MGPB

The Mining-Geology-Petroleum Engineering Bulletin
UDC: 624.1
DOI: 10.17794/1gn.2020.2.6

A new model for predicting the advance
rate of a Tunnel Boring Machine (TBM)
in hard rock conditions

Original scientific paper

Mohammad Hossein Arbabsiar’; Mohammad Ali Ebrahimi Farsangi'; Hamid Mansouri*
!Mining Engineering Department, Shahid Bahonar University of Kerman, Kerman, Iran

Abstract

The prediction of the advance rate of a Tunnel Boring Machine (TBM) in hard rock conditions is one of the most impor-
tant concerns for estimating the time and costs of a tunnel project. In this paper, in the first step, a model based on Rock
Engineering Systems (RES) is proposed to predict geotechnical risks (representing media characteristics) in rock TBM
tunnelling. Fifteen main parameters that influence the geotechnical hazards were used in the modelling. In establishing
an interaction matrix and also a parameter rating, the views of five experts were taken into account. The Vulnerability
Index (VI) (geotechnical risk levels) for 2058 datasets out of 2168 sets of data from 53 geological zones in 11 km of the
Zagros long tunnel was obtained. In the second step, based on the machine operating parameters such as torque, cutter
head rotation per minute, cutter normal force and media characteristics (represented by VIs), which were used as input
parameters and advance rate was used as an output parameter, while using 2058 datasets, linear and non-linear multiple
regression analyses were carried out. 110 datasets (out of 2168 datasets), which were not used in the modelling, were ap-
plied to evaluate the performance of regression models and other models in literature and the results were compared.
The obtained results showed that the new linear model proposed with R>=0.83 and RMSE=o0.12 has a better performance

than the other models.
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1. Introduction

In tunnel construction by TBM, the estimation of time
and cost of a project are one of the most important pa-
rameters, which has always been a challenge between
contractors and owners. Penetration and advance rates
are key parameters in the performance estimation of a
TBM, which results in estimating the time and cost of a
project. In recent years, many researchers devoted their
work to predict the performance of a TBM. There are
two categories of research works while considering
modelling of predicting performances of hard rock
TBMs. One category is theoretical models and the other
empirical models (Rostami, 2015). In principle, theo-
retical models are developed, by use of tests of indenta-
tion or full-scale cutting tests in a laboratory, which pro-
vide an estimation of cutting forces based on the type of
cutter, geometry of cutting, spacing, and the cut penetra-
tion (Crow, 1975; Roxborough and Phillips, 1975;
Ozdemir, 1978; Snowdon et al., 1982; Sanio, 1985;
Sato et al., 1991; Rostami and Ozdemir, 1993; Ros-
tami, 1997; Balci et al. 2009; Bilgin et al. 2005, 2007,
2012; Tumac et al., 2012). The main weakness of these
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models is that the tests used do not entirely describe the
facts regarding rock mass characteristics which the disc
cutters of TBM face in the field. This type of equipment
for tests may not be easily accessible in all centers for
research around the world (Khademi Hamidi et al.
2010). The first models were developed, using intact
rock parameters such as tensile strength and Uniaxial
Compressive Strength (UCS) (Graham, 1977; Farmer
and Glossop, 1980). Cassinelli et al. the Penetration
Rate (PR) of TBM by the use of Rock Structure Rating
(RSR) in 1982. A good relationship between RSR, UCS,
and the penetration rate of TBM was introduced by In-
naurato et al. in 1991. Snowdon et al. and Sanio dis-
closed relationships between the UCS of rock and the
specific energy in 1983 and 1985 respectively (Farrokh,
2018). Different laboratory tests such as Taber abrasion,
Shore hardness, Schmidt hammer, point load index, and
drilling rate index tests were applied for the prediction of
PR (Howarth et al. 1986; McFeat-Smith, 1977; Oz-
demir, 1977; Pang et al., 1989; Yagiz, 2002; Yagiz and
Ozdemir, 2001; Fattahi and Moradi, 2017). Other pre-
diction models have been improved in the last three dec-
ades to consider a wide range of rock properties and rock
mass conditions. Palmstrom (1995) introduced a fore-
cast model based on the Rock Mass index (RMi) and the
Q,y model was developed by Barton (1999, 2000)
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based on the developed Q system. The NTNU model
was introduced by the Norwegian University of Science
and Technology (Bruland, 2012; Blindheim, 1979).
Rock Mass Rating (RMR) parameters were employed
for predicting TBM performance by Sapigni et al.
(2002); Bieniawski et al. (2007); Khademi Hamidi et
al. (2010). In 2008, Yagiz developed a relationship be-
tween rock mass properties and PR. Hassanpour et al.
(2009, 2010, 2011, 2016) investigated TBM perfor-
mance based on the Field Penetration Index (FPI). Gong
and Zhao (2007, 2009) and Gong et al. (2007) intro-
duced the index of boreability and rock brittleness to in-
vestigate the rock mass characteristics that affect the
performance of TBM. Bieniawski et al. (2007, 2008),
examined TBM boreability using rock mass classifica-
tion systems (Namli and Bilgin, 2017). The difficulties
of TBM excavation in the blocky area were examined by
Delisio and Zhao (2013). Neuro-fuzzy techniques were
used by Alvarez Grima et al. (2000) for modelling of
TBM performance. A study was carried out by Acaroglu
et al. (2008) for predicting the specific energy require-
ment for the performance of TBM by applying fuzzy
logic. Zhao et al. (2007) used a neural network predictor
for TBM performance prediction. Yagiz (2009) applied
artificial neural networks and non-linear multiple regres-
sion to estimate the TBM performance. The hard rock
TBM penetration rate was predicted by Yagiz and
Karahan (2011), using the Particle Swarm Optimiza-

