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Selection of tunneling machines in soft ground byuzzy analytic hierarchy
process

M. Kemal Ofirat!

In tunneling, it is very important to select therreat tunneling machines. Choosing a wrong methad roe very costly to
the company. There are many parameters affectiaglé¢icision stage of selection of the tunneling imectGeology (C1), ground conditions
(C2), tunnel properties (C3), geo-environmental &rdz(C4), technical properties of machines (C5)d goject properties (C6) are
the main selection criteria. Using these topics #émel sub-criteria belonging to each topic, the juamalytic hierarchy method is employed
to select the most suitable tunneling machine. €uboring machines are mainly divided into two ascdhand soft ground machines.
The number of tunnels under cities constitute gdaamount due to subways, underground roads, &esel'tunnels are mostly shallow
tunnels. Therefore, the variety of soft ground &limy machines increase. In this research, sofugtbtype machines and their parameters
are evaluated. After evaluation with the fuzzy walhierarchy process, geology (C1) turned oub&the factor most influencing the
selection of machine type, and M3 (EPBM) is founthe the most suitable machine for soft ground itmmd. In addition, the research
method and the study results are thought to befliglpselecting the machine type for other tunmetsch will soon be started in Turkey.

Key words: Tunneling, Soft ground, Fuzzy logic, Machine stiée, Excavation.

1. Introduction

Subway tunneling evolved in recent years in ordeease city traffic and, therefore, progress hanbe
made on the soft ground machine types and divelSitpway tunnels are generally shallow tunnelst Ehahy
ground conditions should be taken into considenatiarefully. Langmaack and Seven (2007) and Kosa. et
(2007) mentioned that the three most importantofactor soft ground tunneling, apart from the handk
geology, are the soil permeability, ground watersgure, risk of clogging and adhesion.

There are many parameters affecting the decisiagesof selection of the tunneling machine. Geology
(C1), ground conditions (C2), tunnel properties )(Gfo-environmental hazard (C4), technical progerof
machines (C5), and project properties (C6) arenthén selection criteria. In this study, soft grouadtudied
and the corresponding machine types are investig&election criteria are determined with the heflpnany
different references from the literature. This gstiwill be explained in Chapter 2. Alternative rhawes are
selected according to the ITA (2000). These mashare the shield type (M1), the mechanical excamaiype
(M2), the earth pressure balance type (M3), slugye (M4), hand excavation (M5), semi-mechanical
excavation (M6), blind type (M7), roadheader (M&)d hydraulic hammer (M9), respectively. Theseeddtare
evaluated by a fuzzy analytic hierarchy processHPAand an application is made on an example case.

The objective of this fuzzy analytic hierarchy pges problem is to select the most suitable macioine
the tunnel under study. The study aims to deteritiiaebest machine for Izmir (Turkey) subway tureebiven
in Figure 1.
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Fig. 1. Hierarchy of the selection process
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After evaluation with FAHP, geology (C1) turned datbe the factor most influencing the selection
machine type and M3 (EPBM) is found to be the nsogaible machine for soft ground conditions.

2. Defining Selection Criteria

Many factors can affect the process of selectiotheftunnel excavation machine. Generally, sofugd
properties are more complex than hard rock. Thezefastly literature is reviewed for tunnel profe in detail.

of

Then, six main criteria and different numbers db-suteria are selected. The selected criterialwarseen in

Table 1. All of these criteria are determined urttierlight of studies in literature.

There are many studies on tunneling and tunnehfgamachines in the literature. Some of these studie

which consider excavation of the tunnel, investgidie properties of tunnel boring machines and rabeu of
parameters that are effective on excavation. Vaedat Bilgin (2007) emphasized that selection ofadlée
machine according to the project criteria is venportant to excavate a tunnel economically andieffitly.

Tab. 1. Criteria affecting selection of tunnelimgchine.

C1: Geology
C11 Geologic failures faults, anisotropy, discontinuities, joints, fnaes or classifications, fissures etc.
C12 Topography. tunnel depth.
C13 Hydrogeology ground water, aquifer, permeability, karstic wetc.
C14 Formation type origin, particle diameter, heterogeneous or hcenogs, etc.

