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Abstract

Obijective The cutting tool layout in the TBM cutter head is considered one of the most effective factors
in improving the efficiency of boring operations, the TBM service life, the proper performance of the cutting
tool, and reducing drilling costs. Method In the design process of the TBM cutting tool layout, we faced a
multi-objective optimization problem with nonlinear constraints, which caused computational complexity. In
the present research, in order to evaluate the impact of cutting tool star layout on TBM performance, a
numerical model has been developed using meta-heuristic GWO to design a star layout. Also, two types of
star layouts (1: 8-pointed star, 2: 12-pointed star) were designed using the presented model, and the TBM
performance was evaluated. Findings In order to evaluate the performance of the developed design model,
the layout design process of the cutting tool in the cutter head of an operational TBM sample was evaluated.
Based on the results, it is determined that based on the optimal 8-pointed star layout of the cutting tool, the
lateral force Fs has decreased by 78.88% compared to the original layout of the cutting tool, and the
eccentricity torque has decreased by 15.03%. Also, by evaluating the performance results of the TBM with
optimal 12-pointed star layout, it was determined that the total lateral force Fs decreased by 87.89% based on
the optimal 12-pointed star cutting tool layout compared to the original cutting tool layout and the
eccentricity torque is reduced by 23.68%. From the comparison of the performance results of the TBM with
an 8-pointed star layout and a 12-pointed star layout, it was found that the TBM with a 12-pointed star layout
showed better performance. Based on the results, it is clear that the optimal star layout of the cutting tool in
the TBM cutter head has improved the TBM performance from the point of view of drilling engineering
(increasing efficiency and drilling progress). The most important result of this research included providing an
efficient numerical model for designing the optimal star layout of the TBM cutting tool based on the grey
wolf optimization algorithm. The presented model can be implemented under different operating conditions
and for different types of TBMs.
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1- INTRODUCTION

Considering the need for tunnel excavation for purposes such as communication routes, the
operation of water transmission lines, and energy systems, providing new solutions to improve the
efficiency of excavation operations has always been a topic of interest to activists and engineers in
this field.

In the implementation process of TBMs, tunnel excavation time and costs, especially in hard
rock drilling conditions, have been influenced by 3 main parameters: 1- Rock characteristics (Rock
Abrasivity and Rock Mass Boreability), 2- TBM parameters (TBM specifications from the
perspective of drilling power), 3- TBM cutter head design. In terms of hard rock drilling using
TBMs, disk cutter consumption is one of the most important issues to be considered and accounts
for at least 10% of drilling costs [5]. In addition, cutter consumption significantly impacts TBM
performance, the progress time of drilling operations, and, thus, the total cost of tunneling.

The layout design of the TBM cutting tool is closely related to the penetration rate of the cutter
in the rock, the cutting force, and the expected performance of the machine. During drilling, three
cutting forces are applied to the disc cutter tip: normal force, rolling force, and lateral force. The
forces acting on the normal and gauge cutters are shown schematically in (Figurel).
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Figure (1): Schematic of forces applied on normal and gauge cutters

The TBM cutter head's cutting tool layout design process is implemented by focusing on two
principles. 1- Increasing the efficiency of drilling operations and establishing ideal technical
conditions for the operation of the TBM device (drilling engineering technical requirements), 2-
Establishing the cutter head structure design constraints such as the working position of the
manhole, bucket and the necessary resistance of the cutter head equipment (structural design
requirements). Therefore, in designing cutting tool layout in TBMs, we have faced a multi-objective
optimization problem with nonlinear constraints, which causes computational complexity in the
design process. The main goal in designing the layout of disc-cutting tools is to balance the force
distribution on the cutter head during drilling.

Until now, relatively comprehensive studies have been conducted on the TBM cutter head's
evaluation and cutting tool layout. In general, the layouts provided for cutting tools are of three
types: 1- spiral layout, 2- star layout, and 3- stochastic layout, which a view of the three main
layouts of TBM cutting tools is shown in (Figure 3).
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Figure (3): different TBM cutting tool layouts, a) spiral layout, b) star layout, c¢) stochastic layout

Each of the three types of cutting tool layout has advantages and disadvantages from the point of
view of TBM performance evaluation in drilling operations. Star layout (Figure 3-b), which is
named spoke layout in some sources, is one of the types of cutting tool arrangement in the cutter
head, which has been assigned this name due to the placement of normal cutters in the form of the
blades of a star. The acceptable performance of star layout has been evaluated and investigated in
Hu et al. (2011) and Gang et al. (2017) studies. Star layout is divided into different types based on
the number of points in the cutter head. Two types of the most used star arrangements include the 8-
pointed star arrangement and the 12-pointed star arrangement. The schematic of different types of
star layouts is shown in.

2- METHODS

In order to provide a model for the optimal design of the cutting tool star layout in the TBM
cutter head, based on the design requirements and constraints, as well as the equations governing
the star layout, a numerical algorithm has been developed in the present article using the GWO
meta-heuristic method. Based on the research model, at first, the input data are presented to the
model, which includes three main sections: 1- specifications of the TBM, 2- physical-mechanical
specifications of hard rock, and 3- star layout type (8-pointed star, 12-pointed star). After this step,
the main multi-objective optimization equation is formed along with the main constraint equations
of the problem, and the main optimal design model of the TBM cutting tool is established.

3- FINDINGS AND ARGUMENT

In order to evaluate the performance of the presented optimization model, the cutting tool layout
design process for the TBM cutter head of an executive model was evaluated. For this purpose, a
hard rock TBM device for drilling a water transmission tunnel with 51 disk cutters (normal, gauge,
center), 4 manholes, and 8 buckets has been studied based on engineering requirements. The figure
shows the schematic layout of TBM cutting tools and equipment. The number of manholes in this
TBM was four, and its position and geometric dimensions are presented in Table (2). Also, the
number of buckets is eight, the position of which is given in Table (3); in addition to the mentioned
information, the details and parameters of the boring machine, disc cutters, and the physical
properties of the rock are presented in Table (4).

Table (2): Position of manhole in TBM basic model [34]

No. Manhole 1 2 3 4
p (mm) 2700 | 2700 | 2700 | 2700
0 (rad) 1.2217 | 2.793 | 4.363 | 5.934
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Table (3): Dimensions and position of the bucket in the TBM model [34]

No. Bucket | p (mm) | 8 (rad) | Length (mm) | Width (mm)
1 3700 0.611 700 300
2 3500 1.396 900 300
3 3700 2.182 700 300
4 3500 2.967 900 300
5 3700 3.753 700 300
6 3500 4.538 900 300
7 3700 5.323 700 300
8 3500 6.109 900 300

1 Normal cutters and gage cutters; 2 Manholes: 3 Buckets; 4 Center cutters

Figure: Schematic of equipment and cutting tools in TBM reference model
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