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 Mechanized tunneling in rocks is based on fracture propagation and rock 
fragmentation under disc cutters. Rock chipping is an efficient kind of fragmentation 
process, while the grinding process may occur under special conditions. The cutter-
head penetration is an appropriate parameter involved in order to distinguish between 
the chipping and grinding processes in rock cutting. In this work, the grinding and 
chipping processes are investigated in the Uma-Oya water conveyance tunnel in Sri 
Lanka. The Uma-Oya project is a water transfer, hydropower, and irrigation system in 
the SE part of the central highland region of Sri-Lanka. From a geological viewpoint, 
most parts of the tunnel route in the studied section consist of very strong and abrasive 
metamorphic rocks that potentially are susceptible to grinding occurrence during the 
boring process under disc cutters. In this work, firstly, data processing is performed in 
order to identify the boundary between chipping and grinding. Then the chipping and 
grinding processes are modeled using the practical numerical and artificial intelligent 
methods. In the numerical modeling stage, we try to make the modeling as realistic as 
possible. The results obtained from these modeling methods show that for the 
penetrations less than 3 mm/rev, the grinding process is dominant, and for the 
penetrations more than 3 mm/rev, rock chipping occurs. Also, in the numerical 
modeling, no significant fracture expansion is observed in the rock when the 
penetration is less than 3 mm/rev. Moreover, it can be seen in the numerical modeling 
of the chipping process that the propagated fractures come together and the chips are 
created.  

Keywords 
Grinding and chipping 
phenomena 
Tunnel boring machine 
penetration rate 
Tunnel boring machine 
performance 
Numerical modeling 
Artificial neural networks 

1. Introduction 

Mechanized tunneling is a widely interesting 
method used in order to construct tunnels in soils and 
rocks. The design and selection of an appropriate 
Tunnel Boring Machine (TBM) is a vital problem, 
especially in the hard rock tunneling projects. Also, 
some machine and rock parameters that affect the 
performance of TBM are the rotational speed, thrust 
force, torque of cutter-head, and strength of rock 

units. Previously, several studies have been focused 
on the TBM performance and the design and 
calculation of its related parameters. 

In the past decades, the prediction of TBM 
penetration rate has been an interesting subject for 
some researchers. For example, a statistical model 
for the prediction of the TBM penetration rate has 
been set up using the non-linear regression analysis 
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[1]. This statistical prediction model has been created 
by combining the rock mass boreability conceptual 
model with the established database. This study has 
shown that the uniaxial compressive strength and the 
joint density have the main effects on the penetration 
rate [1]. The TBM penetration rate estimation has 
also been studied using rock mass classifications for 
two tunnels in Italy. The researchers in this study 
used RMR and Beniawski’s classifications for this 
purpose [2]. In this regard, the penetration and 
advance rates have been estimated using the 
prediction models such as CSM1 [3], NTNU2 [4], [5], 
and QTBM

3
 [6]. Yagiz (2008) has studied the effects 

of rock mass properties such as the uniaxial 
compressive strength, Brazilian tensile strength, rock 
brittleness/toughness, distance between planes of 
weakness, and orientation of discontinuities on the 
TBM performance for hard rock conditions [7]. In 
order to estimate the rock mass boreability and TBM 
penetration rate, a boreability classification system 
and a new empirical chart has been also suggested in 
[8]. In addition to the prediction of the TBM 
performance, some researches have concentrated on 
the field [9] and laboratory studies [10], [11]. Also a 
small-scale disc cutting process has been modeled in 
the laboratory in a range of soft to very hard rocks 
[12]. Moreover, a new empirical model has been 
developed based on the statistical analyses of 
machine performance [13]. Besides, rotary cutting 
tests on full-scale granite rock has been 
experimentally conducted using the TBM disc 
cutters [14]. 

In the previous studies, in order to study the TBM 
penetration and performance, numerical modeling of 
the fracture propagation due to mechanized tunneling 
was of interest. Numerical modeling is a flexible 
method used to simulate the penetration of disc 
cutters in rocks. In this regard, numerical simulation 
of the influence of discontinuity spacing on rock 
fragmentation has been carried out in [15]. In the 
mentioned study, the disc-cutter penetration in 
jointed rock mass has been numerically modeled 
using the Discrete Element Method (DEM). The rock 
fragmentation has also been modeled due to the TBM 
penetration. This paper presents an RFPA4 based the 
numerical code, and is used to simulate the rock 
breakage process induced by fracture propagation 
due to one- and two-disc cutter penetration [16]. 

                                                             
1 Colorado School of Mines 
2 Norwegian University of Science and Technology 

Micro-crack propagation in rocks due to TBM 
tunneling has been investigated numerically and in 
the laboratory [17]. In this work, DEM modeling has 
been utilized to simulate the disc-cutters penetration 
in rock and compared with some laboratory tests. 
Previously, the DEM simulation has also been used 
to model the influence of discontinuity orientation on 
rock fragmentation by TBM. The results obtained 
show that the joint orientation can mainly influence 
the crack propagation due to disc cutter penetration 
[18]. Another rock parameter that has significant 
affect the rate of TBM penetration is rock brittleness. 
The ratio of uniaxial compressive strength to 
Brazilian tensile strength has been identified as the 
rock brittleness by [18]. They investigated the effects 
of rock brittleness on the TBM performance using 
several laboratory and numerical tests. Moreover, a 
new coupled RBD-DEM method has been proposed 
in order to investigate the TBM performance in 3D 
soft strata [19]. Investigation of the effects of disc 
cutter spacing to penetration depth ratio and rock 
strength effects on zone beneath the disc cutter has 
also been carried out using DEM [20]. 