C2: Ground conditions
C21 Mechanic properties undrained strength, uniaxial compressive streraftbar strength, elasticity modulus, cohesiorsgmoi’s ratio.
C22 Physical properties density, swelling, squeezing, porosity, hardnslske durability.
C23 Field and laboratory experiments Liquid limit, plastic limit, cone penetration testandard penetration test (SPT), plasticity xd
etc.
C24 Face stability
C25 Soil classification system
C26 Ground settlement

[©]

C3: Tunnel properties
C31 Length of tunnel
C32 Tunnel geometry Diameter, shape, cross-section area
C33 Depth of tunnel
C34 Type of tunnel support

C4: Geo-environmental hazard/Risk assessment

C5: Machines’ technical properties
C51 Power properties
C52 Cutting head properties diameter, rotation speed, rotating or non-rotgtetc.
C53 Weight of machine
C54 shield type double, single, open, closed etc.
C55 Reaction force
C56 Specific energy

C6: Project properties
C61 Project duration time
C62 Cost
C63 Constructor reliability

Alternative Tunneling Machines
M1 Shield type Can be used generally for soft ground. Cuttingches closed and rotation type. Reaction forceitisee gripper or
segment type.
M2 The mechanical excavation typeTunneling machine is suitable for the diluviapdsit that has a self-standing face.
M3 The earth pressure balance typeThis type is suitable for silty and clayey groan@ut to the ground with a rotary cutter head
then muck removed by a screw conveyor.
M4 Slurry type: This tunneling machine cuts the ground with amptutter head. The cutter chamber is filled veithressurized slurry
mix to stabilize the face of the tunnel.
M5 Hand excavation These machines are non-rotating shield type mash#ront surface of the shield is open on thesghines.
M6 Semi-mechanical excavationThese machines are non-rotating shield type mashiFront surface of the shield is open on th
machines.
M7 Blind type: It has a semi open type machine. The shield isatating type in this machine. In these machiassa shield is used fq
face stability, a boom excavates the face frommanurface.
M8 Roadheader It is a partial face cutting machine. It excaegaby the help of a boom. There are bits on theechitad which rotate
parallel or perpendicular to the face.
M9 Hydraulic hammer: Mounted on an excavator carrier or backhoe,ifiggthe ability for tunnel excavation. This machexeavates by

and

ese

impact.
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Some of the efforts made on tunneling machine Seles are given in the following text. Nord andlI8ti
(1988); Einstein et al. (1992); ITA (2000) introducstandards for TBM selection. In addition, Bievski et al.
(2009) presented rock mass excavability (RME) iatiigy when selecting excavation technique. Bildirale
(2008) studied the selection of a TBM using fulilsclaboratory tests in metro tunnels.

Geology is one of the important criteria in theestibn of tunneling machines. Geology (C1) ancsitb-
criteria are seen in Table 1. Geologic failuresseamachine advance speed to be left behind thealrativance
speed in tunnel projects. Yagiz et al., (2010); kum Onargan, (2013) studied geological controltiimels.
For example, faults strongly affect the TBM cuttezad. Barla (2002); Arioglu et al (2002b); Kladasda
Sivalingam, (2006); Lovat (2007); Hassanpour, (90dve often used particle size diameter or granatdc
curves in the selection of tunneling machines atiogrto the formation types (C14). Also, tunnel thefs an
important issue. On the other hand, groundwateell@ffects excavation method and support systems as
mentioned in Kucuk (2011).

Ground conditions (C2) are investigated in manyuohel projects or studies. Stille and Palmstro60@);
Bilgin et al., (2004); Nunes and Meguid (2009); &0(2009) made rock or ground classifications wthelp
cutting and selection of tunnel excavation macliné tunnel support in their study. In addition, ‘Basmane-
Konak” line, value N, known as face stability, muhd between 0.69-2.84 (Arioglu et al, 2002b). Minm
value corresponds to the little liquid-elastic zomed maximum value corresponds to the limited tqui
conditions. Ground classification should be madeuimel projects and then it is used to select inactypes.
Also, ground settlement is especially importansibway tunnel projects since these tunnels arelyntsven
below residential areas.