Table 1: The TBM specifications, section two, the Zagros
long tunnel Salimi et al. (2016)

Parameter Value Unit
Diameter of machine 6.73 m
Diameter of cutters 4318 mm
Number of disc cutters 42 _
Disc cutters nominal spacing 90 mm
Maximum of cutterhead thrust 28.134 at 35 bar| kN
Power of cutterhead 2100 kW
Speed of cutterhead 0-11 rpm
Torque (nominal) of cutterhead 4450 at 9 rpm | kN.m
Stroke of thrust cylinder 1700 mm
Capacity of conveyer 650 t/h
Total weight of TBM 573 ton

tion (PSO) method. In an attempt, Farrokh et al. (2012)
investigated different models used to predict the pene-
tration rate of hard rock TBMs.

In the ABROCK Research Project, different research
works are being carried out for the analysis and predic-
tion of cutter wear and penetration rate of TBM tunnel-
ling in hard rock conditions (Moradi and Ebrahimi,
2014). Ghasemi et al. (2014) and Fattahi and Baban-
ouri (2017) employed soft computing methods for TBM
performance prediction.

Table 2: A descriptive statistics of datasets for section two of the Zagros long tunnel

No | Parameter Unit Symbol Min Max Mean St.d
1 | Cutter head rotation per minute | rotation/minute RPM 2.65 8 5.42 0.91
2 | Cutter normal force kN F, 52.73 231.04 156.62 34.84
3 | Torque kN.m T, 292 8790 814.45 330.91
4 | Advance rate m/h AR 1.68 3.96 2.87 0.45
5 | Uniaxial compressive strength MPa UCS 15 125 35.16 21.69
6 | Elastic modulus GPa E 5 22.5 5.73 2.66
7 | Quartz content % QC 0.5 4 1.76 1.01
8 | Dry density glem? Dd 2.25 2.55 2.41 0.06
9 | Porosity % P 3.5 12.5 8.02 2.28
10 | Tensile strength (Brazilian test) MPa TS 1 6 2.50 0.95
11 | Over burden m Ob 40 1000 211.76 96.09
12 | Joint spacing mm JS 15 300 136.27 84.50
13 | Rock quality designation % RQD 22.5 85 65.98 12.64
14 | Rock mass rating (1989) RMR ¢ 34 65 47.54 6.70
15 | Gas emission (H,5) PP Ge 0 30 7.05 447
CH4 % 0 7 0.5 0.7
15 | Squeezing - Sq 1.69 33.56 5.24 4.29
16 | Water table m Wt 50 400 262.68 138.66
17 | Water inflow lit/min in 10 m Wi 0 300 12.51 27.64
18 | Clay contents in mass rock % Ce 5 40 2.80 5.48
19 | Width of crushed zone m CzZ 0 200 2.18 15.11

Maximum: Max; Minimum: Min; Standard deviation: St.d
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Figure 1: Geological profile of section two of the Zagros long tunnel alignment (Lar consulting engineers, 2003, 2004).
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Figure 2: Matrix of interaction in the RES, a: interaction matrix of a system with two parameters;
b: aview of interaction matrix coding (Modified after Hudson (1992))

The objective of the present piece of work is to intro-
duce a new model to improve the accuracy of advance
rate prediction in different geotechnical conditions in
rock TBM tunnelling, considering both operational pa-
rameters of TBM (machine parameters) as well as media
characteristics. Media characteristics are represented by
the geotechnical risk levels in the modelling. The geo-
technical risk levels are obtained, using an RES based
model. In the new model, machine parameters and geo-
technical risk levels are input parameters and the ad-
vance rate is an output parameter. The field data used for
the modelling was collected from section two of the Za-
gros long tunnel in Iran.

2. Description of the site
and data collection

The Zagros long tunnel with a circular cross-section,
an excavation diameter of 6.73 m, a final diameter of 6
m, and a length of 52 km is a water transfer tunnel which
consists of two sections. This tunnel is located in the
northwest of Iran. It was planned to transfer about 70
m?/s of water through this tunnel. The data was collected
from the second section of the tunnel, which has a length
of 26 km. This section of the tunnel was excavated by a
double-shield TBM. The machine specifics are shown in
Table 1.

The tunnel passes through three formations. The Pab-
deh (PEPd) formation includes a mix of greenish-grey
limestone argillaceous and dark grey limy shale. The
Gurpi (KGu) formation combines argillaceous limestone
and limy shale. Furthermore, the Ilam (Ki) formation
consists of brownish-grey limestone as illustrated in
Figure 1 (Lar consulting engineers, 2003, 2004).

Rock mass conditions vary from weak to good (RMR:
17 to75). According to geological studies, 53 zones were
recognized, which mainly are mainly consist of layers of

shale, limestone, and marl. The dominant lithological
characteristics were used to name the zones (Marl (MA),
Shale (SH), Limestone (LI), Limy Shale (LI-SH), Marly-
Limestone (LI-MA), Fractured Zone (FZ), and Crushed
Zone (CZ)). Twenty-three different types of faults inter-
sect with the tunnel. Overburdens vary between 40 m
and 1000 m. The water table above the tunnel varies
from 50 m to 400 m (Lar consulting engineers, 2003,
2004).

