HBEEER 81595
MEAN424E 2 280 SHTTITiEE

bASEIN

E R BIF

ISSN 0371-408X

2] R
E B
%57:-‘7L\0)§'§ﬁ0)%93 (VIH) ............................................................ ﬁm ‘@%“‘EB ...... 191
B Bt
TBM-Tunnel Driving Alternative for the 215t Century «w+-«sseessrrsesreseenees 2 - M 200
% B o=
PEUMHTE B 28 15 9 20U3 2 +vrvrersesrsessmsenessss s ss e b i E 209
Cu B A S TS S N Y T AL DBIFE +evverererererereresereestnrstsnn s S EF 214
GRS A DDEFGE L L EE -+ evererresesesesesess st eseseses et K e 219
BFF G0 g8 B oo 224
ey 2 LT T T P L P R P L RIS STLLP T ITITITE I 245
L B S L e 955

TR 12 £6H 20 B R 1T

= # XK F

7K P2 =



EEELEEEROHBEA —H— ADVANCED

ANNIVERSARY
OF

FUKUDA

FUIKUDA

FUKUDA METAL FOIL. & POWDER CO,LTD.

All-around manufacturer of Metal Foil and Powder

: ﬁ) %&lu‘\ :/_X“ﬁ)eﬁu%O

Idea from needs, and creation from seeds.

BHEEE Head Office/

AP REIE T607-8305 FEBTH LK FEIFILHEE20% Kyoto Factory: 20, Nkatomi-cho, Nishinoyama, Yamashina-ku, Kyoto, 607-8305
TELO75-581-2161 ({L#%) Japan {phone) 075-581-2161

Business

HEKREB T607-8305 WABHILUFXIETILPE 20T Headquarters: 20, Nkatomi-cho, Nishinoyama, Yamashina-ku, Kyoto, 607-8305
TELO75-583-1500 (L) Japan {phone)075-593-1590

HHERXE FT103-0027 ERBPRRAKEITHIHIS Tokyo Branch: 91, 3-chome, Nihonbashi, Chuo-ku, Tokyo, 103-0027 Japan
TEL03-3271-4411 ({£38) (phone) 0332714411

EHBRE T460-0003 RERHPRMGSTHIRS Nagoya Branch:  Taiyo-Seimei Nagoya Daini Bldg. 3rd Floor, 7-9, Nishiki
KBESEHBEEA3M TELO52-961-7851 (1K) 3chome, Nakaku, Nagoya, 460-0003 Japan (phone)052-961-7851

KX E T532-0008 ABRAE)IREREITBSH36S Osaka Branch:  Shin-Osaka 2nd Mori Bldg. 7th Floor, 536, 3-chome, Miyahara,
FABREE23RE L7 TEL06-6397-1022 ({XFR) Yodogawa-ku, Osaka, 532-0003 Japan (phone) 06-6397-1022

AW ILE T527-0102 HEFRMEHAMETAFLMFILHS14 Siga Factory: 514, Azakitaura, Oaza Hirayanagi, Koto-cho, Echi-gun, Siga,
TEL0749-45-0841 (L) 527-0102 Japan (phone) 0749-45-0841

EE%E%&I%HK%H: http://www.fukuda kyoto.co.jp

At REHILEIR LD ERI20E EEAE, TEL075-593-1590 FAX.075-501-1895



BRE BB THEAD=—XICIHZS

MK2U=ZANS I A4 ‘J/\‘g@

FYL RSV SRIL I —FMKEN)—X (& po—
H 77 (2.5~ 1200kW), 2% £2(0.1~400kHz) o
CBELRBEBMAALTVEY
HENEFEXRER . THAET
B(MG).BLUHIY R T~
KEBICHATRLE—HZXR—
ZBEHMEAERL, BE)

B OBERBERAILDHS
WEEESHTEELT

BYET,

MK128
100~1200kW
0.1~50kHz

o MKi5®
100~200kW
30~200kHz

MK28
10~50kW
0.1~80kHz

MK208
2.5~60kW
80~400kHz

B& NETWREN

EEEHAEERNST oLy

FrLEL

HETLOMI=2ZD ing
Eok! FRFE 2,

seAr UL,
Zhid. EROEESER LEEY
POEENBBHERTT.

FMZHZDEVHMAEBEL T,
RIS HESARIT TEVNIET,

OlEESRE

BIEESBOEE SRBEOELICECL, St TEALEEEBE,
#8m., oo FYLg dUnr, ILMIZYUR

© R—LN—=UTRLA  hitp:/iwww.sumikin.co.jp/




sz

A R R T,

2RO ETHPED ELOEEILIEL,
FHRIEETO FRBREE R T ELIELBD,
VS NI &t he S lle = ¢ EHRLABE TGRS,
ENHFERE LEDTT ., ‘

BE SRR L

Ere

© FRABREAVMEREH

T101-8677 REFHTHRHKHHEZ LA it
TEL.(03)3296-9600 k—L~— hitpl//www.soc.co.jp/




BIELIRSORE
. ?Af:%ti‘%%i@?ﬁﬁﬁ@'ﬂﬁ%ﬁ’é |
- BRUTWET,

<G> BEARA S TR

Rt K H O &

A3 T910-31 BHBAFHEBLES %i 9 TEL (0776)85-181140 FAX (0776)85-1313
x Bk T567 FABRAB I TH 2% 12  TEL (0726)26-131360 FAX (0726)26-1353
BoE OTI04 oM aEXNAEMN 2 TE6E5S TEL (03)3278-1183#%8 FAX (03)3278-1329
BEREAERHTES S8BRIVILY U~ At

O
BEBOVYIVY YN B—IREETEER
BRE%EE BEEIVYILY YN
BB REEE - R EEE-ES

BYF O FH
o MU AL @ it

#iliks ® ==
*”/"”@ TR o HHBH

i

57 et : 1-3J1wvJ

mawde B AN OB &

KIRAL . KRTPREE2ZM1-20-19 TEL. 06-6245-4301
oA  BRMXHEEAA-15-16 TEL.03-5800-6701




N [ 2
SE

& <3
L

LY )
R :
2

TS 2
<SRRI R a

DN HUTCEY E

HEOR Himws
L NI

&b

UNpQHY <R
FHI OB LS ot

OBAYASHI

Oy St

HEH{, o EpPEls,

[& Y

=)

LTuwoO b4l

¢

“«

dvEZUT R
FTP—YDk

BERE/0-79

TIN=YU7k

S—U7k
TSvuh—UD K

J/

.