Tunnel properties (C3) should be considered ondlustudies and projects. Tunnel geometry is gelyeral
circular. For example Kunihiko and Kenichi (200@ted that non-circular tunnel in the sandy growsete
quite few compared with the circular section, sitiee problems with the reliability of excavation ¢chanism
and the abrasion of bit cutters were still unresdSome of the other criteria and sub-criteriagiren in Table
2.

Tab. 2. Effect of tunnel properties by selecthmgexcavation tunnel method (DAUB, 1997 and ITAP20

Conditions/Excavation Drillina&Blastin TBM
methods 9 9 Hard rock Soft ground
Iliot:zlbj'lrl)zn;l(gg\t/;:t?syiorgtleg\ﬁ%/ Th_e cost of tunnel bo_ring _ The_ cost of tunnel bor_ing
length affected by the tunnel length mach|'nes is generally high. It ig machmes |s_generally high. It
very much. suitable in Ior_]ger tunnel is suitable in anger tunnel
excavations. excavations.
Basically the shape of the
Basically the shape of the excavation is a circle. Semi-
Tunnel h fth The shape of the cross-section  excavation is a circle. After | circle, multi-circle etc. are also
properties shape o i e can be changed during boring, other shapes are possible ~ possible using special
cross-section construction. using drilling and blasting as the tunneling machines for
result of enlargement. excavation.
size of the Generally, it is possible up to The_ largest record is ap;g;:ﬁ;%gls; {icr?qr?olrsthe
cross-section 150 nf. The largest record is approximately 12 m for the maximum diameter of the
bigger than 200 f maximum diameter of the tunne|. tunnel

Geo-environmental hazard (C4) is also very impartan tunneling. Geo-environmental hazard is
considered together with technical parameters. Tiguite common in risk assessment and management
literature. Barla and Pelizza (2000); Shariar ef2008); Hamidi et al. (2009b) mentioned geotecainhazards,
vulnerabilities and wrong machine selection risks.addition, Hamidi (2010) and Beard (2010) conddct
studies on tunnel safety, qualitative or quantitatisk assessment and decision-making.

Technical properties (C5) are considered in mamygliss on tunnel projects. Some of these focus on
mechanical power, torque, cutting head propersieigld type, the head thrust system and specificggnissues.
ITA (2000) stated that as the cross-section ofttimmel increases, TBM diameter increases too. ik dhse,
selected machine should be the stronger one. Tdrerefutting disc space and thrust force per digtec
increases. As TBM diameter increases, RPM (rev/mapjdly decreases. In addition, weathering shages
cutter bits in excavation machines are importarieims of specific energy. As weathering increasetier bits
need more energy for excavation and hence thegifgpenergy values will increase (Balci et al. 020 Ozfirat,
1998).

The project features (C6) which are important fexcia the selection of the tunnel excavation maelgre
project completion time, cost and reliability ofetltontractor. The project schedule should be walkged
according to the duration of the excavation andydaiogress. Eskesen 2004 stated that the contracist
identify hazards and classify risks using systerhglwvare compatible with the systems used by theeovand
should propose mitigation measures to reduce thetifted risks. The owner should approve the miiaga

100



Acta Montanistica Slovaca lume20(2015), numbeg, 98-109

measures before the project starts. Tunnelingis@dso an important factor in selection of exceratnethods.
As Sauer 2004 stated, using TBM in tunnels shainem 2.4 km is not cost effective.

3. FAHP (Fuzzy Analytic Hierarchy Process)

In the proposed approach, FAHP is employed in orml@vercome some of the drawbacks of AHP such as
the vagueness and subjective comparisons of ingiléd The fuzzy prioritization method is used tonpaoite
priorities of both selection criteria and altermatiunneling machines. The flow of the proposedmtlgm can
be seen in Figure 2.

Classical AHP is composed of mainly three stepshvare;

e problem structuring,
e evaluation of local priorities,

* computing the overall priorities of alternativesctume to a decision (Ozfirat 2012, Straka et. @14}

In problem structuring, the decision maker deteasiselection criteria and lists the alternativeicdm In
the second stage, pairwise comparisons are madal poiorities of selection criteria and alternagvare
determined. Finally, in the third stage global gties of each alternative are computed. Amongédttee best
one is selected by the decision maker.

| B |
Objective: Choose the most Find pr|9r|t|es _Of gach
“suitable tunnel machine for soft selection criteria Decision

ground conditions

¢ Inconsistent _€onsistenc

What are the selection criteria? check?

