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Lace Design Optimization for Hard Rock TBMs
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ABSTRACT: Optimization in TBM cutterhead design is essential for increasing its performance.
Lace design for the cutters, buckets, and manholes, is one of the major considerations in the design
of the cutterheads. An optimum lace design is necessary to avoid cutterhead deviation, vibration,
stress concentration, etc., during its operation. TBM manufacturers usually utilize two common lace
designs of radial and spiral configurations. Each of these designs has its own disadvantages, which may
cause difficulties in achieving an efficient design of the cutterhead. This paper presents the basis of
the lace design of the hard rock TBMs. With the consideration of the problems of the radial and spiral
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configurations, a new method of “evenly distributed lace design” is introduced and the steps of achieving 1z

the final layout of the cutterhead are explained with its required parameters. The parameters are obtained

Cutterhead

from statistical analyses conducted on the gathered design information of many TBM cutterheads from

around the world. The results show that the new method is very efficient in both evenly distributing the
cutters on the cutterhead surface as well as in minimizing the unbalanced forces and moments.

Lace design
Disc cutter

Optimization.

1- Introduction

TBM performance optimization has been the subject of
many research studies and field test trials; however, TBM
cutterhead layout design characteristics, including the
arrangement of the cutters on the cutterhead and the head
balance, are studied less due to the presence of difficulties in
the validation of the results.

In this regard, the results of the previous studies mainly
explain the steps of using radial and spiral schemes which are
commonly used in the industry. Each of these schemes has
its own advantages and disadvantages, and in some cases,
it is necessary to use a combination of them to minimize
the disadvantages of these two methods. So far, no specific
method has been proposed for using such a combined
method.

In this paper, based on the author’s experiences, the
principles of cutterhead lace design are explained, including
the static model for calculating forces and torques. In the
following, a new layout scheme is presented as a uniformly
distributed scheme to take advantage of both radial and
spiral designs. In this method, the angular position of the
cutting tool is determined based on a trial and error process
in which the main goal is to minimize off-axis forces and
torques. Obviously, it is impossible to determine all the
design parameters within the scope of research work, so
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some basic design parameters are obtained based on a series
of empirical relationships developed from the analysis of
cutterhead parameters of a number of hard rock tunneling
machines. Finally, the steps to optimize the uniformly
distributed layout scheme are described with an example, and
the results are compared against radial and spiral designs.

2- Methodology

In order to improve the strategies for the design of the
cutterhead, an attempt is made to use the information of
a database to generate some practical formulas for the
characteristics of the peripheral region of the cutterhead.
This includes the data from 12 cutterheads from around the
world. The major information discussed include the radius
of curvature, number of the gage cutters, the tilt angle of the
last gage cutter on the cutterhead, lateral and radial lengths of
the curved section of the cutterhead. In addition, the required
formulas to balance the cutterhead forces and moments are
presented in Equations 1-7:

F, = Y.(Fn; cos(8;;) cos(AP;) — Fr; sin(AP;)) (1

F, = ¥(Fn; cos(8;;) sin(AP;) + Fr; cos(AP;)) (2)
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Fig. 1. Process of positioning the first four cutters in the face area

Fig. 2. Final layout plan of an example of a 9.6 m diameter
cutterhead using the new method

Table 1. The results of the static balance calculations for the example
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E, = Y(Fn; sin(6y) ) 3
= (B2 +E’ @)
M, =X(Fy; Z;— Fz; Y}) Q)
My, = X(Fx; Z; — Fz; X;) (6)
M, = X (Fx; Y; — Fy; X;) (7

where:

Fn, : cutter normal force,

Fr, : cutter rolling force,

F, Fy , F, : force components along the coordinate axes.
F_: total side force.

M, My’ M, : moments around the coordinate axes.

The purpose of the static equilibrium inspection is to reach
the conditions of My:MX:0 and F 0. A uniformly distributed
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layout design is introduced to maximize the benefits of radial
and spiral designs, as shown in Figure 1.