The database for this research work (2168 sets of
data) was obtained by combining the data in the pre-
construction and construction phases. During the con-
struction phase, the geological and geomechanical data,
which were obtained before construction, were exam-
ined (Khademi Hamidi et al. 2010; Salimi et al. 2016).
During construction, the operational data of TBM such
as Revolutions per Minute (RPM), torque, thrust, and
advance rate were recorded. The basic descriptive statis-
tics of the sets of data are revealed in Table 2.

3. Rock engineering system

Hudson (1992) introduced the Rock Engineering
Systems (RES) approach in which interactions between
rock mechanics parameters in a rock system can be ob-
tained. This approach was applied to different rock engi-
neering fields such as an investigation of underground
excavation stability (Lu and Hudson, 1993), with rock-
fall risk assessment (Cancelli and Crosta, 1993), and
characteristics of a rock mass to indicate natural slope
stability (Mazzoccola and Hudson, 1996). (Latham
and Lu, 1999) introduced an assessment system to de-
termine the rock mass’s blastability, (Benardos and Ka-
liampakos, 2004) used an assessment system for geo-
technical hazards in TBM tunnelling (Shin et al., 2009)
studied a hazard assessment of tunnel collapses, a quan-
titative approach, (Faramarzi et al., 2013) predicted
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rock fragmentation by blasting and predicted the ad-
vance rate of face, while determination of the operation
efficiency in retreat longwall mining panel was studied
by (Aghababaei et al., 2019). In the approach of RES,
establishing the matrix of interaction plays an important
role. By generating the interaction matrix, the weighting
of the parameters of the rock mass system can be evalu-
ated. In this matrix, the principal parameters, which af-
fect the system, are placed on the leading diagonal of the
matrix and the interactions (effects of each parameter on
any other parameter) are located on the off-diagonal
cells. The assignment of values to off-diagonal cells is
called coding of the interaction matrix. The simplest of
the interaction matrix, a two parameter system, is shown
in Figure 2(a). Beside that, a view of interaction matrix
coding is shown in Figure 2(b). The row passing through
Pi denotes the impact of Pi on all the other parameters in
the system, while the column through Pi shows the im-
pacts of other parameters, or the remaining of the sys-
tem, on the Pi. In principle, there is no limit to the num-
ber of parameters that may be included in an interaction
matrix.

For numerically coding the interaction matrix, differ-
ent procedures such as the 0-1 binary, Expert Semi-
Quantitative (ESQ) (Hudson, 1992), and the Continu-
ous Quantitative Coding (CQC) (Lu and Latham,
1994) were applied. Among the suggested coding proce-
dures, the most commonly used is the ESQ coding.
Based on this coding procedure, the interaction intensity
is presented by the values from 0 for no interaction to 4
for critical interaction as revealed in Table 3.

Table 3: The values for coding of interaction matrix
in the ESQ procedure (Hudson, 1992)

Coding Description

0 No interaction

1 Weak interaction

2 Medium interaction
3 Strong interaction
4 Critical interaction

In the matrix of interaction, the summation of a row is

called the “cause” value (C, = Y,7) and the summation

of a column is the “effect” value (£, = 211./.), which are
i=1

the coordinates (C, E) for a parameter in the system. In
the cause and effect space, the coordinate values for
each parameter in the system can be plotted, which is
called the C-E plot. The interactive intensity value of
each parameter in the system is indicated as the summa-
tion of the C and E values (C + E) and it can be applied
as an indication of the significance of a parameter in the
system. Also, a parameter’s weighting factor (a,) is de-
fined using the percentage value of (C + E) as shown in
Equation 1.

(C.+E)

EEONES WA

100 (1)

Where:
C.— Cause of i" parameter,
E, — Efect of i"" parameter,
a, — Weighting of the i parameter.

4. Prediction of the level of geotechnical
risks, using an RES based model

The level of geotechnical risks was used to reflect the
effects of media characteristics in the modelling of TBM
performance prediction. In this research, the principles
of the work carried out by Benardos and Kaliampakos,
(2004) were adopted to define a model for predicting the
level of geotechnical risks in rock TBM tunnelling. The
merit of this modelling is that all of the important and
easily obtainable parameters affecting geotechnical risks
in rock TBM were taken into account.

There are two main phases for defining the RES based
model. In the first phase, the geotechnical parameters
(hazards), which cause the occurrence of risk in the case
of rock TBM tunnelling, are defined. Also, their behav-
iors are analyzed and the impact (weight) that each one
has in the whole risk conditions is evaluated. Further, the
RES principles can be applied to evaluate the weighting
of the parameters that influence the risk system.

In phase two, the Index of Vulnerability (VI), repre-
senting the level of risk, can be determined, using Equa-
tion 2 (Hudson, 1992):

n P \
Vi=|100—» a —— 2)
( 12::4 P max )
Where:
VI —Index of Vulnerability,
a, — Weighting of the i" parameter,
P — Value (rating) of the i" parameter,

P _—Maximum value assigned the i parameter
(normalization factor).

In this equation, the level of total risk can be calcu-
lated based on the weight and individual influence of
each parameter on the total risk level (the parameter’s
value rating). The parameter value ratings can be carried
out based on the effects of these parameters on the vul-
nerability conditions.

Based on the VI obtained, (using Equation 2) and the
classification of VI, the level of total risk in each zone of
the tunnel can be identified. In the classification for VI, it
is divided into three main classes with a normalized scale
of 0 to 100, (see Table 4). Class I is including, small-scale
problems. These problems cannot significantly affect tun-
nel driving. In class II, a challenging region might occur,
which must be taken into consideration.
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Table 4: The VI classification (Modified after Benardos
and Kaliampakos (2004))

Risk Low- Medium- High-Very

description Medium High high

Class I I 111
0-33 33-66 66-100

In class III, it is expected that in certain individual
regions, several difficulties during tunnel excavation,
are to be observed.