Furthermore, the TBM performance in several past 
studies has been investigated using the artificial 
intelligence techniques. For example, the TBM 
penetration rate has been estimated using the 
Bayesian prediction approaches [21]. In this study, 
the researchers predicted the TBM penetration rate 
based on some parameters of rock mass and machine 
such as the UCS, brittleness of the intact rock, angle 
between the plane of weakness and tunnel axis, and 
spacing of weakness planes [21]. Acaroglu et al. 
(2008) have predicted the specific energy 
requirement of disc cutters (CCS or constant cross 
section type) in the rock cutting process by TBM 
using a fuzzy logic model [22]. In another study, 
fuzzy logic has been used for the TBM penetration 
rate prediction in hard rocks [23]. Additionally, the 
TBM performance modeling using Artificial Neural 
Networks (ANNs) has been previously studied by 
several researchers. Benardos and Kaliampakos 
(2004) have introduced an ANN to model the TBM 
performance in the Athens metro tunnels based on 
the geological and geotechnical properties of the 
studied site [24]. In order to predict the TBM 
penetration rate, some past studies have been used in 
various optimization techniques. Some different 

3 Q-system for TBM 
4 Rock Failure Process Analysis 
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optimization techniques including DE5, HS-BFGS6, 
PSO7, and GWO8 have been utilized for the TBM 
performance prediction [25], [26]. The hybrid 
intelligent method has also been utilized for the TBM 
penetration rate prediction [27]. Rostami et al. 
(1996) have presented a comparison between two 
CSM and NTH models for the prediction of the TBM 
performance [28]. Furthermore, Farrokh et al. (2012) 
have presented an interesting review study to 
compare various models for the approximation of the 
penetration rate of the hard rock TBMs [29]. A novel 
fuzzy hybrid approach has been developed to assess 
the cutter penetration based on the geology and 
construction demand [30]. 

Some statistical, numerical, and intelligent 
techniques for the prediction and estimation of the 
TBM performance have been presented in the 
literature. As it can be seen, the problem is interesting 
for many researchers, and each one of them has tried 
to solve it using his/her particular method. The rock 
grinding and chipping processes, due to mechanized 
tunneling, are important as the TBM performance 
issues. Recently, a hybrid numerical code based on 
the discrete element and finite element methods has 
been proposed in order to model the rock chipping 
process due to the disc cutter penetration [31]. The 
grain-scale effects on the grinding and chipping 
processes have been numerically modeled using the 
finite difference method [32]. Villeneuve (2017) has 
utilized the TBM penetration tests as an indicator of 
two grinding and chipping phenomena in hard rocks. 
She showed that the rock strength was a very 
important parameter to control the necessary net 
thrust of the cutter for the change from the grinding 
to the chipping process [33]. Recently, some 
researchers have investigated and proposed the 

relationships between the rock mass properties (such 
as UCS and RMR) and measured the TBM 
parameters as a prediction model [34]. 

As it can be seen in the literature, the researchers 
have mostly focused on the effect of one or more 
properties on the rock and machine on the TBM 
performance using a special method. However, in the 
present work, an attempt was made to set a clear 
boundary for the chipping and grinding conditions 
for machine drilling. Generally speaking, the 
occurrence of rock grinding and chipping processes 
beneath the disc cutters were investigated using data 
processing, and numerical and artificial intelligent 
methods based on the data obtained from the Uma-
Oya water conveyance tunnel. Numerical modeling, 
in this research work, was performed using DEM, 
and ANN was used as an artificial intelligent method.  

2. Project description 

The Uma-Oya underground hydropower project is 
located in the southern part of the central hills in Sri 
Lanka. The project will transfer 145,000,000 m3 of 
water for irrigation purposes, and will develop a head 
of more than 700 m for the production of electricity 
in a power plant with a rated capacity of about 120 
MW. Part of this huge project is a 15.2 km long water 
conveyance tunnel, which transfers water from a 
reservoir to the pressure shaft followed by the 
powerhouse cavern. Figure 1 shows the position of 
the Uma-Oya project and the water conveyance 
tunnel [35]. 

The tunnel transfers water from the Dyraaba dam 
reservoir to the shaft of the Uma-Oya underground 
hydropower. The technical specifications of the 
tunnel are tabulated in Table 1. 

Table 1. Main technical specifications of the project. 
Property Description 

TBM type Double shield hard rock machine 
Machine manufacturer Herrenknecht company (Germany) 
Lining type Precast concrete tunnel segments 
Tunnel length 15.2 km 
Outer diameter of tunnel 4.3 m 
Inner diameter of tunnel 3.8 m 

 
 

                                                             
5 Differential Evolution 
6 Hybrid Harmony Search 

7 Particle Swarm Optimization 
8 Grey Wolf Optimizer 
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The two similar double-shield hard rock TBMs 
employed in this tunnel were manufactured by 
Herrenknecht. The cutter-heads were equipped with 
27, every 17 inches or 432 mm diameter cutters with 

a capacity of about 250KN. The other characteristics 
of the machines are listed in Table 2. Also the cutter-
head design used in this tunneling project is shown 
in Figure 2. 

Table 2. Main specifications of selected machines for the Uma-Oya project. 