3- Results and Discussion

In the evenly distributed lace design method explained
in this paper, the principles of symmetry and uniform cutter
distribution along with optimization techniques are used to
balance the cutterhead and to minimize off-axis forces and
moments. For this purpose, the Excel Solver add-in tool is
used to conduct the optimization process.

Figure 2 shows the layout plan of an example of a 9.6 m
diameter cutterhead with 62 cutters using the principles of the
new method explained in this paper.

Table 1 shows the design specifications of the layout for
the example balanced using the new method.

As seen, off-axis forces (F_and F ) and off-axis moments
(M, and My) are very low as compared to the cutterhead thrust
force (F) and torque (M), respectively. The center of the
cutters’ tips’ coordinates is also very close to the cutterhead
center. These results show with the new method, it is possible
to successfully distribute the cutters evenly in four quadrants
of the cutterhead while the off-axis forces and moments are
minimum.
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4- Conclusions

In this paper, a new method is introduced to distribute
the cutters on the cutterhead surface evenly. In this regard,
major information of the cutterhead geometrical information
is extracted empirically from the data gathered from various
hard rock TBMs used around the world. These parameters
include the number of cutters, number of manholes, gauge
cutters’ specification, etc. The new cutters’ distribution
method involves positioning every set of four consecutive
cutters in four quadrants of the cutterhead using a pre-set spiral

angle value. To describe the steps of utilizing this method, an
example of a large TBM cutterhead balancing is explained
in detail. The results show compared to the radial and spiral
designs, the evenly distributed lace design has lower off-
axis forces and moments. This method has the advantage of
creating proper spaces for positioning buckets and manholes.
At the same time, due to a more even distribution of the
positions of the cutters on the cutterhead surface, the stress
concentration on the cutterhead structure is avoided.

HOW TO CITE THIS ARTICLE
(2022) 1175-1178.

DOI: 10.22060/ceej.2020.18890.6992

E. Farrokh , Lace Design Optimization for Hard Rock TBMs , Amirkabir J. Civil Eng., 53(12)

1177






785 500 ()] yo (o kien & i

BOYF b ADYY clio AF++ s AY 0)led DY 093 1S poel ol yos (suskiges
DOI: 10.22060/ceej.2020.18890.6992

o S (Fidig G mle (a5 55 (gl Il Sleile b (g 5lwaing
"2 el

Ol ol (SSS () S el ixias ol ¢ydre owdins 02SKiSD

1891 au )b

AL RCVRFIRR WP
AESRL VR e
AASSVARIRLE R VRS
AASCVARYRLERRH PV

e o)zl el i g gy 2alS g o lis pdlo 3,515 taliil i g8 sl a5sld 55 wao Gilind j1 S, taoYS
ad55 lacuadge s lis I3l glacumdse Sleils )b (gilwaigs il ol 1 p3Y Slobidl oy Sege j il ol 4 00
Sl (48 2 dbul el (litel (sl jglitS g bag s ol sl IS dis &y (o o (Slamdga g ST (6 )l lae
Tk 99 boges (o Slacue; (I3 Slacwile 518 (sl D98 e il (ile (g paly Slles (> > arls L
8 s ulas 513 Ia gy nl 1 PSS o ol e 5 (oolad o Jols o5 39 cn 485 IS @ (oili ) el

1goalS Olols
RS j)LLy etle Tk 6 dagl Colas @) 9 ydg) 93 3 (sblie | (s S odlinal (gl Alie (pl )3 43S oo drlge JStia L) Slosle Slb
S gy (325" olato b baiye (650 baal s o o ol o sl o ) "l i 25k loie bl ol S 5
b b @‘){o Jsol oshaie ol (sl D9 00 485 Jlai )5 g i gladom > 5 S plails (sl (S slad oo 5 ajglisS
S S bl Slllas ol ) Slaile 5k (gly: s 3)90 el )y g Bl9iSy @i At ok S 4 oliod e o Slaile
it ol s Jlie S (655 )5 4 b bl o .l o &) (Coww o) an 58 sl Gluosad (<) 3 mawg