.

-

.

-

-

-

o

A
E

—R5AH=

—A=25AF
S RE-EN
ATESH

BRIV DB

V=L

RIS RERPHIKOEIEA L1813 (0748)62-8001

SELS

H

i

HTREESEHRES-10-10 (03)3268-4101~4

R

BREE

_E

Iy




23 B3

20004£6 A Vil

stp
lf‘g

7S 191

F5 IO LDREROESE (VII)

Metallurgy of Titanium (VIII)
— A Historical Review—

by Joichiro MORIYAMA

W & — BB

22. THELFI Y T ADKECIDET

WAL T & = A OAGRI & B EITIIPHAORH I
FZxhi:, £, 8841 Munster & 8IS EE
Ry, TiCL+2 H,=Ti+4 HCl LT

AG =87700~358T t#kEE N TV 3,
Z OHE A ED o, FIGOMITIC I 2200°0CELEDRF
BSBETHES D EHEEES LS,

1950 4E1C Battelle OO Jaffe &3 @R
TOMMEALF 5 =7 L ORFETLOEE R AT, HH
MISEERFT O F RN B L7 B BB 1 Brewer DR
D HOT 1949 4F, Battelle HF5EFT® Lockhart iz & D

%
B
20N

BEEN T3, (Brewer O Quill®®o$gednz
20F
E I
Isf \
S
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“y
T T T T T

[: TiCL,=Ti+2C(ClL
1 Ticl,+2 H,=Ti+4 HCI
I : TiCl,+2 Fe=Ti+2 FeCl,

B84 (LT ¥ =7 L OKFETT
Miinter & (1953),

AR R

HEHENTWS,)

Jaffe 5 OB TR F ¥ =7 AOFIA LY 1000CE
2100 K To_EROFES K=0.167 LHEE L1z, K
5% & LT 25°Co TICLIZ/KER IR LATII R &, 2FF
21EEL UTEHET 5,

12.6
TiCl, 12.6/760 ®)v, H, (1~-—~———) TV

760
TiClithd n 3&}»73#@’;"1“{%3‘6& =60 -1
12.
x (1— £
H,ix (1 760 ) 2n, HCl i 4n &)

HADEENE 1+n 1 RIFEOFE2E 25 &,
4n 4
< 1-+n ) _
12.6 12.6 2
( %0 " ){ (1_ 760 )ﬂzny
1+n 1+n
LR5

s, n=0.0164575

B, 1 GFEO7 Adus TiCl,=0.0165789 E4%H D n
ENTIHEE L 720T, 99.3%5F ¥ 2w AZEILI N
5,

Battelle W2 Cd/NMD 7 — 7 FHTEBER#{Tv», F
e S OFEE L Uiz, R 2-7/161n, HX 6in
OFAOEER DL, BEE U OKSEHEREDREE 3/4in
BOY T ATUERRAWS, 50100 293 g (iE
99.249) AKX PHwvh, 400 A OBH T 1 SHERE
5, 20, TiCl, & H.OEEW: 7 — 7 Fdmcm &
DUt 5., 430 £ DIREHF A SHIEE 04.82% D& 13.96

ghBE LNz EEE R, Thu S IYOIETRE
MZ oI Eiizb,
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EHA R B FEHE R ERE L L COERERIZ RO O, Battelle BFERTT b ABIOEIFEBRIZ THIL TV
HWOTHY, HEEOD Battelle FIEEATITHAP D 2w,
WHRATH o7z, ZOWFRBREEEESZ LV, % Ti-H-Cl ROBER TOBIFFER Riter "™z &

[ _.L—-nTE\M\ H 1

11X
'7\\/V//f ol

’i
5 /\( N B ——
iy TiClp / \
/ / ‘\\ TEY— i O i fi
. _ p=001 ATM
\\ / / \ H,/TiCl, Ratio 10/1
005 - - O COMPUTED Point

TiCG\ \ Vet / Hc\f & STARTING Commposition

.002 :
Tscf.//\»m'a\ [Ti "u\\ \
00 3 (s} Ticlp Hao

o) 1000 2000 3000 4000 5000 6000
BE k
85 Ti-Cl-H A DOEREII% Riter. (1973).

I 1l

B4 %—

HEE

TiCL b7 7 | 4

Ar

4Mc/sec
—— 1%
10 KW pebmy 71

) wrElAK
?, [ ] LSy
NI A7 — S
FZA ____Jl )
H, ' d

5w F
| %
X 86 MUE(k+ ¥ v DIKFEREIT Miller, (1969).
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WEESNTWS, ZOERUICR S LR TOHEED %
{, FLBEBRIIHELTRIC > TS, Hoid
TiCLLL, 10: 1 ORELOBEF AR DVTEHET S
& 2000 K Tt TiCLOS2E L 7 B,
EOWUERPRETIFREL TR IAT - 71—
LAOFFH B, B S OFR™IC L B LR
FEBELTARSZ A~hicE AT 5 & NbC;,
TaCl;, WCls, MoCls, BCLOBEREBOBIENE:
sRBEEWREN TS, TiCLOZE T Miller D3
Bop—0 b OTH S, 8 EOEEYRT, 8
AT X b —F EHOTREL T VT TSI~
iz TiCl & Hy 22 D BRI D THRET L, 208
B b—Fwwd 5 AT L TiCL e H,OEARD A
WETLZLEY sz, —fle LT, AS27~43
kW ¢ TiCl, 20~40 c.c/min, H, 25~100 c.c/min D3
ER T3 Hy/TiCLAS 1.2 BB TiCL» & T0%BLEHS
TiCLWZE LY 5, TiCL-H R T 7 = ABEOYIHH
WHEH SN, ERELEET A0k, {EEAY,
BT ICROREFS S IR U 2 PR b 2 5,

