.4 0 0 0 0 0 0 0.02
Table 3. Outputs of the executable code. The output files with the “*” contain the results related to both the entire tunnel
section and the circular crown.
Parameter Output File Name
Total number of intersecting blocks [-1 Total _IB *
Total intersection area [m?] A_int*
Total number of intersecting blocks greater than the threshold value, A_thrl [-1 N_crit_IB*
Intersection area of all the blocks greater than the threshold value [m?] A_int_cr*
Probabﬂlty of fmdlpg n intersecting blocks greater than the threshold value [%] Probability * (Table 2)
during the excavation
Average nuplber of intersecting blocks greater than the threshold value during ] N_Average * (Table 2)
the excavation
Graphical representation of the cumulative distribution function F(d)-d [-1 CDF
Graphical representation of the configurations generated [-] Configuration 1 up to z (Figure 5)
List of input variables and values assigned [-] Info_viewer

What stands out in Table 2 is the high probability of encountering zero blocks (i.e.,
P_gblocks Was always greater than 49% and up to over 90%). This result is clearly related to
the low BC set (i.e., 2%), which produced many configurations without blocks inside the
tunnel section (e.g., configuration 1 of Figure 5).

Table 2 also shows that the probability of encountering a single boulder during
tunneling (P_1 pock) is higher than (or at least equal to) the probability of encountering two
(P_5 plocks) or more blocks of the same clast size, regardless of the area examined (i.e., the
entire tunnel face or a part of it).

Moreover, for a given number 7 of blocks, with n >1, the highest probability is related
to the smallest clast dimension (i.e., equivalent clast diameter in the range 0.15-0.30 m).
Furthermore, in the proposed example, a very low probability of encountering blocks
during the tunnel excavation was reached for n equal to four and six, while no configuration
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has more than six intersecting blocks (i.e., PrUNNEL_n>7 blocks = 0)- Conversely, the results
obtained for the circular crown of the tunnel indicate that the probabilities of encountering
two to four blocks are much lower than those related to the entire tunnel section. Moreover,
no configuration had more than four blocks in the sub-area furthest from the center (i.e.,
PCIRCULARCROWN _n>=5 blocks = 0) and the probability of encountering more than two blocks
was very low in the case related to only cobbles belonging to the smallest class dimension.

The executable code also generates other outputs, which are listed and described in
Table 3 as text files or JPG images.

4. Discussion and Conclusions

When tunneling in soil containing cobbles and boulders, a number of unfavorable
conditions may be encountered related to the size and type of the machine, as well as to
the design of its cutterhead. Among other technical difficulties, damage to cutting tools,
obstructions, lower penetration rates, and more rapid cutter wear, with consequent delays
and extra tunneling costs, may often occur due to the presence of strong rock blocks.

This study provides a statistically based tool for the estimation of the probability of
encountering a number n (withn =0, 1, 2, ..., 10, >10) of cobbles and boulders during
underground excavations. Specifically, blocks fully or partially located within the entire
tunnel section or in a part of it at lateral distance furthest from the center of the cutterhead,
have been considered. This information can be extremely useful for making a more rational
choice of the tunneling technique and for designing a more suitable cutterhead.

In order to do this, a statistical method implemented in an executable free code is
provided. A great number of boulder-ground configurations can be generated according
to a given tunnel dimension and location within a control area of rectangular shape, block
content, and clast-size distribution. This last input parameter can be estimated using one
of the mathematical methods proposed in the literature. The area of intersection between
the tunnel face and each block encountered is calculated and compared with a threshold
area corresponding to the minimum block size deemed a possible cause of obstruction,
tool damage, or other technical problems. Since problematic blocks can be manifold and
depend on the excavation method and cutterhead design, up to six threshold values (i.e.,
size classes) can be set by the user. Finally, the probability of encountering one or more
boulders of each size class, in part or in the whole excavation area, is provided. This
information can be an extensive and useful tool to predict boulder occurrences all along the
tunnel stretch to be excavated within a heterogeneous ground and close to its perimeters
in order to appropriately choose the TBM type, including face access, cutterhead design,
cutter types, and machine power (i.e., torque, thrust, and speed).

A limitation of the proposed tool is that only circular blocks are considered. Although
they may well represent geological units, such as conglomerates and sedimentary melanges,
most of the heterogeneous formations generally contain non-spherical rock inclusions.
Hence, a future work could address the extension of the PBE code to simulate other block
shapes, such as more realistic ellipses.
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