Parameter Value in two selected machine 
Lot A Lot B 

Machine type D.S. TBM D.S. TBM 
Cutterhead diameter 4.3 m 4.3 m 
Disc-cutter diameter 432 mm (17 inches) 432 mm (17 inches) 
Amount of disc cutters 27 27 
Max. operating cutter-head thrust 21287 KN 21287 KN 
Power 1250 KW 1250 KW 
Rotation speed 0 to 11 rpm 0 to 11 rpm 
Torque (nominal) 1725 kN.m (11 rpm) 1725 kN.m (11 rpm) 
Thrust cylinder stroke 1300 mm 1300 mm 
Machine  weight   247 ton 247 ton 

 

 
Figure 1. Position of the Uma-Oya project and its water conveyance tunnel. 

As a geological viewpoint, about 90% of Sri Lanka contains Precambrian rocks. These rocks are sub-divided 
into three main lithotectonic units based on the rock type, metamorphic grade, structure, and isotopic 
characteristics. They are the 1) Wanni Complex (WC); 2) Highland Complex (HC); and 3) Vijayan Complex (VC). 
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Based on the geological viewpoint, the project area 
is located in the Highland Complex (HC) area 
forming the rugged high ground and occupying the 
center of Sri Lanka (Figure 3). This intensely 
tectonised complex contains a combination of ortho 
and para gneissic granulite units, and covers 
amphibolite grade rocks of Vijayan complex to the 
east and southeast. The actual contact between these 
two complexes is difficult to locate precisely but 
there is much evidence for a thrust fault–contact 
between the two units. 

Based on the 1:100,000–scale geological maps, it 
is clear that the highland series rocks cover the whole 

project area, as already mentioned. The highland 
series rocks are Precambrian rocks formed under 
high-grade metamorphic conditions, and are 
composed of two main types of rocks namely meta-
sediments and Charnockites or Charnockitic-
gneisses. The metasedimentary rocks consist of 
garnet Sillimanite gneisses, garnet gneisses, quartz-
feldspargranulites, marble, and impure crystalline 
limestone. Charnockitic gneisses are the most 
widespread rock units of the Highland series. All 
Charnockites have hypersthene, and a variety of 
pyroxenes are in common. The pegmatite veins are 
found occasionally. 

 

 
Figure 2. Design of the cutter-head used in the Uma-

Oya project [35]. 
 

Figure 3. Tectonic map of Sri Lanka with project area 
in red [35]. 

Five lithological units are identified along the 
headrace tunnel alignment: 

1. Leucocratic Feldspar Gneisses, banded to 
massive (Pmgqf)  

2. Charnockitic Gneisses, undifferentiated, dark 
gray (Pmgk) 

3. Garnet Gneisses, up to 70% Garnets and up to 
3 cm Diameter (Pmgga) 

4. Quartz-rich Gneisses to pure Quartzites, 
banded (Pmq) 

5. Marbles and Calc-Silicate Gneisses, massive 
(Pmc/Pmqc) 

Accordingly, the rock types of the project area 
mainly consist of Charnokitic Gneiss, Garnet-
Sillimanite-Biotite-Graphite Gneiss, Quartzite, and 
Calc Gneiss. Figure 4 shows the geological cross-
section along the tunnel. Also some outcrops of the 
rock mass in the project area are shown in Figure 5. 
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Figure 4. Geological cross-section prepared along the tunnel alignment [35]. 
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Figure 5. Pictures of some geological unit exposures in the project site [35]. 

The engineering geological units or types (RT) 
were defined using the relevant geological and 
geotechnical properties including the lithology, 
discontinuities, tectonic structures, and strength 
parameters of the intact rocks. In this work, based on 
the scale of studies and some visual and easy-

measured engineering geological parameters such as 
the above-mentioned characteristics, the identified 
rock formations in the project area were categorized 
into four different engineering geological types. The 
main properties of these units are introduced in Table 
3 [35]. 

Tab. 3 Geomechanical properties of the engineering geological types [35] 
Eng. geol. type RT-1 RT-2 RT-3 RT-4 
Elastic modulus (GPa) 
Min-Max (Ave.) 25-40 (30) 19-33 (25) 10-20 (15) 19-33 (25) 

Unit weight (t/m3) 2.8 2.8 2.8 2.8 
Poisson ratio 
Min-Max (Ave.) 0.15-0.3 (0.23) 0.17-0.24 (0.21) 0.17-0.24 (0.21) 0.17-0.24 (0.21) 

UCS (MPa) 
Min-Max 150-250 100-150 30-80 80-100 

Cohesion (MPa) 4 3.4 1.8 2.8 
Friction angle (˚) 50 50 35 45 
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3. Rock grinding and chipping processes  

The rock fragmentation process, due to disc cutter 
penetration, is mainly based on the fracture 
propagation in rocks. The thrust force and torque of 
TBM are the effective parameters of the machine to 
complete this process. The chipping process is the 
basic process that occurs through the rock cutting 
process  beneath disc cutters, and is believed to be 
done by inducing the radial tensile fractures into the 
rock, which then propagate parallel to the tunnel face 

[32]. Due to the propagation of these fractures and 
coalescence to inherent cracks or fractures induced 
by other cutters, the chips are created. Therefore, a 
good rock cutting process has happened in this 
condition. Figure 6 schematically shows the fracture 
propagation due to the chipping process. The 
grinding phenomenon takes place when the fractures 
do not spread through the rock beneath the cutters, 
and only fine particles are produced. The generation 
of these fines reduces the efficiency of the cutting 
process, and it wears out the disc cutters. 