23, MELFIILDTRNIDLILLDET

231 F|EFNUDLDRNE

SEF MU 7 AOEEEIT 19 LD UY Gay Lus-
saclZ LV, NaOH X Na,CO; 2 EiR T Felk L W&
TELTINEHRYE L TERE AL

1
NaOPI+Fe:Na+FeO+~2~ H, 1808 4E

EICANE FeSi, CaC, T £ <,
nas,

Deville i3 L0 Na % HIK & #5 L 12 1000C
TEHLEET M) 7 A pEE L7z,

4 NaOH+2C=2Na+2H,+CO 1855 4E

IO &S BEGRIGE TSR L L TR Y
s, W EE S L RGEREt e sy,
HEEPEOOTHEEORE, @B M) v ARERT 5,

1890 £, Castner 11 & A SRUEBIGEBHIT 5,
IOk NaOH 2tk 5 220 Bk L CEET 2 6 @

1000°C TR T

THoiz,
2 NaOH=2 Na-+2OH
20H=H,0+0

H,0+Na=NaOH+H
ERLIEBEF VU v AREHURBLL TERB
%, %7z, NaOH opikizEEg e Boma kTl
BRBRTE RV, T XD RIS E  RE
BT 5L, BUDKERIC L 2BUKEESBI 5, &
U ARG EER Lz b U o A L FIEL THU NaOH
L BRI RET S 5, BREERE N NaOH ot
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87 Downs EEM OB
Reine Metalle & D

A (319°C) &0 200CE MOCHRITH D, BB 4.0
~45V TITSH. BRI S0%LT EEy, Lo LE
%, Castner #ic L 2SRRI V@B MU Y
LOHEREILE 2 I FURE TN v Shk,

1924 & Downs #12 & 3 ARMEEREFH I W,
CORBRBEEL L TRERHVW S, A0SR
SOICTEBROT- A 40%, HAbA Ny o L 60%D 2
BAROWERVS, ZORE EEOEREILOHERI
HEENH Y, HEBEEICLIREI N TV S,
87 12 Downs TR OB AR Y, SHHBIEE L 2
s D, ZOMESGOMEOEE TSN THyS,
BTl NaCl & CaCLO B RBEDOENRD 2D T
RN LBITHT B, BKERRE, 590°CTO%E
IRREERI 5% D Ca 2EH TR b, L LEDS, 7
FHEOZEW LD, Na OEETICT 2, ZhEA 7
L STHRIRE LT L

Ca+2NaCl — 2Na+CaCl,

DORER £ CBFAHER e —F RO 2 btk s, |
O AHIGHEGRN ERARENCINZ, B IV E—E
D, RGBS MU v ARFRECOR
Bl (98°0) K DESEVWRETAFEEZITOEEL IV
v N EET MUY ARERET S, Downs IEERO T
BRI ER AR 2617, TICLO Mg #T Tl
Ti, Tton &L Mg L.l1ton 8B CH S, ZHHL
T Na&EitTiE 1.92ton O Na BSHETH S, N,
Na OHEBEEBROBRIESE I EXEE L,
Castner # TR BRI T IL50%LL T T Ho7z 45,
Downs Tl 00%IFWESHE SN TWw 3, Downs
BoFERc Ly, TiOIFEWERECHL T Nad5Eit
Fle LTRSS OTH S, BFRED 6000CLITT
HY, BEROBELDN, BRI RBTHS
NaCl-CaCL RO %73, Downs fHIZ L 5 &E7
U ADELREIFEEO DuPont £, RMI#, Ethyl#t0
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26 Downs BEEMO A
HAEE, KB (1983).

w MM A W (Amp) 38,000
B MU Y AEERE | (ke/fE-H) 646
® W % = (%) 83
| OB O E® K (Volt) 6.9
w % B S| (kWh/Nat) 10,600
W B # (A) 1
MO B & () 18
®ox B B 0 590

£00L

600

400

CaCl, 20 40 60
Mol %
88 Downs B D mH

fil, 3 ICI 75 > A0 Pechney 23H D, T, K4
Y 0 Degussa B2 B W TEBMBTO I, boE TR
S ) T AOITERERENIEHI 6 i, HAEE
() “AOKRTIHET Castner ¥EIC & DiThhiz, # 01,
M VRSO HOEEF U v ADBIEDOREINC
JGUC, Downs fIC £ BB F + V) 7 ADOESETIEHER
BanIY,
23.2 F2RMFRFABE TONELFIZILDEE
FRUDAIC K BDETTEEER

R 2T CHPHAOTUEET 5 =7 ADF b Y 7 ABTO
EEERE R Lol BRI LB, ZOERSE
NAThh 7D 1855 LS T ws, DIk
B7 7 ARREIRREC SRS N Tn»E, -0y
NOCFEQFELEDES ZIRT D TH B, ZOPEID
WT Kern O3k 38T 5, BEEES MY 74D
LIRS ¥ = AR T AETH B, RISER
OFEESERTTHIOFRM 2 38 L RIGOE T2 5, 1Y
FFF = ADF V) Y AR L BBTERISTIE S MY
v ARk, 97.5°C, #EH 880°C (877°C) LA DR
S0 COYEMEHBE S TR 520,

Z DHEBRCH T Nilson & QUL F ¥ =7 4 LS

=27 WA Na #BE
Reine Metalle (1939)
Gmelin, Handbuch. der anorg.
Chemie, Titan (1951)
McQuilan, Titanium (1956)
kB,
Titanium Tetrachloride (g) Na (I); Kern, (1876)
Na Bomb Reduction, Nilson, Petterson
(1887)
Na Bomb Reduction, Hunter, (1910)
Lely (1914)
Podszuss (1917)
Petterson (1925)
Botts (1927)
NaCl-KCl eutectic salt
Deutsche Gold-u. Silberscheidanstalt,
British Patent 470014 (1938)

Quin, British Patent 717930, 720517 (1954)