4.1. Parameters influencing geotechnical risks
of TBM

In reviewing the TBM geotechnical risk assessment in
hard ground conditions and the pieces of literature pub-
lished (Anagnostou and Kovari, 1996; Barla and Peliz-
za, 2000; Barla, 2001; Dalg, 2003; Shang et al., 2004;
Farrokh, 2006; Ramoni and Anagnostou, 2010; Jung
et al., 2011; Shaterpour Mamaghani et al., 2015 Arb-
absiar et al., 2020) many parameters can influence the
TBM geotechnical risks encountered. The parameters in
Table 5 are the most important ones from available pa-
rameters in the database and can be obtained easily. These
parameters cover the most important hazards which might
be encountered during rock TBM tunnelling such as insta-
bility, fault zone, squeezing, sticking due to muddy condi-
tion, and water ingress. In the selected parameters, the
components of RMR such as UCS, RQD, joint spacing,
joint orientation, joint condition, and water inflow are pre-
ferred instead of RMR as they describe other issues of risk
raised as well as instability as a hazard.

Table 5: Parameters affecting the TBM geotechnical risks

Parameter Symbol | Parameter Symbol

RQD P1 Gas emission P9

UCsS P2 Squeezing P10

Joint condition P3 Mixed face P11

Joint orientation P4 Karstic condition P12

. . Abrasive rocks

Joint spacing P5 (quartz contents) P13

Water table pg | WVidthofcrushed |
zone

Permeability py | Clay contents P15
in mass rock

Water inflow P8 - -

RQD describes the fracturing degree of a rock mass.
It is one of the most important components of RMR,
which has a significant role in the excavation’s stand-up
time, indicated by RMR (Goodman., 1989). Also, rocks
with low RQD cause difficulties through TBM gripping,
putting excavation at risk and causing a reduction in the
advance rate.

UCS shows the compressive strength of intact rocks
and also has significant effects on RMR and the associ-
ated stability (Goodman., 1989). Moreover, rocks with
very high UCS cause wear and tear of cutters as well as
a considerable reduction in the advance rate. Also, in
rocks with low UCS, gripping problems might occur.
The condition of the joints significantly influences an
excavation’s stability. It also affects the gripping of
TBM. The total performance of TBM in joints with very
rough surfaces of a limited extent and a hard wall is
much better than open joints filled with more than 5 mm
of gouge, or open more than 5 mm, or when joints ex-
tend more than several meters.

The orientation of the joints comparative to the tunnel
axis has an impact on the chipping behavior of rocks dur-
ing the excavation by TBM. Based on Bieniawski (1984,
1989), the orientation of the joints perpendicular to the
tunnel axis is the most favorable for TBM tunnelling.

The spacing of joints affects the rating in RMR and
therefore the stability of the tunnel. On the other hand,
based on the recommendations by DAUB (German Tun-
nelling Committee) (DAUB, 1997), in the rocks with
joint spacing of 0.2 m-0.6 m, gripping problems might
be encountered, for which shield-TBM suggests. In
rocks with joint spacing of 0.06 m- 0.2 m, the possible
falling rocks might trap the shield-TBM causing serious
delays.

Groundwater can strongly influence rock mass behav-
ior (Goodman., 1989). Also, the pore pressure in rocks
depends on the level of groundwater. Higher groundwater
level means more pore pressure, resulting in decreasing
stability, and in the case of high permeability and the pres-
ence of joints, an increase in water inflow. In return, the
high inflow of water causes delays and possible damage.

Gas emission such as Methane (CH,), Hydrogen
Sulfide (H,S), Carbone Monoxide (CO) and Hydrogen
Cyanide (HCN) into a tunnel might cause safety con-
cerns such as human loss and damage due to an explo-
sion, respiratory problems as well as corrosion damage,
resulting in delays in tunnelling. In most cases, the main
concern is CH, and H_S.

CH, is a flammable gas, lighter than air and odorless.
The Lower Explosive Limit (LEL) and Upper Explosive
Limit (UEL) for CH, are 5% and 15% respectively (In-
dustrial Training Branch of the National Coal Board,
1981).

H.,S is a colorless and toxic gas with LEL and UEL of
4% and 44% respectively. It is slightly heavier than air
with a strong smell of rotten eggs. H,S dissolves in wa-
ter, making a weakly acidic solution. The main dangers
are related to its toxic effect and corrosive property to
metals. It can be recognized by smelling below 1 ppm.
The 8 hour occupational exposure limit is 10 ppm, for
short times (15 min), 15 ppm is acceptable. Above 15
ppm, full face masks with filters are used. This restricts
the ability to work to a great extent. Above 100 ppm,
H,S deadens a person’s sensitivity to smell it. Also,
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above 100 ppm it is immediately dangerous to life or
health. Therefore, filters should only be used up to 100
ppm. At higher concentrations, masks with positive
pressure self-supplying respirators shall be used.

Concentrations between 50 and 100 ppm have to be
negotiated for longer periods. H,S also causes corrosion
to metals, in particular to the electrical installations on
the TBM. To reduce the effects, some electrical cabinets,
the operator cabin, and a rest cabin have been connected
to a fresh air supply (Industrial Training Branch of the
National Coal Board, 1981).