.

"What are alternative machines? Lonsistent

‘ Find priorities of alternative
Form fuzzy comparison — - methods

| o
matrices .

Find overall priorities

‘]Inconsistent onsistenci_ Consistent
Check?

2

Fig. 2. Proposed algorithm of the study (Ozfi2Q12).

In FAHP, the second stage of classical AHP is fiexdi In other words, fuzzy comparisons are made fo
the pairwise comparison matrices. By this way, @uld be easier for the decision maker to make true
comparisons and it would be more accurate.

In fuzzy comparison matrices, a lower bound, aneudpund and a most likely value is stated for the
comparison of two criteria and/or alternatives. Egample; let us say the comparison between aitednd 2
be (4,5,6). This means:

“Criteria 1 is likely to be strongly important (deg 5) than criteria 2, but it is between degremd degree
6 compared to criteria 2"

The fuzzy pairwise comparison matri& (%) is built as in equation 1 where:

l;: lower bound on the comparison between criteriand,].

my: most likely value of the comparison between cgtei andj.

u;: upper bound on the comparison between criteramd;.

w;: weight coefficient of criteriom
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Wi Wi Wi
Wi W2 Wn 1 (112, myp,u52) .. (4, My, ugy)
AFuzzy = |22 22 220 L mo o ug,) 1 (I3n, My, Uzpn)
T ywi wy wp |~ | V2P 2D F2l 2ny z2n, YUzn
Wn Wn Wn (In, mpg,upg)  (Ipz, Mz, upp) .. 1
w. w, wp
(1)
In addition, the reader should note that:
|ij=1/ Iji ; mj=1/ m; | Uijzl/ Uji (2)

Once the fuzzy comparison matrices” (&) are built, local priorities (W should be computed. In the
proposed approach the fuzzy prioritization methameloped by Mikhailov & Tsvetinov (2004), is emydal to
compute the priorities of the selection criteria &me alternative tunneling machines.

The fuzzy membership functions are defined usirrgyuriangular numbers as in Equation (3). One khou
note that in the proposed approaghk iny; < u;.

Y "
w;i mij—lj
w. =)= 3)
Yy wj Wi
Lo Wi “y wj
if —>m; then ———
W] uu—mil-

In fuzzy prioritization method (Mikhailov & Tsvetav, 2004), since we want to maximize consistency
within our decisions, the value of all membershipdtions should be maximized as much as possilfis. i$

made using mathematical modeling. A new variahlés introduced and represents the consistency téduae
decision maker. In order to maximize consistenajl& of all membership functions should be maxichiZEhis
is provided by the mathematical model built in fotation (4):

maximize A
subject to
/’ISMU(%) Vi=l.n—1,j=2.n j>i ()
J
iw; =1
w; >0 Vi=1.n

The values of membership functions are given inatéiqn 3. Therefore, formulation 4 turns into
formulation 5 when membership functions are pud thie right place.

maximize A

subject to
wj(my; = L) <w—lyw, Vi=l.n-1j=2.n j>i
ij(uij —mij) Sugwj—w; Vi=1l.n—-1,j=2..n,j>Ii (5)
iw; =1
w; >0

When this model is solved, we get the prioritieseath decision criteriarf). In other words, the relative
importance levels of each decision criteria arentbuFor example, i¥W4 is found to be 0.35, this means first
criterion is 35% important for the decision makeraddition, the value of the objective functidh) (gives us

the consistency level. The acceptable level.a$ 0.9. The model is solved using OPL Studio 8.DG, 2003)
optimization software (Ozfirat, 2012).