U LADREYERRFTT NIy FRIERITS A
ERE A NG, ZOAERE T, 1910 ££0 Hunter @
FEERCHELTH D, HOFEERE J. Amer, Chem. Soc.,
32, 330 (1910). WHRES NI DTH DN, TDE, F
= MDA PENFR S IR, HEREREL 8
Wb DBHDDT, ZOWREWDWTHIAT 5™,
1905 4F, Hunter BBRE L TF AV A IBELT,
I b General Electric #HicBREB7-DCH 5, i
O GE Hid MR LS ch -7z, ZOEDTHE
B OERIC DV TCHRS &, 1879 4, Edison 36
BEREFIHL, EUDKAVWONTI T 4T 22 M TE
URBED © D SN RFTH o7z, FEBILOTHF
WHNT I EERDIZLEHTH L, 20, GEfic X
DR YSIRICL 35 > S AT REOBEGENSTTEEIZ
oz, Bl 3410°COSEHNEME TR 2% » TR
(solidification) £ &1, 35 WEI& L CHlEIC R -
Jo, SN X DVERTZERREELFEBERP LT 0THS,
19 sk & 20 SR BV 2 BIR TR OFRE, B
W7 AT OEEEIC DWTIE, Smithells DEET
H3“Tungsten” #ZWEL TH ST nB0Z OEFRTE
DT LD, KEPEOEFREST 5 2 LHAHEIC
BoleDTHBH., ZOHRE, 57 =V AOREIES »
AT VORIE X DEPTEHEEZ SN THIL, 22T,
Hunter iZ@&BF 5 =7 ADOEEERZHE AT, WBHL
BOTMEG Tz, 1906 F3K» 5 1907 FRITH
7T Bombe i TOT vy bRIEICE 2ERZT-
7z, #88kE Bombe IEEIT A ¥ TRBICERE LEK
Mz 5 &5 wishs i, 81 E0o—#EDERTIZNEA
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100 c.c. DR~ 50 g » TiCly, 25 g Na OBEITE
BRfTol, IZEEREO Na 20 GETRIGET-
Tel &b,

Kz O 10 BOEREIT 72, 500¢ TiCl, 245¢g
NaZHwT120g 0 Ti 28T 5 L 2F Al &
BROERIL 00% DUERTRITMTh Iz, 107 g ORJE
RO > bEBEFROB OB Tlghdnlz, a6k
HETEAY R IYEDS Niagnra Fall o Titanium  Alloy
Mifg. Co. T 51b batch TiFh Ll L vab L 3 B3 EEl %
SERIIRE o v,

Hunter 53 S @BEOMIMEIC DWW THRE L
Jo. FREMREECOEEIITRETH 2798, MBI T
100 mil LT OHR O ELE IR RECH oz, AR T —
JIECOBRMEER LITh LS, 150 il B <
kR o e, RS ADH SNl T R
DT, Hunter 1 Ar, He OANEMEA A 13 41X Lon-
don KF D Ramsay BFFEELMMNC I -7 LEEHEL
Twb,

WICBIBOELER OBEL Y > 7 AT > L AR O B
RCERAE#E U 5 R THE S 1z, General Electric
HieB i 2 HETE 1800~180°CLEES Nz, &5
12, Bureau of Standard @ Burgess &% 1795°C+15°
EEL, IRSOEITTFIELUICERE L D E S, K
WhOTH-Tz, Hunter IFRE L, GE#IIBE2TH
Yoz, TiClLo Nai £ 2850 19 4@, Kem,

A
=

;Ll

f

195

g
L=

Nilson &2k D{ThbNh T3, L L/ES, Hnnter ©
FEEZERTZEO 7 A5 AV P REEILTED, Gen-
eral Electric #:C{Th iz O CHRITHEM LB T
PThhiz, ZOESFHIEh, ZD#, Lely, Pods
zuss, Patterson &2 & DEENTHON T 539,

5 2R Ic T b R B 0BT Deut-
she Gold-und Silberscheidanstalt #:T{Thiiz, IO
BEERHE D Degussaf-TH D, Gmelin DEEHTH
Degussa Venfahsen & LRk a T3, B89 1R
TS, FE500mm, BE 730 mm OFFEkEIDZ g
CHEME O RISE#ENH 5. CoHiz Nall &£ KC o
1% 1 OBREHPEAR SN, CORGHEE 05 5F
B 660 COIBREMETT 5. JOBO LICEEDE
B U Tanh b, T00~800°CizhmEd L TiClL =8
T35, BLEHILT 27 0AREHATIThN, Hik
& D BEOWEOTE SRS, DRIEFFTD
HEABEIOEDHTHS.

15 Kg NaCl, 15 Kg KCl, 46 Kg Na, 85 Kg TiCl, Z @
BRI LD 1938 £ 500 Kg, 194142 £ 670 Kg OHUE
98% D Ti ASEpEE NIz,

233 EBFYULBIS

HIET TRz & 512 GE #2813 Hunter 5 DEER
BHEAEBHO 74 7 A POBERHGELLLOT
oz, BEOHEOERITFEHIDZZ2»IESL,
Reine Metalle'iz & 3 & #EFOFIA £ LT Bureau of

s

ZDF

Mg LT & v OEAD ! ; B A

730
700

500

89 Deutsbe Gold und Silberscheideanstallt © Fi% (1938-)

Cmelin 1951,



196 F ¥ = LOBEORER (VIID

F28 F =7 ADEE McQuillan 512k %

HEH Bl 1°C
1951 | Hansen, Kavex, Kessier and Mc | 171625
Puerson
1951 | Ogpen, MavruTH, Finvay and | 169010
JarFEE
1952 | aApENSTEDT, Prquicnor and | 1696115
Raymer
1953 | MavykutH, Ocpen and JAFFEE 168010
1953 | ScHorELD and Bacon 1672+ 4
1954 | OrLant and Jongs 1672+ 4
1954 | SCHOFIELD 1665+ 5
1956 | Deardorff and Haves 1668