U99) S5 )8 oS amd o (i dunlie ol gols sl 0ud duslie goslo g olad oz b @i b cSleish wie 2yb
w8l 350l (o)li 3l Sleils 25l (cilwdings g (Sl )3 Wlgi oo 0l &l s

JSwA) [\—\Y] u.]a> L)")’ dl‘bu“’“"‘" )] odlazwl L (')9""6" .)L ;gu.w.) Pb

o= Judoy cald] 1> ] o o a4 (V US3) VYF-V0] Slygs b ()

doddo —)

sy sl » G58e slaomile 50)5 (958l 59, dmwg b

99l 4 g oLlie 4l (535 50 4l (slacSyd ol b an 1S
95 Slp 0 (s ()l dlold (185 Jlas ) b el )3 98 oo (e
ol e b an sl s g9y 2 lag] Cusdse (Jlste gl
s e g)las Il Slasle (b b b1 5 05d 0 (asube (slasl;
ooy 45 LY ales ) o] Sl oy 005 ploxl _linios (gl 1S
i 45 syl 4l gl Sho3S e b9 ) sl [VF] iz
slolae 9 3580 plxl Gl sbile Sloosijls g lgas
5513 eS|y i (slonylS plo] el inn 33 Yogoms SsodlST
sl sl opile dwlie Sl pac o pl LY 51 (S i
oty 9 [0] 29030 a8l aliia Ml (cwlid (e bl yd > il
i) lols Gilisee sla by 055 Slidos la)s 5 [V5] Ki

038 (6345 el Jllag] (b Sluogas (gjluaigy dos cilise
Siloaie 9 (b byiehl cp et 1 (S gl ol 3 canl 0r
il Gl )b o e 1 Sids Glorile ) 3Sles
oy $loarmd 5 (Lesh) ()l plas adss slacuadss sl
bl 9y 2 1) 2583 S Slg e Gilwaine ool sl B a4
ol GBLL ()5 yoe ((sopin £5) )l edle 2)Sdas (oomen
Ml Gl 0556 (21l )3 218 (gl 2,130 aa 58 SBlyaal 5 55 4
S lold) (o awin layiall (e ol waw 59y 2 )l
sl sbol (Lol Gua e cpl )0 cwl (g)las I3l (3005 £ 55 g
bogos 5 dwdin ol ol (g)la> o5y (555 Jolos b (S
bdny @ ol 51 4S) S5 Sd ol S5 Lﬁ'l""t.)i“.’l").1 & bl

e.farrokh@aut.ac.ir :olsl5e Jsosgs ssiwgs ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

AR



QOYY U OOV dorao A+ e Jlu MY ojlocds Y 053 ¢S puol ()]s (awdino 4yl

Cutter Spacing Cut.tar Penetration
Cylinder Cylinders

Cutter
Penetration
Spacer Plates

[+ Disc Cutter

l

Rock Sample

Rock Box
Table

l |

sliding
qBeam

Hydraulic Ram

N

V] 0 aoin i (51 oty comnd (6150 (s (331 wlidle 5530 i lojl Y JSUS

Fig. 1. Large-scale linear cutting test to determine the optimal cut geometry parameters
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Fig. 2. Large-scale rotary cutting test to determine the optimal cut geometry parameters
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Fig. 3. Cutting geometry and cutter geometry param-
eters and the optimal spacing-to-penetration ratio
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ook (Sl ol cwyp (IS L9y Y S5 [YA] 0l sl Kiadign

a3 e ol 1y aa g8 Slesls

Pyasn 655l (39,5 AanS b (5,10 dbold (g 5lw gy

Tl T bl (sl 7 bl Sl x5 bl g adgl 25

’— A2 5 55 50 U o 52 55 p0 alold (40,5 dneS’ _l

30 55 (Sl S35 oy 0 S JoT0 Y S
Fig. 12. Cutterhead static balance steps

INAMEA]

oSk ans sl (S sUad sy« olad )b sblje (e |

Soam)d g esl Jlals cuwl )5 a4 (gwyiwd slaaom)d
OSes g 3980 pbol Cgrws 4 gole ik ) ) A 4 oy
A Ggd Sy Cusdse puS 4 e gl)b (@Blye (B 3
b 92 g sblie ) sSlis edlial 298 gl o)lE ()5
(@le ol 5 =ld bl (8 5) Sl (55 bl e
b S pleis 4 gdm lacwend 3 b pl Ol ge oolal