 
Figure 6. Fracture propagation beneath the disc cutters [32]. 

The past experiences show that when the cutter-
head penetration is plotted versus the net thrust force, 
there is a critical point between the grinding and 
chipping processes due to the disc cutter penetration 
into the rocks. Villeneuve (2017), has analyzed the 
data from the results of a penetration test in the 
Alpine hard igneous and metamorphic rocks. These 
tests show that the critical penetration rate between 
the grinding and chipping processes is about 2 
mm/rev [33]. The relation between the net thrust 
force and the penetration rate in the above-mentioned 
tests is plotted in Figure 7. Moreover, Gehring (2009) 
has identified a critical thrust force between the rock 
grinding and the chipping. The penetration related to 
this critical thrust force has been presented equally to 
(2 to 3) mm/rev [36]. 

In the headrace tunnel of the Uma-Oya project, the 
grinding phenomenon has happened along with some 
parts of its pathway. The grinding conditions have 
occurred between 650 and 3000 m of the headrace 
tunnel pathway that generally has the Charnokitic 
Gneiss, Garnet-Sillimanite-Biotite-Graphite Gneiss, 
and Quartzite rock types. Hence, the grinding 
process of the rocks is particularly important in this 
work. Figure 8 shows the tunnel face in this part of 
the headrace tunnel. As shown, due to the incomplete 
chipping process, the rock ridges have remained 
between grooves. In such situations, the cutter-head 
structure may be in direct contact with the rock face, 
which causes extra wear and destruction in the cutter-
head, enhancement in the torque level, and decrease 
in the TBM advance rate.  
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Figure 7. Relationship between the net thrust force and the penetration of each disc cutter [33]. 

 
Figure 8. An example of a tunnel face in a part of the tunnel, where grinding was dominant. The creation of ridges 

and adjacent deep grooves are indications of an incomplete chipping [35]. 
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4. Statistical analysis of recorded data 

In the Uma-Oya project in Sri Lanka, all the 
available data during the TBM excavation have been 
collected and recorded in a comprehensive database. 
There are 1289 datasets, each belonging to one 
stroke. This data includes the gross and net thrust 
force, penetration rate, cutter-head penetration, 

rotation speed, torque, and strength (UCS) of the 
rocks. All the geological data along the tunnel 
pathway were accessible since the tunnel lining was 
not continuous along the way. This data was 
analyzed statistically using the Minitab software, and 
the results obtained were shown in Figure 9 and 
Table 4. 

 
Figure 9. Frequency histogram of different parameters recorded in database.  
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Table 4. Statistical features of the datasets. 
Available data Min. Max. Mean Standard deviation Number of data 
Net thrust force (kN) 58 267 215.2 2401 1289 
Rotation speed (rpm) 4 11 10.21 0.64 1289 
σc (MPa) 30 225 149.5 36.1 1289 
Torque (kN.m) 208 981 530.6 151.1 1289 
Penetration rate (mm/rev) 1 10 4.59 1.77 1289 

 
As it can be seen in Table 3, all the datasets are 

placed in 4 categories based on the rock strength 
(USC < 80, 80 < UCS < 100, 100 < UCS < 150, 150 
< UCS < 250, in MPa). This division is based on the 
measurements done in different engineering 

geological types recognized along the completed 
section of the tunnel. The relationships between the 
net thrust force and the penetration (P) of these 
categories are as for Figure 10. 

 
Figure 10. Relationships between net thrust force and penetration (P) for different UCS values. 

As it can be seen in Figure 10, the required net 
thrust force for stronger rocks is greater than that of 
the rocks with lower strength. Moreover, based on 
the trend graphs (the best trend is exponential for 
UCS < 150 MPa and linear for UCS > 150 MPa), it 
can be said that the critical penetration for our case 
study is about 3 mm/rev. With a little care in the 
diagrams of Figure 10, it can be seen that increasing 
the penetration rate by thrust force increasing is 
significantly slow for PR < 3 mm/rev. On the other 
hand, this increase is faster in PR > 3 mm/rev. 
Therefore, it can be considered that in this case, PR 
= 3 mm/rev is the critical penetration rate and the 
boundary of the rock grinding and rock chipping 
processes. Also as shown in Figure 10, for hard rocks 
with a UCS of more than 150 MPa, despite the 
increase in the thrust force to about 7000 kN, there is 

little change in the penetration rate, and drilling is 
still performed under the grinding conditions. 

5. Numerical modeling of rock grinding and 
chipping processes 

Numerical modeling, especially discrete element 
modeling of fracture extension in the rock mass and 
fractured rock due to the disc cutting process [15], 
[18], [37] or other phenomena [38], has previously 
been performed in some studies. The distinct element 
method is an explicit finite difference numerical 
method that is commonly used for the stability 
assessment, failure, and deformation of rock masses. 
After being proposed by Cundall [39], the method 
was widely used for model rock mass in geo-
mechanics. The equations of motion are the 
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governing equations of DEMS for systems of rigid or 
deformable blocks. These governing equations are 
the Newton–Euler equations of motion for rigid 
bodies, cauchy equations of motion for deformable 
bodies [40].  