Standard @ 1795+ 15CEBAL Tw b, £0%, De
Boer DI VEHEF ¥ I X 5EBEE L LT 1723
1CPCOEEFHRL T b, & 51, 1951 LI, %<0
EEMED RS a2, 5 28 1 McQuillon 5302 & b #l
DOENLFERERT, JOEDIS 1950 Fi0% 5 LBlE
i 1690°Ch o B BHHIEESREESATHS, £
7z, 1956 42 @ Bureau of Mines @ Deardorff 5 &
1668° = 10°COHEMEER L T 5180,

23.4 2 REFAEBOMNELFIZILDERES

NUDAICKDETER (—B%)

52 ORI K E O Bureau of Mines D%
kD, LT Y = AD S Ay L & BT
BLECFRETH L EEZ 6N T, B
LA EDETTIECNEBETHDOTHD, BHFHE
iz b Y AW Downs f12 & 5 TR
B0 SEREGTH- 2. F—a v 8T Downs
ek 57 b VY AQTHEEECRINCEI LIz DR
Degussa ¥ CTH o705, ZOF bV v ASEIC L mEE
LF 5 =0 ARBTT DHBELXDVTRE, 285THD
Deutsche Gold und Silberscheiden Anstalt THFSEEE
FHMTON T Wiz, ZOB-FIREEMEST MY 72 2 HE
FY 2 LEEOHRETHIGL, BUERYTHLRE
RS 2E WO T, KCl & oG E 2FIA U CRIG %
T3/ DHHETH22, 90 |z Degussa #:D 7 b+
Vo LBETCEOIBRIERY, 72720, IOHEIT 2
Y& ® Ethyl #0EBTH 5, MHELF 5 =7 AZESR
NaCl+KCliaE@E D EfED - bV o A & ORE TG
LTEBEFF =0 LEEMT S, + Y 7 AREE
97.8°C, Wi 88FCTH % D TREFHE T Z DRI
OEEETHhbI B,

*Z DR, GE#hk A 2 > ¥ ® Phillip #:255H - 7243
Incandascent lamp, Glith-lampe @ #43& % 17— 72,

R (Tt V&Rl

ol FHYeh
FrYoLn
NaCl-KC}
FI=aL0

¥
4 Gy R
FHzyb

B 90 Degussa #:50D Na Bk
Ethyl Corp. (1954).

HE o ICI #1 (Imperial Chemical Industries) ® %
Tzo 7 MU VLR EBIMELT 5 =Y ADETLOREEE
fTotz, 7 MU T AZREEME O T ERRETE iR
2B, i, RICEEDEF Y =7 LR EBETHD
Rz R DREETHEESTEETH E DT, w7 A7 A
L& O WG & #E 2 1, ICLEO YY1 Bomb
HITH D, TOFET, 1500 t/EOFHEORMEH D <
D, 1955 6F 0 D ARG 21T o 7o, BEABIOD R >z
FNTLHALF MUY LABE OIS LF ¥ =7 5%
L, 800~900°CTHREFI 5, RIGHTHSEIL, KE
SRR E DHLESOcm, £&450cmpu—% Y —
BHBIC L VSR BB R ST 5. BUSE O ERIZE
BEDS 20D, BE»OHEET 5 LS 1m, 4HE 30~40
cm OHPORIGE R By, EREREC X DETET-
Tn3,

FEARI 5 & 58501 Electro-Metallurgical’s
#, Ohio M, Ashtabula ® T35, 7500 b > /40D B
TiTbhh/: B0, OISR T RGBSR 3 A8k
LTBD, &8 141t &5, AE lin OTEHED D
DOBEAv s, B wIIEBRERT, $ORGE Y
B U, EOENOT NI HAREAT S, O
F IR X 0 I Lz T v = A bk
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TBM-Tunnel Driving Alternative
for the 21°* Century

by Kenji AOKI*

ABSTRACT

In recent years, hard Rock TBM (Tunnel Boring Machine) have been used to excavate medium or
small diameter water and sewer tunnels for infrastructure improvement projects in urban areas. As
examples, two of these projects in U.S.A. are reported in this paper, the River Mountains Tunnel No.
2 in Las Vegas, Nevada and the 79" Street Water Tunnel Extension in Chicago, Illinois. Recently,
various Japanese governmental agencies have launched infrastructure improvement programs and have
designed rock tunnel projects. They have created high demands for rapid tunneling by using hard rock
TBMs. Inorder to meet these demands, the author and coworkers have researched and developed new
technologies to malke it possible to construct tunnels by using hard rock TBMSs under complicated and
very difficult ground conditions in Japan. “High Speed TBM System” will be expected as effective
alternative to the conventional Drill and Blast method for tunneling in coming century. Some of these
technologies will be briefly presented in this paper.

INTRODUCTION

More hard rock TBMs have been used in ex-
cavating small or medium diameter tunnels to con-
struct infrastructures such as water, sewer, commu-
These
improvement programs are expected to continue for
a while.

nication networks etc. infrastructure
The main interests in these projects are
reduction of construction cost and timely completion
by using rapid tunnel excavation method. Two
projects will be presented in this paper as examples
of rapid tunneling.

The first project is the water tunnel near Las
Vegas, Nevada. The diameter of the tunnel is 4.3 m
and the total tunnel length is approximately 6 km.
A series of World records were broken on this pro-

ject. This paper will make mention of the tunneling

R TR e Rl

system which made it possible to break the record.

The second project is the water tunnel in
Chicago, Illinois. The diameter of the tunnel was
5.5m and the total tunnel length was approximately
6.0 km.

The distinguishable feature of this tunnel was
that the work shaft was offset from the main tunnel
alignment due to the limited space available around
the job site.
ments were made to cope with constrains imposed of

This paper will report how arrange-

busy streets in the south side of Chicago.

In the third chapter, the author’s proposed new
type TBM and primary liner, and newly developed
Simultaneous Geophysical Logging System will be
briefly presented. The author and Kajima Corp.
are proposing these systems to meet recent increas-
ing demands for high-speed tunnel excavation sys-
tem by using Hard Rock TBMs in Japan.
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1. RIVER MOUNTAINS TUNNEL

1.1 Description of the project
The project site is located in southern Nevada

near Las Vegas. This tunnel project was a part of-

the program to increase the capacity of the water
distribution system for Las Vegas area. Inorder to
meet the increased demand for water due to the
rapidly growing population in the area, it was neces-
sary to complete the concrete-lined tunnel by May.
1997. Therefore, rapid tunneling system was
required by the contract. This project was success-
fully completed in January.1997, four months earlier
than the contract completion date.