4. Field Under Study
The Izmir subway tunnel project, which is selectisch case study is planned so that its length esaolal

45 km and covers a large portion of residentialorg as a high capacity system by the Izmir citynicipality.
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There are a total of 10 stations in the system.ydlc “Konak”, “Cankaya”, “Bornova” and “Basmane’r@
underground stations; “Hilal”, “Halkapinar” and ‘&tyum” stations are constructed as viaducts. “S#&reayd

“Bolge” stations are located on the surface. Thst fstage under construction, having the highepuladion
density, and so the highest passenger movemenyotBornova” line was built, 11.6 km long. In thtudy, it

is focused on “Basmane-Cankaya-Konak” line dueoft ground and using the tunneling machine. Themsl|
are 2752.5 m in length and consisting of four tusriEigure 3). These tunnels are side-by-side dotininels
due to archaeological remains and less coverirgylay

7
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i Bus station

/M Halkapinar
) Basnhane
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Narlidere

s Red Line (Bornova-Buca)
mmmm Green Line (Narlidere-Cigli)
ssees Extension (Bornova-Otogar)
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O Transfer Stations

Motorways
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Fig. 3. Jzmir Subway System (Arioglu et al., 2002d).
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Fig. 4. Geological cross-section of “Basmane” dibnak” line
(Arioglu et al., 2002a; Arioglu et al., 2002b)

As seen in Figure 4, there are terrestrial and measediments which occur above the in-situ weathere
andesitic product clayey in the line between therigk-Basmane”. In the “Konak” side which is closer
the sea, there are sediments in the marine SiltGlagey Silt layers which contain cross stratifehd bands
and lenses. In the “Basmane” side there are setsnerthe terrestrial places sandy gravel layerghvhontain
coarse blocks and rubble. The ground water levab@ut 1.5 m deep from the surface in the “Konaée sand
4-6 m deep from the surface in the “Cankaya’-“Baseiaside (Saglamer et al., 1996). Ground typesnelin
cross-sections and geomechanical values are givEigire 5.
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Fig. 5. Typical soil profile and the average geahmmnical values of “Konak-Cankaya-Basmane” Tunrf@isoglu et al., 1999;
Saglamer et al., 1996).

5. Fuzzy Comparison Matrices

In this step, firstly the fuzzy comparison matriktbe main selection criteria is developed. In deping
the pairwise comparisons, a number of importardistion tunneling are used (Kose et. al. 2007, ireagk
and Seven 2007, ITA 2000, Vardar and Bilgin 200He matrix is given in Table 3. In Table 3, it dasm seen
that the lower, middle and the upper value of d&laccriteria are given for the purposes of comgami For
example, when C1 and C2 are compared:

* Onthe average, C1 is weakly more important tharfr&@esented by 3, medium value).
e Butits importance level is between 2 and 4 (loard upper values).

In addition, it should be noted that the matrifilled considering Equation 3.

Table 3.Fuzzy comparison matrix of the main selection dete

C1l Cc2 C3 C4 C5 C6
(Lower, Middle, | (Lower, Middle,| (Lower, Middle, (Lower, Middle, (Lower, Middle, (Lower, Middle,
Upper bounds) | Upper bounds)] Upper bounds) Upper bounds) Upper bounds) Upper bounds)
C1l 1 (2,3,4) (3,5,7) (1/2,1,2) (4,5,6) (3,5,7)
c2 1 (4,5,6) (1/2,1/3,1/4) (2,3,.4) (4,5,6)
C3 1 (1/3,1/5,1/7) (1/2,1,2) (1/2,1,2)
C4 1 (3,5,7) (4,5,6)
C5 1 (1,2,3)
C6 1

Then the matrix is used to find the priorities bgjimg to the main selection criteria using formiaat6.
OPL Studio 3.7 optimization software is used foe tholution. The priorities in Table 4 are obtainéd.
the solution, the value of which tells us the consistency level is 0.882AIfs equal to 1, this shows us
the results are 100 % consistent. The acceptaidé ¢é) is usually said to be 0.7. Therefore, it can hid gaat
the results are quite consistent and acceptable.

Tab. 4. Priorities of the main selection crite(lBxample: Criteria C1 is 34.3% important).

Criteria C1l C2 C3 C4 C5 C6
Priority 0.3430 0.1470 0.0470 0.3370 0.0790 0.0470
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The fuzzy comparison matrices of sub-criteria bging to geology (C1), ground conditions (C2), tunne
properties (C3), machine technical properties (&8) project properties (C6) are evaluated as dmpiot
Tables 4-5 (C1>C4>C2>C5>C3=C6). Since there exissub-criteria under geo-environmental hazard (C4),
there is no fuzzy comparison matrix for C4.