Squeezing ground may lead to inadmissible deforma-
tions of the tunnel, damage to the support or in the case
of mechanized excavation, to the immobilization of
TBM due to sticking cutter heads or jamming of the
shield. Depending on the number and the length of the
critical stretches, squeezing conditions may even put the
feasibility of the TBM drive into question (Ramoni and
Anagnostou, 2010). Factors such as high overburden,
the presence of water, poor ground condition (rock qual-
ity), high stress and properties of rocks, all affect the
occurrence of ground squeezing. Several approaches
have been proposed by various authors such as Jethwa
et al. (1984), Singh et al. (1992), Aydan et al. (1996),
Goel et al. (1995), Hoek and Marinos (2000), based on
practical experience and documented case histories, to
identify squeezing rock conditions and potential tunnel
squeezing problems. In this research, Singh et al. (1992)
and Jethwa et al. (1984) approaches were used to deter-
mine the squeezing potential in different zones.

The occurrence of karstic zones through tunnel align-
ment results in decreasing rock strength, which in return
reduces the load bearing of rock, while gripping is re-
quired. On the other hand, in the case of having gases
such as CH, and H,S, karstic zones facilitate the leakage
of such gases into the tunnel, which raises the TBM tun-

nelling risks (Marinos, 2001). The requirements, which
cause karstic zones include carbonate rocks, joints, and
flow of water. In the Zagros long tunnel, in limited zones,
the needs for the occurrence of karstic zones are met.

Encountering the alternatives of hard and soft rocks in
the tunnel face, the so-called mixed face condition might
cause serious damage to the cutters, which results in a
delay in tunnelling. Also, in the case of facing abrasive
rocks, which are identified by their quartz contents, cut-
ter wear might occur, which decreases the penetration
rate, causing significant delays to tunnelling and eco-
nomic loss.

The presence of water and rocks containing clay min-
erals such as shale and marl might cause swelling, which
in return increase the stress on the support system used.
Also, in the presence of water and such rocks, a sticky
condition might be encountered, causing delays and
sometimes trapping of the cutterhead.

The width of crushed zones, relevant water ingress
and RQD affect the risk associated with the fault zones.
With a wider crushed zone, lower RQD and in the pres-
ence of high water inflow, a higher degree of risk is ex-
pected, which in return causes jamming of the TBM,
delays and economic loss.

4.2. Interaction matrix and rating of parameters
4.2.1. Interaction matrix

The 15 principal parameters affecting the geotechni-
cal risk in TBM tunnelling are located along the leading
diagonal of the matrix and the effects of each parameter
on any other parameter (interactions) are placed on the
off-diagonal cells. The assigning values to off-diagonal
cells, coding the matrix, were carried out by five experts,
using the ESQ coding as proposed by Hudson (1992).

Table 6: The interaction matrix for geotechnical hazards in TBM tunnelling

P, 1 0 0 0 1 3 3 3 3 0 2 0 1 2
3 P, 1 0 2 0 1 0 1 4 0 3 0 2 0
3 2 P, 0 1 3 4 3 4 2 2 3 1 2 2
3 3 0 P, 0 3 3 2 3 2 1 2 0 0 0
4 2 1 0 P, 3 4 3 3 3 1 2 2 2 2
2 3 2 0 1 P, 2 3 3 2 0 3 0 0 0
0 1 1 0 0 3 P, 4 4 2 0 3 1 1 1
1 1 1 0 0 1 1 P, 3 1 0 3 1 0 1
0 0 0 0 0 0 0 0 P, 0 0 0 0 0 0
0 0 0 0 0 0 1 2 0 P, 0 0 0 0 0
2 0 0 0 0 0 1 1 1 0 P, 1 0 0 0
2 1 1 0 1 3 2 2 2 1 0 P, 1 1 1
1 1 1 0 0 0 1 0 1 1 0 2 | 2 0
2 0 1 0 0 1 2 2 2 2 0 1 0 P, 2
2 3 2 2 2 1 3 2 2 2 0 1 1 2 P,
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Table 7: The principal parameters weighting in the TBM tunnelling geotechnical risk

No. Parameter C E C+E C-E a, (%)
1 RQD 19 25 44 -6 8.6
2 uCsS 17 18 35 -1 6.9
3 Joint condition 32 11 43 21 8.4
4 Joint orientation 22 2 24 20 4.7
5 Joint spacing 32 7 39 25 7.6
6 Water table 21 19 40 2 7.8
7 Permeability 21 28 49 -7 9.6
8 Water inflow 14 27 41 -13 8.0
9 Gas emission 32 32 -32 6.3
10 Squeezing 3 25 28 -22 5.5
11 Mixed face 4 10 2 2.0
12 Karstic condition 18 26 44 -8 8.6
13 Abrasive rocks (quartz contents) 10 7 17 3 33
14 Width of crushed zone 15 13 28 2 5.5
15 Clay contents in mass rock 25 11 36 14 7.0
Total 255 255 510 0 100
g 2
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2 s = & E £ : 2
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Figure 3: The principal parameters weighting in the TBM tunnelling geotechnical risk

The interaction matrix for geotechnical hazards in TBM
tunnelling is presented in Table 6.

Table 7 gives the cause (C), effect (E), interactive in-
tensity (C+E), dominance (C-E), and weight of each pa-
rameter (a,) calculated by Equation 1 for the parameters
affecting the hazards in TBM tunnelling. Also, the
weight for each parameter is shown in Figure 3. As can
be seen in Table 7 and Figure 3, the most interactive
parameters are permeability, RQD, joints condition
karstic zones, whereas the least interactive parameter is
the mixed face condition.