The River Mountains are a low range of rugged
mountains separating the Las Vegas Valley from its
main supply of water, the Colorado River at Lake
Mead.

They are volcanic in origin and the harsh desert
environment has left them as expanses of exposed
bedrock rising 305m (1,000 feet) above the valley
with little or no vegetation. Lake Mead is 5km (3
mi) east of the portals of both tunnels, and the Las
Vegas Valley is 5 km (3 mi) west of the west portals.
The tunnels slope from an elevation of 581.6 m (1908
ft.) at the east portal to 575.5 m (1,888 ft) at the west
portal, matching the slope of the existing tunnel.

The River Mountains consist of faulted, NE and
NW trending, Tertiary volcanic rocks.

They are flanked on the north, west and east by
Tertiary sedimentary rocks and Quaternary allu-
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vium. A wealth of information pertaining to the
site geology was available from the design and
construction of the first tunnel. This included logs
from 14 borings drilled along the existing alignment,
surface geologic mapping and a geologic profile off
the existing tunnel. Records of the previous tunnel
excavation including location and type of support,
rock stability and excavation rates were also avail-
able. Existing data as well as data from seven new
borings and geophysical studies were used in citing
the new alignment and preparing the Geotechnical
Design Summary Report (GDSR). Twenty-six geo-
logic unit were described in the original geologic
mapping. From those, rocks with similar engineer-
ing characteristics were grouped together and result-
ed in four engineering geologic units being presented
in the GDSR. The units in order of first occurrence
in the excavation are Conglomerate, Agglomerate,
Rhyolite, and Rhyodacite. Intrusive dikes were
also mapped over a small percentage off the excava-
tion. These units, with the exception of the intru-
sive dikes, were evaluated further for rock mass
engineering qualities.

Descriptive interpretations of the qualities of
the existing tunnel along with data from laboratory
tests on drill core loggings gave analytical data to be
used for rock mass classification. Two systems for
classification were used: the Rock Mass Rating
System (RMR) and the Q-system (ASTM Special
Technical Publication 984). Tablel shows engi-
neering data collected for the different engineering

Table 1 Engineering Properties of Engineering Geologic Units

PARAMETER AVERAGE VALUES FOR ENGINEERING PROPERTIES
Rhyodacite Agglomerate Rhyolite Conglomerate
Bulk Density (g/cm3) 2.18 1.99 2.10 2.23
b (136) (124) (131) (139)
Unconfined Compressive 43.32 (MPa) 20.10 (MPa) 32.59 (MPa) 24.40 (MPa)
Strength (6.28 x 10° psi) (2.92 x 10° psi) (4.73 x 107 psi) (3.54 x 10 psi)
RQD 73 53 66 47
Fracture Spacing (m) 0.20m 0.13 020 0.1
(0.67) (O (0.42) 0.67) (0.33)
RMR Classification Good to Fair Fair Good to Fair Fair to Poor
Q-System Classification Good Fair to Poor Good to Fair Fair to Poor
‘Anticipated Footage 2034m 1821 1821 182
(6672) (f) (5974 (0 (59714 (§ (598) (f)
Actual Foatage (m) 1875 1908 1977 198
(f) (6150) (6260) (6487) (650)
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Photo 1 RIVER MOUNTAINS TUNNEL

geologic units along with predicted and as excavated
lengths of the different rock types (Intrusive dikes
account for less that 2% of the excavation and are
not included in Table 1).

The tunnel alignments are above the ground
water table and no water was encountered during
the first excavation. However, stories of leakage
from Tunnel #1 during its first year of operation
worried both designers and the construction team.
Although open joints up 0.3m (11t.) wide were en-
countered during the excavation for Tunnel # 2, no
water was encountered (Photo1).

1.2 Design of tunneling system

It was crucial to chose most effective and pro-
ductive rapid tunnel excavation system on this pro-
ject to meet tough milestone dates. Advance rate of
the tunnel excavation by using hard rock TBM is
theoretically calculated by P*A*T (P: Penetration
rate A: TBM utilization rate T: Total work time)

The advance rate of the tunnel excavation
depends on how TBM was designed and built to
achieve maximum penetration rate as well as how
entire tunneling system such as mucking system,
primary lining system, and maintenance program
etc. was designed or chosen to assure maximum

TBM utilization. Special consideration was given

in redesigning TBM for this project since used TBM
was refurbished for this project.
1.2.1 Design of TBM cutter head
TBM penetration rate P is theoretically calcu-
lated by N*d (N: Rotational speed of cutter head, d:
Depth of crushed zone by each cutter) Therefore,
penetration rate depends on how TBM is designed to
maximize rotational speed and depth of crushed
zone.
(1) Rotational speed (N)
Rotational speed of cutter head is generally
Nor-

mal rotational speed for 4.3 m diameters TBM is 9

reduced as the diameter of TBM increases.
rpm. However, rock conditions of this tunnel ware
predicted to be soft and volcanic. Also, recent
development of TBM bearing technology made it
possible to allow higher loading. Higher cutter
head power and torque capacity were provided
along with higher rotational speed of 12 rpm in order
to maximize penetration rate.
(2) Depth of crushed zone (d)

Depth of crushed zone was increased by provid-
ing larger cutters with higher loading capacity. 14”7
disc cutters were normally used for this size of TBM
in the past. 17”disc cutters were mounted on this

TBM. Recent development of rock cutting technol-
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Table 2 Comparison of calculated daily advance of tunnel
excavation for each gripper systems

Gripper [nsta;lt Re?- . Total  |Work Utill. Daily
System ROP gnpi.;lm Cy.cle Houts (%) Advance
(m/Hr)  lelmin) |(min) _ |(Hr) (m/day)
Single 75 5 14.6 20 50 49.3
Double 75 0 9.6 20 | 47%* | 705
Fast Single 7.5 0.5 10.1 20 50 71.3