5.1 Computing Priorities of Selection Criteria

Considering the fuzzy comparison matrices give8ewtion 3, the priorities of all sub-criteria amrgputed
with formulation 6. The priorities and the level obnsistency are given in Table 5 below. Looking at
consistency values, it can be said that all comjmuts are consistent.

Tab. 5. Priorities of all selection criteria (Exae: Criteria C11 is 17 % important).

Selection Criteria Priority Consistency Level
C11 Geologic failures 0.170
C1 Geology C12 Topography 0.024 0.845
C13 Hydrogeology 0.050
C14 Formation type 0.100
C31 Length of tunnel 0.025
C32 Tunnel geometry 0.009
C3 Tunnel properties 0.831
C33 Depth of tunnel 0.006
C34 Type of tunnel support 0.006
C4 Geo-environmental hazard/Risk assessnten 0.337 1
C61 Project duration time 0.011
C6 Project properties C62 Cost 0.004 0.958
C63 Constructor reliability 0.031
C21 Mechanical properties 0.065
C22 Physical properties 0.017
C2 Ground C23 Field experiments 0.012
Conditions C24 Face stability 0.012 0.781
C25 Soil classification system 0.029
C26 Ground settlement 0.012
C51 Power properties 0.037
C52 Cutting head properties 0.013
cs5 Machines_ technical C53 Weight of machine 0.004 0.86
properties C54 Shield type 0.009
C55 Reaction force 0.011
C56 Specific energy 0.005

5.2 Computing Priorities of Alternative Machines

At the last step of the procedure, all alternativéchines are rated over ten for their performanceach
selection criterion. Similar to pairwise comparispimportant studies are used as a referencesastiy (Kose
et. al. 2007, Langmaack and Seven 2007, ITA 20@0d& and Bilgin 2007). The grades are given inld &b
An example from the table is that machine M3 taBepoints over 10 for C11 (geologic failures) wharea
M4 takes 9 points and M7 takes 4 points. This shinas M7 is the best performing machine for C11 ktHis
the least performing machine for C11.
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Tab. 6. Performance grades of each machine typerding to each selection criterion. The grades @ver 10. Mrepresents machine i; C
represents criterion j.

Ch [M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 | M9 cn ML M2 | M3 | M4 [M5 | M6 | M7 | M8 | M9
Cl1| 5 6 8 9 6 6 4 4 6[C31| 5 5 5 5 8 7 7 7 7
Cl2| 6 5 9 9 4 5 4 4 3[C32| 7 7 9 9 5 5 5 5 5
Ci3| 7 6 10 9 4 5 3 2 21 C33)| 7 6 10 9 3 5 4 3 3
Cl4 | 7 5 10 9 4 4 3 2 21 C34)| 7 7 10 | 10 3 5 4 3 3
c21| 7 6 9 10 4 5 3 2 2| C4 7 6 10 9 3 4 3 3 3
C22| 6 5 10 9 3 4 2 2 2| C51 )| 7 6 10| 10 0 4 3 4 4
C23| 6 4 10 9 3 4 3 3 3| C52] 6 5 10 8 0 4 3 4 3
C24 | 7 6 10 9 3 5 2 2 2| C53 )| 7 8 7 7 9 9 9 8 9
C25| 8 6 10 10 4 5 4 5 5/C54| 7 6 10| 10 4 5 4 3 2
C26| 8 6 10 10 3 5 3 3 3/ C55] 7 7 10 9 0 4 3 1 1

C56 | 8 8 7 7 9 9 9 8 9
Cel| 7 7 10| 10 2 5 4 4 5
c62| 7 7 6 6 9 9 9 8 9
C63 | 7 7 10 | 10 4 5 4 4 4

After grading all machines the weighted sum ofgalides are found by multiplying the priorities afich
selection criterion (from Table 5) and the correspog grade of the machine (from Table 6). Equaf®)ngives
the computation for machine M1. All other final se® are computed in the same manner and giventle Ta

r 0.17 7
0.024
0.05
0.1
0.065
0.017
0.012
0.012
0.029
0.012
0.025
0.009

[56777667885777]x 0.006 = 6.6 (6)

0.006

0.337

0.037

0.013

0.004

0.009

0.011

0.005

0.011

0.004

- 0.031 -

Tab. 7. Final grades of each machine.