Based on what earlier mentioned, numerical 
modeling of rock grinding and chipping has been 
performed using a practical discrete element (DEM) 
software called UDEC. The purpose of numerical 
modeling is the simulation of the fracture 
propagation in the rock when grinding or chipping 
are dominant. Also the critical penetration rate in 
numerical modeling is considered to be 3 mm/rev. 
Therefore, two types of numerical modelings were 
performed, one of them is for PR < 3 mm/rev and the 
other for PR > 3 mm/rev. The models are built-in 
dimensions of 0.5 × 0.5 m with two discs in the 
spacing of 0.1 m that penetrate from the right side of 
the rock models. Figure 11 schematically shows the 
geometry of the numerical models. In DEM, the 
intact rock can have a linear or non-linear 
elastoplastic behavior, individually. Also the intact 
rock is simulated by the Mohr-Coulomb plastic 
constitutive model. The geo-mechanical rock 
properties are considered in Table 3. In order to 
define the boundary conditions, the upper, lower, and 
left bounds were fixed, and the disc cutters 
penetrated from the right bound. After the numerical 
models were constructed, they were solved under 
1,000,000 cycles in the UDEC software. The results 
of each type of modeling in fracture propagation due 
to disc cutter penetration in the rock are shown in 
Figure 12. 

 
Figure 11. Geometry of the numerical modeling. 

All of the models shown in Figure 12 were 
simulated in 1,000,000 cycles in the UDEC software. 
As it can be seen in Figure 12-a, no significant 
fracture expansion is observed in the rock medial 
when the penetration is less than 3 mm/rev (P = 2 
mm/rev). In this condition, just a rock material in a 
zone near the tunnel surface is grinded and the 
fractures are not propagated in depth (Figure 12-a). 
On the other side, there are several obvious fractures 
propagated in the rock when the penetration is more 
than 3 mm/rev (P = 4 mm/rev in Figure 12-b). As 
shown in Figure 12-b, several fractures have been 
extended into the tunnel surface. Moreover, these 
fractures (created by a two-disc cutter) come together 
and rock fragmentation happens in the chipping 
process. 

 

 
Figure 12. Fracture propagation due to disc cutting process for a) P = 2 mm/rev (P < 3 mm/rev), and b) P = 4 

mm/rev (P > 3 mm/rev). 
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6. Artificial intelligent simulation of TBM 
performance 

In addition to the utilized method in the past 
sections, the artificial intelligent methods are useful 
techniques to model the TBM performance, as it can 
be seen in the previous studies [24]. Among these 
methods, ANN is of applicable approaches in this 
field. ANN tries to imitate the parallel-information 
processing characteristic of the human brain. The 
growing interest in the black box type models based 
on ANN is due to its efficiency in well modeling non-
linear multivariate problems in geo-mechanical 
problems. In this case, the authors modeled the TBM 
penetration in rocks using ANN. 

There are about 1289 available datasets in the 
Uma-Oya TBM project. Based on the results 
obtained from the above sections, the ANN 
simulations were performed in two parts. At first, the 
simulation was done for the grinding conditions. To 
this end, the datasets in which the penetration rate 
was less than 3 mm/rev were considered. These 
available data were about 355 sets. Secondly, the 
chipping conditions were considered, and the ANN 
simulation was performed. At this part, the datasets 
in which the penetration was more than 3 mm/rev 
were modeled. This available data was about 934 
sets. 

The overall structure of ANNs is inspired by the 
human biological network, which is a combination of 
simple elements called neurons. ANNs transfer the 
relationship between the input and output data to the 
network structure by processing the experimental 

data. The neurons in the network are placed in certain 
layers depending on their performance. Each ANN 
has at least three layers: the input layer, the middle or 
hidden layer, and the output layer. ANN contains two 
working stages called learning and testing [41]. The 
known datasets are generally used as a training signal 
in the input and output layers during the learning 
stage. The recall stage is accomplished by one pass 
using the weight achieved in the learning stage. The 
ANN simulation in this work was done using the 
back-propagation (BP) network. A BP is a multi-
layer neural network, which uses a gradient-descent 
technique similar to error minimization. 

In this work, the input parameters in the ANN 
simulation of TBM penetration are the net thrust 
force, rotation speed, torque, and rock strength 
(UCS). Moreover, the goal parameter or output 
parameter is the cutter-head penetration. The 
simulation was performed using an appropriate code 
in the MATLAB software. A BP network was used 
for the simulation of the grinding conditions with the 
neuron pattern of 2-5-1 in its hidden layers. In this 
case, 278 datasets were used in order to train the BP 
network, and then the testing step was performed 
using the 77 datasets. Moreover, the BP network 
used for simulation of chipping conditions had a 5-2-
1 neuron pattern in its hidden layers. Also in this 
case, 753 datasets were used to train the BP network, 
and then the testing step was performed using the 181 
datasets. Figure 13 shows the results of the ANN 
simulation of the grinding and chipping processes 
due to the TBM penetration in comparison to the real 
data. 

 
Figure 13. Results of ANN simulation of disc cutting process for a) grinding (P < 3 mm/rev), and b) chipping (P > 3 

mm/rev) conditions. 
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Generally speaking, in this section, the grinding 
and chipping P were predicted using an artificial 
intelligence technique called ANN. As shown in 
Figure 13-a, the results of the P prediction of TBM 
had good agreements with the real data (R = 0.9). 
Besides, P was well-predicted in the chipping 
conditions using ANN with R = 0.87 (Figure 13-b). 

7. Conclusions 

In the Uma Oya hydropower project, the grinding 
conditions have occurred between 650 and 3000 m 
of the headrace tunnel pathway that generally has the 
Charnokitic Gneiss, Garnet-Sillimanite-Biotite-
Graphite Gneiss, and Quartzite rock types. In this 
work, the rock grinding and chipping processes were 
investigated using data processing, and numerical 
and artificial intelligent methods due to the tunnel 
boring procedure. 