% ROP : Rate of Penetration
% % Above mentioned three potential problems with double gripper
are counted for 3% of down time in the TBM utilization rate.
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Fig. 1

ogy with disc cutters made larger disc cutters avail-
able for TBM tunnel excavation. Larger cutters

prolong the life of cutters and it further increases the

efficiency and advance rate of TBM excavation. Vent Line 150 LM of plastic vent line was
prefabricated in the cassette for
1.2.2 TBM propel system automatic extension
I . . I Power Line 300 LM of high voltage power line was
In designing gripper system, special considera- installed in the basket for automatic
tion was given to minimize re-gripping time in order extension
Continuous Mechanical joint was used at the joint

to achieve higher advance rate. Comparison study
was conducted for single gripper system and double
gripper system to evaluate which system will give
Table

It is evident that

most efficient propel system for this project.
2 shows the results of the study.
double gripper system will be re-gripped in shorter
duration than single gripper system simply because
almost no re-gripping time is required. On the
other hand, following potential problems exist with
double gripper system.
(@ Rear section of the TBM may be dragged in
retracting thrust jacks, as weight center of the
TBM will be toward rear section.

Mucking system

Table 3 Means used to increase TBM utiliza-
tion

Item Description of Means

Temporary Utilities

Conveyor System  |of conveyor belt to minimize down

time for splicing‘*

Rotational and sliding dual rock bolt
drill system were mounted behind the
finger shield for immedeate installation
of rock bolt.

% Final splicing was done by vulcanizers on every Saturday
with other maintenance work.

Rock Bolt Drill
System

@ It will increase the possibility of mechanical
down time, as second gripper will be added to
conventional TBM with single gripper system.

® It will make TBM operation more complicated
than the one with single gripper and increase the
possibility of down time.

A Single gripper system was chosen with “Fast



204 TBM~Tunnel Driving Alternative for the 21% Century

Extend Tunnel
Util.

TBM Conveyor
Repair
10%

Cutter Change
8%

Contin. Conveyor
Splice/repair

TBM Mech./Elec.
10% Repair
11%

Others

Fig. 2 TBM utilization chart

Gripper System” which would give overall similar
“Fast
Gripper System” was built by modifying hydraulic

re- gripping time to a double gripper system.

system of conventional single gripper system. This
system was developed for this project and a similar
upgrade was used for the 79* Street Water Tunnel in
Chicago. Re-gripping time was reduced to about 45
seconds on both jobs.
1.2.3  Mucking System

In choosing mucking system, comparison study
was made among continuous horizontal conveyor
system, conventional rail car system, and wheel car
system. Productivity, efficiency, and economy of
each system ware evaluated. As high instant TBM
penetration rate was expected on this project, muck-
ing system with high capacity was chosen in order to
achieve rapid tunnel excavation. It was decided to
use continuous horizontal conveyor system to make
continuous TBM push possible by eliminating wait-
ing time for muck car exchange. The capacity of
the continuous horizontal conveyor system was
designed for 9m/Hr TBM advance rate (Fig. 1).

1.2.4 Means used to increase TBM utilization

Table-3 shows means used to increase TBM
utilization on this project. They are contrived from
lessons learned in the past. It is crucial to have
good maintenance program for maintaining TBM,
other mechanical and electrical facilities in good
working conditions in addition to them as minor
mechanical or electrical problems can shut down
entire mining operation and decrease TBM utiliza-
tion as well as advance rate. Daily maintenance
The tunnel was

mined from Monday through Friday and scheduled

was done at the end of each shift.

Table 4 World Progress Records (for TBM
diameter 4.01-5.00 m) broken on this

project
Category When Excavated Previous
Length (m) Record (m)
Per 1 shift 4/24/96 83.2 81.7
Per 1 day 2/27/96 150 143.9
Per 1 week 2/26-3/1/86] 636.7 632.2

maintenance was done on Saturday.
1.3 Actual performances

Tunnel boring was commenced in December.
1995 and completed in April,1996 with outstanding
performance.6-km-long tunnel was excavated only
in four and half months. A series of TBM excava-
tion World Records were broken on this project as
shown in the Table-4, Fig. 2 shows TBM utilization’
chart.

2. CHICAGO WATER TUNNEL EXTENSION

2.1 Description of the project

The project site is located 15 km south of the
center of Chicago. This tunnel project was
designed to increase the capacity of the water distri-
bution system for southwestern part of Chicago.

79 Street Water Tunnel is owned by the City of
Chicago and contract duration was from September
1995 to July 1998. Bored diameter of the tunnel is
5.5 m and total tunnel length is 5,854 m.

The distinguishable feature of this project was
the requirement to drive sections of tunnel in oppo-
site direction from an access shaft, which is 18.9m
offset from the main tunnel alignment as shown in
the Fig.3. The unusual work shaft arrangement
was required by condition in the area near the con-

nection that had to be made to the existing tunnel.
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A shaft over the tunnel would have been in 79
Street and was impossible. The site chosen was in
the most suitable nearby vacant lot, which was 250 m
The City of Chicago

erected to require than the short tunnel be done

from the end of the tunnel.

mechanically rather than the conventional drill &
blast method to reduce disruption by blasting to the
neighborhood to a minimum. The TBM was turned
90° at the junction to start the 213 m long East drive.
Subsequently, TBM was turned 180" to head off on
the 5641 m long west drive. The turn-round system
included two transport dollies with 360" pivots, a
turntable with bearings, and air powered winches.
2.2 Design of tunneling system

It was very important to design the most effi-

. ~
K Access,

~ ’
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Fig. 3 Access shaft location
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cient mucking system on this project in order to
maximize the TBM advance rate. This require-
ment was made more challenging by the fact that the
access shaft was 18.9m offset from the main tunnel
alignment as mentioned above. The mucking sys-
tem was designed as shown in the Fig. 4. The muck
that came out of the TBM was transported through
the continuous horizontal conveyor system to the
tunnel junction which was the same conveyor used
Subse-

quently muck was transferred to the bottom of the

on the River Mountains Tunnel Project.

access shaft through Transfer conveyor and dumped
to the hopper of the vertical bucket conveyor system,
Thereafter,
musk was transported to the muck bin through the

which transported musk to the surface.
stacker belt. It was crucial system in the best condi-
tion and minimize down time in order to achieve high
TBM advance rate. Though the 79" Street Tunnel
was driven from the shaft and the River Mountains
Tunnel was driven from the portal, similar concept
was used to design the TBM on both projects.
2.3 Actual performance

Tunnel excavation was completed in May.
1997 with outstanding performance. A series of
world records were broken as shown in the Table-5,
Fig. 5 shows TBM utilization chart.