4.2.2. Rating of parameters

The rating of the parameters’ values was carried out
based on their effect on the vulnerability conditions. To-
tally 4 classes (except UCS, which has five classes),
from 0 to 3 were considered, where 0 denotes the worst
case (most unfavorable) and 3 the best (most favorable
condition). In the case of TBM tunnelling, the rating of
each parameter is presented in Table 8. The ranges of
parameters in Table 8 were proposed based on empirical
results, practical limits and the experiences of different
experts (five experts in this research work).
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Table 8: The rating suggested for the effective parameters in geotechnical risks in TBM tunnelling

Parameter Values or description and ratings
1 |RQD (%) Value 0-25 |25-50 50-75 75-100
Rating 0 1 2 3
2 | UCS (MPa) Value <5 5-25 25-50 50-150 >150
Rating 4 3 2 1 0
3 | Joint condition Description Al A? A3 A?
Rating 3 2 1 0
4 | Joint orientation Description Very favorable | Fair Unfavorable | Very
(According to Table 9) and favorable unfavorable
Rating 3 2 1 0
5 |Joint spacing (m) Value <0.06 0.06-0.2 0.2-0.6 >0.6
Rating 0 1 2 3
6 | Water table (m) Value <0 0-50 50-150 >150
Rating 3 2 1 0
7 | Permeability Value <10 10610 104-10° >10+
Rating 3 2 1 0
8 | Water inflow (lit/min in 10 m Value <10 10-25 25-125 >125
length of the tunnel) Rating 3 2 1 0
9 | Gas emission CH, (%) Value <5 5-15 15-25 25-50 |>50
Rating 3 0 2 1 0
H,S (ppm) | Value <10 10-20 20-100 >100
Rating 3 2 1 0
10 | Squeezing” Value <0.4 0.4-0.8 0.8-2 >2
Rating 0 1 2 3
11 | Mixed face Description Non-mixed Mixed
Rating 3 0
12 | Karstic condition Description Non-karstic Mildly Moderately | Highly karstic
karstic karstic
Rating 3 2 1 0
13 | Abrasive rocks Value <5 5-10 10-20 >20
(quartz contents) % Rating 3 2 1 0
14 | The width of the fractured Value None <10 10-25 >25
or crushed zone Rating 3 2 1 0
15 |Clay contents in mass rock Value <10 10-30 30-70 >70
(muddy condition) (%) Rating 3 2 1 0

* Based on Jethwa et al., (1984)
A': Very coarse surfaces of limited extent, hard wall rock; A2: Slightly coarse surfaces, opening less than 1 mm, hard wall rock;
A3: Slightly coarse surfaces, opening less than 1 mm, soft wall rock; A*: Open joints with smooth surfaces, 1 to more than 5Smm
aperture, filled with gouge filling or 1 to more than Smm aperture, joints extended more than several meters

4.2.3. Geotechnical risk estimation of the Zagros

long tunnel

Geotechnical risk estimation of 2058 sets of data from
11 km of section two of the Zagros long tunnel was car-
ried out using the vulnerability index (Equation 2). To
have a clear understanding, the parameter values and the
corresponding VI obtained for one set of data are shown
in Table 10. In this table, Q, and Q,, for each parameter
can be obtained based on its value or description through
Table 8.

4.3 Multiple regression modelling
for the prediction of the advance rate
of TBM in hard rock condition

In this paper, based on 2058 datasets collected from
section two of the Zagros long tunnel (out of 2168 data-
sets), linear and non-linear regression analyses were car-
ried out for developing a new model to predict the ad-
vance rate of TBM in hard rock conditions. Torque (Tq),
cutter head rotation per minute (RPM), cutter normal
force (F,) as machine parameters, and vulnerability in-
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Table g: The discontinuity strike and dip orientation effect in tunnelling (Goodman, 1989)

Strike perpendicular to the tunnel axis Strike parallel to the tunnel axis
Drive with dip Drive against dip
Dip 45°-90° Dip 20°-45° Dip 45°-90° Dip 20°-45°
Very favorable Favorable Fair Unfavorable
Strike parallel to the tunnel axis Irrespective of strike
Dip 20°-45° Dip 45°-90° Dip 0°-20°
Fair Very unfavorable Fair

Table 10: The corresponding VI to parameters’ values for one set of data of section two of the Zagros long tunnel

Parameter 1:301)) (151%?1) Je| Jo (ch:n) (‘:Vn; (Il:.‘?rs') (lit)Zniin) (Ej:) Sq | Mf | Ke (oQ/:) (sz) (f;:)
Zragz:escription 72-85 10-20 | Al favgg'ble 300 | 50 |2%10-8| 22 :150((%%52) 6.1 | Mixed | None | 0-5 |None| 5
Valuerating |5 |3 [ 3| 2 2] 2 2 3 300 | 3133 |3
(Pi)

\ﬁ’fighﬁ“g(ai) 86 | 69 |84 47 |76 78| 96 8 6.3 550 2 |86 33|55/ 7
VI 21

Jc: Joint condition; Jo: Joint orientation; Js: Joint spacing; Wt: Water table; Per.: Permeability; Wi: Water inflow; Ge: Gas
emission; Sq.: Squeezing; Mf: Mixed face; Kc: Karstic condition; Qc: Abrasive rocks (quartz contents); CZ: Width of a
crushed zone or fractured zone; Cc: Clay contents in mass rock (muddy condition)
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Figure 4: Histogram of (a) T, (b) RPM, (c) F ,(d) VI

dex (VI) as the effect of media characteristics were used  are shown in Figure 4. Also, by using the database, a
as input parameters and Advance Rate (AR) was the out-  simple regression analysis was performed to identify the
put parameter. Data distributions for these parameters relationship between each parameter with AR as shown
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Figure 5: Relationship between (a) T, (b) RPM, (c) F ,(d) VI data and recorded AR

in Figure 5. The outcomes obtained show that none of
the parameters except RPM individually has a good cor-
relation with AR.