Field investigations and data processing of the 
TBM performance in the Uma Oya project show that 
there is a significant boundary between the grinding 
and chipping processes in terms of the cutter-head 
penetration. Thus data processing was performed in 
order to identify the boundary between the chipping 
and grinding conditions. As it could be seen in the 
results obtained, the critical penetration for this case 
study was about 3 mm/rev. For P < 3 mm/rev, the 
grinding conditions were dominated, whereas the 
chipping process was dominated when P > 3 mm/rev. 

Then the chipping and grinding processes were 
modeled using a practical numerical method. As it 
could be seen in the numerical modeling, no 
significant fracture expansion was observed in the 
rocks when the penetration was less than 3 mm/rev 
(P = 2 mm/rev). On the other side, there were several 
obvious fractures propagated in the rock when the 
penetration was more than 3 mm/rev (P = 4 mm/rev 
in Figure 7-b). Moreover, it could be seen in the 
numerical modeling of the chipping process that the 
propagated fractures came together, and the chips 
were clearly created. 

Moreover, the penetration rates in the grinding and 
chipping conditions were predicted using an artificial 
intelligent technique called ANN. The BP network 
was used for simulation of the grinding and chipping 
conditions with the neuron patterns of 2-5-1 and 5-2-
1, respectively, in the hidden layers. As mentioned, 
the results of the P prediction of TBM had good 
agreements with the real data.  

Generally speaking, the cutter-head penetration is 
a determining factor to distinguish between the 
chipping and grinding processes in rock cutting. In 
this work, the rock grinding and chipping processes 
were placed under scrutiny due to the tunnel boring 
procedure using three different approaches. The 
presented technique could be utilized for modeling 
and prediction of how rocks fragmented under disc 
cutting in similar project conditions. To this end, the 
data from the considered project should be processed 
and then used in a similar technique. Eventually, in 
this work, we presented an applicable approach in 
order to predict the rock fragmentation behavior due 
to the disc cutting process. 

Acknowledgments 

The authors wish to thank Dr. Emad Khorasani, Dr. 
Meysam Lak, and Mr. Alireza Amiri for reviewing 
the content of this paper and their valuable 
comments. 

References 
[1]. Gong, Q., & Zhao, J. (2009). Development of a rock 
mass characteristics model for TBM penetration rate 
prediction. International journal of Rock mechanics and 
mining sciences, 46(1), 8-18. 

[2]. Sapigni, M., Berti, M., Bethaz, E., Busillo, A., & 
Cardone, G. (2002). TBM performance estimation using 
rock mass classifications. International Journal of Rock 
Mechanics and Mining Sciences, 39(6), 771-788. 

[3]. Rostami, J. (1997). Development of a force estimation 
model for rock fragmentation with disc cutters through 
theoretical modeling and physical measurement of 
crushed zone pressure (Doctoral dissertation, Colorado 
School of Mines). 

[4]. Bruland, A. (1998). Hard rock tunnel boring: 
Drillability test methods. Project report 13A-98, NTNU 
Trondheim, 21. 

[5]. Macias, F. J. (2016). Hard rock tunnel boring: 
performance predictions and cutter life assessments. 

[6]. Barton, N. R. (2000). TBM tunnelling in jointed and 
faulted rock. Crc Press. 

[7]. Yagiz, S. (2008). Utilizing rock mass properties for 
predicting TBM performance in hard rock condition. 
Tunnelling and Underground Space Technology, 23(3), 
326-339. 

[8]. Hassanpour, J., Rostami, J., & Zhao, J. (2011). A new 
hard rock TBM performance prediction model for project 
planning. Tunnelling and Underground Space 



Pourhashemi et al Journal of Mining & Environment, Vol. 12, No. 1, 2021 
 

295 

Technology, 26(5), 595-603. 

[9]. Nelson, P., O'Rourke, T. D., & Kulhawy, F. H. (1983, 
January). Factors affecting TBM penetration rates in 
sedimentary rocks. In The 24th US Symposium on Rock 
Mechanics (USRMS). American Rock Mechanics 
Association. 

[10]. Gertsch, R., Gertsch, L., & Rostami, J. (2007). Disc 
cutting tests in Colorado Red Granite: Implications for 
TBM performance prediction. International Journal of 
rock mechanics and mining sciences, 44(2), 238-246. 

[11]. Khorasani, E., Zare Naghadehi, M., Jimenez, R., 
Tarigh Azali, S., Jalali, S. M. E., & Zare, S. (2018). 
Performance analysis of tunnel-boring machine by 
probabilistic systems approach. Proceedings of the 
Institution of Civil Engineers-Geotechnical Engineering, 
171(5), 422-438. 

[12]. Saadati, M., Weddfelt, K., & Larsson, P. L. (2020). 
A Spherical Indentation Study on the Mechanical 
Response of Selected Rocks in the Range from Very Hard 
to Soft with Particular Interest to Drilling Application. 
Rock Mechanics and Rock Engineering, 53(12), 5809-
5821. 

[13]. Goodarzi, S., Hassanpour, J., Yagiz, S., & Rostami, 
J. (2021). Predicting TBM performance in soft 
sedimentary rocks, case study of Zagros mountains water 
tunnel projects. Tunnelling and Underground Space 
Technology, 109, 103705. 