VENT. PIPE & UTILITIES

Fig. 4 Mucking system
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Table 5 World Progress Records {(for TBM
diameter 5.01-6.00 m) broken on this

project

Category When Excavated Previous
Length (m) Record (m)

Per 1 shift 4/2/97 37.8 N/A

Per 1 day 3/19/97 98.5 86.3

Per 1 week 3/8-3/14/971 4243 399.8

Per 1 month 3/14-4/3/971 1513 1401

Most excav. 3/19/97 2,393 cum 2,064 cum

In 24 Hr,

3. Proposed rapid tunneling system
for hard rock tunnel projects in Japan

It was able to achieve raped tunnel excavation
with rock TBMs on the abovementioned projects in
the U.S.
rapid tunneling system with hard rock TBMs which

It has been researching and developing

can be used under complicated and difficult ground
conditions in Japan. Ground conditions, which usu-
ally change frequently and unpredictably, has made
it almost impossible to use hard rock TBMs in Japan
in the past successfully. Furthermore, most of hard
rock tunnel projects have been located up in moun-
tains. High rock cover has made it very difficult
and uneconomical to explore rock conditions of the
tunnel by boring, which usually gives the most accu-
rate information to predict ground conditions of the
tunnel. Prediction of the ground conditions have
been done with the information mainly collected
from Seismic Refraction Method. There have
existed greater deals of uncertainties with respect to
ground conditions of tunnel. These constraints

have made it very risky to adopt hard rock TBMs to

excavate tunnels in Japan. This situation has

generated the requirement for us to research and

develop a rapid tunneling system with a hard rock

TBM to meet recent increasing demands on infras-

tructure improvement projects.

The author’s proposed rapid tunneling system
consists of three developed technologies;
@ Simultaneous Geophysical Logging System
@ Hybrid TBM
® Primary Liner
Each technology will be briefly mentioned.

(D Simultaneous Geophysical Logging System
Simultaneous Geophysical Logging System is
designed to collect useful geophysical information
from the tunnel face and predict ground conditions
ahead of the tunnel. It consists of Geophysical
Logging System, Simplified Seismic Refraction
Method, and TSP. Table-6 and Fig. 6 show brief
feature of each system.

@ Hybrid Hard Rock TBM
Fig. 7 shows conceptual drawing of the hybrid
hard rock TBM.
grippers.
tem usable in bad ground by reducing the gripping

It is equipped with four sets of
It is designed to make this gripper sys-
pressure to the surrounding ground. It is.also
equipped with a shield with a length of around one
D (TBM diameter). This shield is designed to
support disturbed surrounding ground until pri-
mary liner is installed in bad ground. It mini-
mizes down time by avoiding troubles, which may
be caused by bad ground conditions. It is also
possible to use this multi~gripper system as thrust

jacks and push TBM forward by attaching four
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Fig. 7 Proposed hybrid hard rock TBM

Table 6 Summary of Simultaneous Geo-
physical Logging System
Item Brief Description Effective
Distance (m)

Geophysic |Developed by Kajima, Predict Max. 30m

al Logging {rock condetion by analyzing from the
drilling data. Such as drilling tunnel face
energy and its penetration rate.

Simplified |Developed by Kajima. Predict Max. 50m

Seismic rock condetion by Simplified

Refraction |seismic refraction survey which

Method is done through drilled hole for

TSP Developed by Amberg. Co. Max. 100 -
Called Tunnel seismic predection]150m

This TBM is a
hybrid machine between open main beam type and

sets of grippers to each other.

double shield type.
@ Primary Liner
This steel segments with hinged joints will be

installed inside the shield of TBM ‘when un-

expected bad ground is encountered. This Seg-
ment will be expanded when they are pushed out of

the shield. It is designed to make multi-gripper

system workable in bad ground in order to give the
proposed Hybrid TBM capabilities of mining
through bad ground.

CONCLUSION

The tremendous two-step improvement made in
the U.S tunneling industry in the past 25-35 years is
illustrated by these two River Mountains Tunnel
projects. Very few examples exist that give such a
clear side-by-side comparison. Step one was the
bold decision to use a TBM rather than the drill and
blast method in 1968. Step two has been the steady
improvement in TBM technology and is clearly
reflected in the side-by-side comparison of these
two projects. Improvements to the major TBM
components, such as cutters, drive system, head
design, bucket and conveyor, internal muck han-
dling, ventilation, roof drill, roof support, back-up

equipment, modern electronics and muck transporta-
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tion away from the TBM, can be found by compar-
ing these two projects built in identical conditions.
TBM tunnel ground support requirements are
far different than those of drill and blast tunnels in
The “RMR” & “Q” systems
should be expanded or be re-calibrated to include a

the same ground.

separate set of results of TBM projects which have
been finished in the past several years.

In order to further take advantage of high TBM
advance rates that are now possible, concrete lining

also needs to be placed faster. The elimination of

close construction joints, reinforcing for the entire
tunnel and the use of modified sloping joints did not
diminish quality, but certainly allowed the lining to
be placed in the shortest amount of time on both
these projects.

Proposed Rapid Tunneling System is being used
on the actual hard rock tunnel project since 1998 in
Japan. Most of its technologies are already well
established.
enhancing applications of hard rock TBMs in Japan

It is expected that they will help in

to the 21% century.

Photo 2 Full Face TMB for HIDA Tunnel
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My Research and Concern on Iron and Steelmaking Process

by Yu-ichi Uchida
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Activities
A
FeO addition

-3

°

'... Feo “‘--....A
'.,...." +°

&

Ca0 addition

>

Progress of Reaction
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