Machine M1 M2 M3 M4 M5 M6 M7 M8 M9

Rate 6.6 5.9 9.4 9.1 3.8 4.7 35 3.3 3.6

As seen from Table 7, the highest score belongsaichine M3. M3 is recommended to the decision maker
for the tunnel under study. The second highestesbetongs to M4 and it is very close to M3. Therefdhis
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machine can also be used for this tunnel. Howealegther machines have very low scores comparetigse
two. This shows us that they are not suitableti tunnel at all.

6. Discussion and Recommendations

Multicriteria decision making methods are very u$ef selecting production techniques and machines.
Fuzzy AHP (FAHP) is a suitable method for multiteria decision making problems where the compasison
between selection criteria are vague. By FAHP datisrrors in evaluating decision criteria can leerdased.
This methodology is strongly advised to be usetlimel projects since it is both fast and inexpensin this
study FAHP is used to evaluate the selection @itef a tunnel boring machine for soft ground ctinds.
Among a number of criteria pairwise comparisonsraaele by stating lower and upper bound. Then pigsrio
each criterion are assigned and the final scoresach alternative machine are computed. The exoavat
machine to be used is determined according toitiaé $cores of each machine.

Among the selection criteria, geology (C1:34 %),d ageo-environmental hazard/Risk assessment
(C4:33.7 %) are found to be the most importantdiactaffecting the selection of tunneling machinghed
criteria are found to be ground conditions (C2:1%)7 machines technical properties (C5:7.9 %), élinn
properties (C3:4.7 %) and project properties (C6%), respectively.

When we consider only the sub-criteria, the mogtartant one is found to be geologic failures (CX1%4),
formation type (C14:10 %), mechanical propertie21(®.5 %), hydrogeology (C13:5.0 %), respectively.
Among geologic failures, especially faults are imipot. The crossing of fault zones in TBM tunngdlin
represents in general a problematic event. It nzayse blockage of the TBM head and hence slows dben
progress rate and causes delay in time schedule.

In this research, a sample application of FAHP election of excavation machine in the lzmir subway
tunnel is given. EPB TBM allows soft, wet, or utdéaground to be tunnelled with a high speed aretyga
which was previously not possible. It limits grousdttlement and produces a smooth tunnel wall. This
significantly reduces the cost of lining the tunnehd makes it suitable to use in heavily urbaniaeghs.
Therefore, EPB TBM is selected for the tunnel proje

Tunneling is a sector with severe uncertainty ctoowls. In order to minimize uncertainty, FAHP whiish
an effective multi-criteria decision making tool ésnployed in this study. The results are very psimgi.
Therefore, this methodology can also be used iaréutunnel projects. The selection criteria andghgwise
comparisons can easily be adjusted according tepheific tunnel conditions and the most suitalieagation
machine can be selected for the tunnel. Furtherntbeestudy results are thought to be helpful lectang the
machine type for the other tunnels which will sd@nstarted in Turkey.

7. Conclusion

Tunnelling projects have very costly initial invesnts. Therefore, selecting a wrong type of machine
would be very costly to the firm as well as causihg delay of the project. There are many diffelfaators
affecting the type of machine to be used. For tiei@son, employing a quantitative method to selbet t
excavation machine rather than an intuitive methvodld decrease errors and lead to correct decisions

As a result of the study, EPBM (M3) was foundbi the most suitable machine for the tunnel under
study. Slurry type machine (M4) turned out to be thosest alternative. Also, M1 and M2 type machine
achieved acceptable scores. However, all othemaltiee machines achieved very low scores and ghood be
employed in the case under study at all. M3 andtyy¢ machines are very advantageous for Konak-Basma
line compared to all other machines. Fast tunnghetion and decreasing geo-environmental risksifmim
ground settlement and protecting tunnel walls) waldcrease tunnel costs. Considering the fieldestuahd the
decision making criteria, selecting machine typeis8onsistent with the results of the study.
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