Dl e )l dy

Sl Jols ow ) Jaol -F
J b byliss 5 gy wlsl Sl z)b Sbal jl w
9 BESL b bSuns i J5 e Jl cne 13 5 Hgd o dumloee v
Loy S99 b 15 392 g0 )3 9 9,65 (o0 )3 (owy 2 3)90 o>
oS> (slacumbge dume g8 &l obj sme 3l @)l sl sl

Se s Gy Bl cpl ol o joliiS g bag s (pl Saome dpasloes



S liw] Jolai gwy s (519 30 2590 sl ol )b Y JSUS
Fig. 13. . Cutterhead static balance parameters

MAM=E byys 4 g Seibivl Pl oy jl Sun
cwl FR vy
2 Vo lagly alols 1) gle 5 (el g5k 93 AT JSS
bl 3o L S BY gy AP B L a5 Sl
sy 4> ¥ g LAY & a5 51 jh8 cpl (gl d92 90 Ol
Y Jgte ol onis Slasls codds 02l s slag )b > oS cal LS
3o GUiS Zyb 93 nl sl 1) B yglidS g Lag s (o) I Jols gl
s (FeF | cF ) jome 1 @)l slogyss g oo il 590 45 €355 olan
IS a5 0 (oS s polie (M M) pome 5l )5 (gl gliis
Cuxdas pdaw S yo dlad) Glaisw Cpisres Cwl W g8 Solwl ol
g JB S5 0)h o 4 Sodp gpalie i o XY () S
e ey 5 sl oty o cudl (l o 59 (ol dunlio
S5 g L Susd 5 LSy (I BW g Conl ol il 4 elad
PR 0l 48,8 L5 13 o sle b (gl a8 Cowl Jbs gl ol
245 b Cond 3 )l (IW lacSund CuBgo b <81 B cundy

D oo Sl (S 5 Slaile ok S 558 @ Jolye 0 ol e

A5 gy g 008 485 )8 s b yel)ly (V=) Ll 5 VY JSKS
CSM Jao olol Fr, JFnL Loy (sbag s amo oo bt 1) (Sl

[5A] Wl oo Cand & (o slnSund

X; = R; cos(AP;) M)
Y; = R; sin(AP;) ")
Zi = _Li )

E, = Y,(Fn; cos(8;;) cos(AP;) — Fr;sin(AP;)) )
E, = Y.(Fn; cos(0:;) sin(AP;) + Fr;cos(AP)) ®

F, = Y.(Fn;sin(8y) ) @
F, = /sz +F, V)
M, =X (Fy; Z; — Fz; Y}) )
M, = ¥(Fx; Z; — Fz; X;) @)
M, = Y(Fx; Y; — Fy; X;) )

My ¢ qutmm dlﬁ)}?& k.A.Q‘> ).3 J§ L;Lb9).».: :FZ‘ Fy ¢ F‘x
laize gbyee Jo IS sl ygliis :MZ‘

NN o



b
.
\?,

AAP = 30°+a /

Sud FY L o 4/F Jad L aa 515 G 3 a3 Yo glargly dold b g sbo g (Sland 5b 93 dwslio N F UK

Fig. 14. Comparison of radial and spiral designs with an angular spacing of 30 degrees for a 9.6 m cutterhead

V¥ UG 53 oaud 031> s g 3o 9 (Sl 5 93 (Silia] Jurd Olawlxe gl Y Jgus

Table 2. Results of static balance calculations for radial and spiral designs shown in Figure 14
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Fig. 18. Positioning the first four discs in the face area of the cutterhead
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Table 3. Design steps and parameters for the example
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Fig. 19. Buckets and manholes’ positioning for the example
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Fig. 20. Cutters’ positioning for the example
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Table 4. Results of static balance calculations for the optimized scheme
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