[14]. Xu, H., Geng, Q., Sun, Z., & Qi, Z. (2021). Full-scale 
granite cutting experiments using tunnel boring machine 
disc cutters at different free-face conditions. Tunnelling 
and Underground Space Technology, 108, 103719. 

[15]. Gong, Q. M., Jiao, Y. Y., & Zhao, J. (2006). 
Numerical modelling of the effects of joint spacing on 
rock fragmentation by TBM cutters. Tunnelling and 
Underground Space Technology, 21(1), 46-55. 

[16]. Liu, H. Y., Kou, S. Q., Lindqvist, P. A., & Tang, C. 
A. (2002). Numerical simulation of the rock fragmentation 
process induced by indenters. International Journal of 
Rock Mechanics and Mining Sciences, 39(4), 491-505. 

[17]. Li, X. F., Li, H. B., Liu, Y. Q., Zhou, Q. C., & Xia, 
X. (2016). Numerical simulation of rock fragmentation 
mechanisms subject to wedge penetration for TBMs. 
Tunnelling and Underground Space Technology, 53, 96-
108. 

[18]. Gong, Q. M., Zhao, J., & Jiao, Y. Y. (2005). 
Numerical modeling of the effects of joint orientation on 
rock fragmentation by TBM cutters. Tunnelling and 
underground space technology, 20(2), 183-191. 

[19]. Fang, Y., Yao, Z., Xu, W., Tian, Q., He, C., & Liu, 
S. (2021). The performance of TBM disc cutter in soft 

strata: A numerical simulation using the three-dimensional 
RBD-DEM coupled method. Engineering Failure 
Analysis, 119, 104996. 

[20]. Sarfarazi, V., Haeri, H., Shemirani, A. B., Hedayat, 
A., & Hosseini, S. S. (2017). Investigation of ratio of TBM 
disc spacing to penetration depth in rocks with different 
tensile strengths using PFC2D. Computers and Concrete, 
20(4), 429-437. 

[21]. Adoko, A. C., Gokceoglu, C., & Yagiz, S. (2017). 
Bayesian prediction of TBM penetration rate in rock mass. 
Engineering Geology, 226, 245-256. 

[22]. Acaroglu, O., Ozdemir, L., & Asbury, B. (2008). A 
fuzzy logic model to predict specific energy requirement 
for TBM performance prediction. Tunnelling and 
Underground Space Technology, 23(5), 600-608. 

[23]. Ghasemi, E., Yagiz, S., & Ataei, M. (2014). 
Predicting penetration rate of hard rock tunnel boring 
machine using fuzzy logic. Bulletin of Engineering 
Geology and the Environment, 73(1), 23-35. 

[24]. Benardos, A. G., & Kaliampakos, D. C. (2004). 
Modelling TBM performance with artificial neural 
networks. Tunnelling and Underground Space 
Technology, 19(6), 597-605. 

[25]. Yagiz, S., & Karahan, H. (2015). Application of 
various optimization techniques and comparison of their 
performances for predicting TBM penetration rate in rock 
mass. International Journal of Rock Mechanics and 
Mining Sciences, 80, 308-315. 

[26]. Yagiz, S., & Karahan, H. (2011). Prediction of hard 
rock TBM penetration rate using particle swarm 
optimization. International Journal of Rock Mechanics 
and Mining Sciences, 48(3), 427-433. 

[27]. Harandizadeh, H., & Armaghani, D. J. (2021). 
Prediction of air-overpressure induced by blasting using 
an ANFIS-PNN model optimized by GA. Applied Soft 
Computing, 99, 106904. 

[28]. Rostami, J., Ozdemir, L., & Nilson, B. (1996, May). 
Comparison between CSM and NTH hard rock TBM 
performance prediction models. In Proceedings of Annual 
Technical Meeting of the Institute of Shaft Drilling 
Technology, Las Vegas (pp. 1-10). 

[29]. Farrokh, E., Rostami, J., & Laughton, C. (2012). 
Study of various models for estimation of penetration rate 
of hard rock TBMs. Tunnelling and Underground Space 
Technology, 30, 110-123. 

[30]. Lin, L., Xia, Y., & Wu, D. (2020). A hybrid fuzzy 
multiple criteria decision-making approach for 
comprehensive performance evaluation of tunnel boring 
machine disc cutter. Computers & Industrial Engineering, 
149, 106793. 



Pourhashemi et al Journal of Mining & Environment, Vol. 12, No. 1, 2021 
 

296 

[31]. Mohammadnejad, M., Dehkhoda, S., Fukuda, D., 
Liu, H., & Chan, A. (2020). GPGPU-parallelised hybrid 
finite-discrete element modelling of rock chipping and 
fragmentation process in mechanical cutting. Journal of 
Rock Mechanics and Geotechnical Engineering, 12(2), 
310-325. 

[32]. Villeneuve, M. C., Diederichs, M. S., & Kaiser, P. K. 
(2012). Effects of grain scale heterogeneity on rock 
strength and the chipping process. International Journal of 
Geomechanics, 12(6), 632-647. 

[33]. Villeneuve, M. C. (2017). Hard rock tunnel boring 
machine penetration test as an indicator of chipping 
process efficiency. Journal of Rock Mechanics and 
Geotechnical Engineering, 9(4), 611-622. 

[34]. Hassanpour, J., Firouzei, Y., & Hajipour, G. (2021). 
Actual performance analysis of a double shield TBM 
through sedimentary and low to medium grade 
metamorphic rocks of Ghomrood water conveyance 
tunnel project (lots 3 and 4). Bulletin of Engineering 
Geology and the Environment, 80(2), 1419-1432. 