4.3.1. Multiple linear regression analysis

Tq, RPM, F , and VI as independent variables and AR
as a dependent variable, using SPSS software, were used

Table 11: Model summary for Equation 3

to carry out a multiple linear regression analysis. Ac-
cording to the statistical analysis, the predictive model is
as shown in Equation 3:

AR =-0.000047, +0.3662RPM +

+0.002F, —0.0088V1 +0.9039 3)

Where:
AR  — Advance rate (m/h),

I~ —Torque (nominal) of the cutterhead (kN.m),
RPM — Cutter head rotation per minute (rotation/mi-

Model | R | R* | Adjusted R? ff}tld'gi'r::lr . nute),
ot the ©stimate F, - Cutter normal force (kN),
1 0.935 | 0.874 0.874 0.12560 VI  —Index of Vulnerability.
Table 12: Coefficients of multiple linear regression and collinearity statistics for Equation 3

Unstandardized Coefficients Standardlzed . Collinearity Statistics
Model Coefficients t Sig.

B Std. Error Beta Tolerance VIF
(Constant) |0.904 0.028 32.450 0.000
T, -4.954E-5 0.000 -0.019 -2.345 0.019 0.976 1.025
F, 0.002 0.000 0.197 24.483 0.000 0.946 1.057
RPM 0.366 0.003 0.858 107.655 0.000 0.964 1.038
VI -0.009 0.000 -0.259 -33.068 0.000 0.996 1.004
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The model summary for Equation 3 is shown in Table
11. Also, to check the degree of correlation between input
variables, a multicollinearity analysis was carried out. The

Table 13: Variance (ANOVA) analysis for Equation 3

Variance Inflation Factor (VIF), as one of the most useful
tools for finding the level of multicollinearity, was used in
this research. Its range varies from one to infinity. In gen-
eral, VI greater than 10 shows a possibility of multicol-
linearity (Montgomery and Peck, 1992).

The VIF values for independent variables in Equation
3 were determined and can be observed in Table 12. As

Model Sum of df Mean F Si X
OCE Squares Square 18- can be seen from Table 12, the VIF for each independent
Regression | 225.086 4 56272 | 3.567E3 | 000 variable in Equation 3 is less than 10. It shows that there
Residual 3 ;‘04 054 T 0 616 ' ' is no high correlation between input independent variables.
esicua i : Furthermore, analysis of variance (ANOVA) for
Total 257.490 | 2058 Equation 3 is illustrated in Table 13. The model statistic
Table 14: TBM performance prediction empirical models
Model Relation
F
Graham (1977) PR, =3940x Tg

Farmer and Glossop (1980)

PR, = 624x 1o
TS

Cassinelli et al. (1982)

PR =-0.0059RSR +1.5

Innaurato et al. (1991)

PR=0"""-0.047RSR +3.15

Barton, (1999)

PR=5X QTBA[Q2

Hassanpour et al. (2009, 2010)

FPI =0.425RMCI +11.28

2
RMCI =0.01UCS x RQD?

Khademi et al. (2010)

FPI =4.161+0.091UCS +0.077J,+1.077Log( )

PR: penetration rate, PRev: penetration per revolution, FPI: field penetration index, F : cutter normal
force, UCS: uniaxial compressive strength of intact rock, TS: tensile strength, RQD: rock quality
designation, RMCIL: rock mass cuttability index, o, = uniaxial compressive strength of rock, a: the
angle between the tunnel axis and the planes of weakness, Jc: RMR joint condition partial rating,
RSR: rock structure rating, RMR: rock mass rating, Q... : Barton rock mass quality rating for TBM

driven tunnels

Table 15: The performance of different models

Model R? RMSE | Observations
Linear 0.83 0.12 110
Exponential 0.82 0.13 110
Polynomial 0.82 0.59 110
Power 0.81 0.13 110
Logarithmic 0.80 0.14 110
Hassanpour et al. 0.57 1.15 110
Khademi et al. 0.49 1.48 110
Graham 0.50 2.62 110
Farmer and Glossop 0.49 9.58 110
Innaurato et al. 0.07 1.30 110
Cassinelli et al. 0.04 1.28 110
(02 0.02 4.16 110
NTNU 0.0007 2.61 110

TBM®

value F and significance (Sig.) are used to provide
enough proof to discard the theory of “no effect”. From
Table 13, F of 0.004 and Sig. of 0.000 (less than 0.05)
were obtained, which reveals that the null theory can be
discarded. It means that at least one of the input param-
eters significantly influences the AR.