[35]. FARAB, “ENGINNERING GEOLOGY Headrace 
Tunnel,” Tehran, Iran, 2012. 

[36]. Gehring, K. (2009). The influence of TBM design 
and machine features on performance and tool wear in 

rock. Geomechanics and Tunnelling, 2(2), 140-155. 

[37]. Gong, Q. M., & Zhao, J. (2007). Influence of rock 
brittleness on TBM penetration rate in Singapore granite. 
Tunnelling and underground space technology, 22(3), 
317-324. 

[38]. Lak, M., Fatehi Marji, M., Yarahamdi Bafghi, A. R., 
& Abdollahipour, A. (2019). Discrete element modeling 
of explosion-induced fracture extension in jointed rock 
masses. Journal of Mining and Environment, 10(1), 125-
138. 

[39]. Cundall, P. A., & Hart, R. D. (1993). Numerical 
modeling of discontinua. In Analysis and design methods 
(pp. 231-243). Pergamon. 

[40]. Lak, M., Baghbanan, A., & Hashemolhoseini, H. 
(2017). Effect of seismic waves on the hydro-mechanical 
properties of fractured rock masses. Earthquake 
Engineering and Engineering Vibration, 16(3), 525-536. 

[41]. Mohammadi, H., Farsangi, M. E., Rahmannejad, R., 
& Poor, H. N. (2007). TBM Advance Rate Prediction: An 
Artificial Neural Network Approach. In Third National 
Congress in Civil Engineering. 

 



  1399دوره دوازدهم، شماره اول، سال  ست،یزطیمعدن و مح یپژوهش -یعلم هینشر  و همکاران یپورهاشم
 

297 

  

تراشه زیر دیسک برشی در عملیات حفاري ماشین حفر تونل در سنگ آنالیز فرآیندهاي آسیاب شوندگی و تشکیل 
  اویا، سریالنکا)-سخت (مورد مطالعاتی: تونل انتقال آب اوما

  

 3و سید مصلح افتخاري *2پور، جعفر حسن1، کاوه آهنگري1سید مهدي پورهاشمی

  تهران، ایراندانشکده فنی و مهندسی، دانشگاه آزاد اسالمی، واحد علوم و تحقیقات،  -1
 ، تهران، ایرانتهران، دانشگاه علوم پردیس، شناسیزمین دانشکده -2

  ، ایرانتهران مدرس، تیترب دانشگاه معدن، یمهندس بخش سنگ، کیمکان گروه -3

  17/02/2021، پذیرش 31/12/2020ارسال 

  hassanpour@ut.ac.ir* نویسنده مسئول مکاتبات: 

  

  چکیده:

شود. تشکیل تراشه نوع کارآمدي از فرآیند خردکردن سنگ هاي برشی انجام میسنگ بر اساس انتشار شکستگی و خردایش سنگ در زیر دیسکسازي مکانیزه در تونل
یل کدهد. نفوذ کله حفار، یک پارامتر مناسب جهت تمایز میان فرآیندهاي آسیاب شوندگی و تشاست، در صورتی که فرآیند آسیاب شوندگی در شرایط خاصی رخ می

-اویا در سریالنکا مورد بررسی قرار گرفته است. پروژه اوما-تراشه در برش سنگ است. در این مطالعه، فرآیندهاي آسیاب شوندگی و تشکیل تراشه در پروژه انتقال آب اوما
 ریمس يهامتقس شتریبشناسی، د. از نقطه نظر زمینباشاویا یک پروژه انتقال آب، نیروگاهی و آبیاري زهکشی در بخش جنوب شرقی نواحی مرتفع مرکزي سریالنکا می

هاي سکیدزیر  برش ندیفرآ یط در پدیده آسیاب شوندگی مستعد بالقوه طور به که است ندهیسا و محکم اریبس یدگرگون يهاسنگ شامل ،مطالعه مورد بخش در تونل
یاب اند. سپس فرآیندهاي آسهاي پروژه مورد پردازش قرار گرفتهدر این مطالعه، ابتدا به منظور تشخیص مرز بین آسیاب شوندگی و تشکیل تراشه، داده .هستند برشی

هاي ساخته شده به مدلسازي عددي، تالش شده است تا اند. در مرحله مدلسازي شدههاي عددي و هوش مصنوعی شبیهشوندگی و تشکیل تراشه با استفاده از روش
میلیمتر بر دور پدیده آسیاب شوندگی غالب بوده و  3هاي نفوذ کمتر از دهند که براي نرخسازي نشان میهاي مدلواقعیت نزدیک شوند. نتایج کسب شده از این روش

میلیمتر بر دور  3هاي برشی کمتر از عددي هنگامی که نرخ نفوذ دیسکسازي افتد. همچنین، در مدلمیلیمتر بر دور تشکیل تراشه اتفاق می 3براي نرخ نفوذ بیشتر از 
سنگ  هاي مختلف درسازي فرآیند تشکیل تراشه مشخص است که شکستگیبراین، در مدلشود. عالوهباشد هیچگونه گسترش ترك قابل توجهی در سنگ دیده نمی

 شوند.ها تشکیل میایجاد و به یکدیگر نیز متصل شده و تراشه

  سازي عددي، شبکه عصبی مصنوعی.هاي سنگی، نرخ نفوذ ماشین حفار، عملکرد ماشین حفار ، مدلهاي آسیاب شوندگی و تشکیل تراشهپدیده لمات کلیدي:ک
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