4.3.2. Multiple non-linear regression modelling

For multiple non-linear regressions modelling, poly-
nomial, power, exponential, and logarithmic models
with the same datasets were used. For the polynomial
model with R>=0.86 obtained, the mathematical equa-
tion is as shown in Equation 4:

. 1.9016

T 770.07388
T,

AR +1.0445RPM**" +

7.6556

+1.8003Fn0']089 +W—105979 (4)
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Using, power model, the relation with R>=0.87 is as
shown in Equation 5:

Finally, for the exponential model with R>=0.87, the
relation is as shown in Equation 7:

RPMOJZ%F 0.1115

0.01877,70.1310
. Vi

AR =0.8578 AR = exp(-0.000027, +0.1320RPM +

®)

+0.00076F, —0.0033/1 +0.3431) (7

Furthermore, the mathematical equation for logarith-
mic model with R*=0.85 is as shown in Equation 6:

5. Evaluation performance of the models
AR =—0.0504Ln(T,)+1.9207Ln(RPM )+

The performance of regression models were com-

+0.2931Ln(F,)—0.3435Ln(VT1)—0.2936 pared with the models from literature such as Khademi

(6)
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Figure 7: Comparison between the results of different models and recorded AR for five datasets

et al. (2010), Hassanpour et al. (2009, 2010), Q
(Barton, 1999), NTNU (Bruland, 2012), Farmer and
Glossop (1980), Cassinelli et al. (1982), Innaurato et
al. (1991), and Graham (1977) (Table 14), using 110
randomly selected datasets (out of 2168 datasets) from
the Zagros long tunnel, which were not used in the mod-
elling. Two signs, the determination coefficient (R?) and
the Root Mean Square Error (RMSE) (Equations 8 and
9) were used to do the models performance evaluation
and the results obtained are illustrated in Table 15. The
predicted AR from all models for 110 datasets was com-
pared with the recorded AR as shown in Figure 6. The
predicted AR from these models for five datasets was
compared with the recorded AR as illustrated in Figure
7. As it can be seen from Figure 7 and Table 15 the lin-
ear regression model with R>=83 and RMSE=0.12 shows
the best performance among the models.

2

n

z (Xipredicled - Xprediczed ) (Xiaczual - Xacmal )
2 i=
R =|——= (®)

n _ Py _ 5
(X[predicted - Xpred[c[ed ) (Xiacmal - Xacmal )
i=1 i=1

Where:
R? — Coefficient of determination,
X, .wa — Thel, measured element,
X prediciea — 1€ 1, predicted element,
n — The number of datasets.
1L :
RMSE(x) = \/ ->(x,..-x,..) )
n'3
Where:

RMSE — Root Mean Square Error,
— The i, measured element,

xiactual

x ... Thei predicted element,
ipredicted th
n — The number of datasets.

6. Conclusions

In this research work, using parameters of machine
and media characteristics, different models were devel-
oped based on linear and non-linear multiple regression
analysis to determine the advance rate in rock TBM tun-
nelling. In the modelling, torque, cutter head rotation per
minute, and cutter normal force are machine parameters
and the level of geotechnical risks (VI), representing
media characteristics, which were used as input param-
eters and AR was the output parameter. For predicting
VI, an RES based model was proposed. The merit of this
modelling is that all of the important and easily obtain-
able parameters affecting geotechnical risks in rock
TBM were taken into account.

Validation was carried out, using 110 randomly se-
lected datasets (out of 2168 datasets) from the Zagros
long tunnel, which were not used in the modelling. For
110 datasets, recorded AR were compared with the AR
estimated through regression models and also with the
AR obtained from the models such as Khademi et al.,
Hassanpour et al., QTBM, NTNU, Farmer and Glossop,
Cassinelli et al., Innaurato et al., and Graham. The ob-
tained results showed that the multiple linear regression
model with R? of 0.83 and RMSE of 0.12 has a better
performance among the different models.

As it is evident, the linear regression model was con-
structed based on site-specific parameters and limited
datasets from the Zagros long tunnel. This model can be
used to estimate the advance rate in the Zagros long tun-
nel or tunnels with almost the same ground conditions.
However, it cannot be generalized for other tunnel pro-
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jects. For tunnelling projects with other geological envi-
ronments, a similar approach with other parameters can
be developed.
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Novi model za predvidanje napredovanja tunelskoga busaceg stroja

u tvrdim stijenama

Predvidanje brzine napredovanja tunelskoga busaceg stroja u tvrdim stijenama jedna je od najvaznijih stvari kod procje-
ne vremena i troskova izradbe tunela. Prikazana je priprema stijenskoga inZenjerskog sustava, modela kojim se predvida
geotehnidki rizik (ovisan o svojstvima stijena) kod izradbe tunela bugac¢im strojevima. Uporabljeno je 15 varijabli koje
utjeCu na spomenuti rizik. Na temelju 5 ekspertnih misljenja postavljena je interakcijska matrica i rangiranje varijabli.
Indeks ranjivosti, kao izvedenica geotehnic¢koga rizika, izra¢unan je za 2058 (od ukupno 2168) skupova podataka, uzor-
kovanih u 55 geoloskih zona kroz 11 km dugacak tunel Zagros. U sljede¢emu koraku prouceni su operativni parametri
strojeva poput okretnoga momenta, rotacije glave sjekaca po minuti, sile na glavi te svojstava stijena (prikazanih indek-
som ranjivosti). Oni su bili ulazne varijable, a iznos napredovanja izlazna. Na temelju 2058 podataka izra¢unane su line-
arne i nelinearne vigestruke regresije. Dodatnih 110 podataka (nisu kori$teni za modeliranje) uporabljeni su za provjeru
regresijskih (i drugih) modela. Rezultati su pokazali kako novi linearni model, s vrijednostima R* = 0,83 i RMSE = 0,12,
ima bolja svojstva nego drugi razmatrani modeli.

Kljuéne rijedi:
iznos napredovanja, regresijski model, geotehnicki rizik, inZenjerski sustav stijena, buenje u tvrdim stijenama, tunel
Zagros
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