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Abstract

Underground space is presently being employed for public facilities where people gather, i.e., shopping
malls, restaurants, concert halls, indoor pools, etc., as well as for infrastructure institutions and industrial
use, i.e., tunnels, powerhouses, and energy storage, and for developing mining resources. In Europe and
North America, in particular, underground space is utilized in various ways. In order to develop
underground space more extensively for public facilities, some laws for subsurface utilization have been
established in Japan. Many plans are now being proposed in relation to global environmental issues, the
effective use of space in mega-cities with high population densities, environmental preservation, etc.

Although there are numerous practical benefits to utilizing underground space for a variety of purposes,
people generally have negative impressions when they think of being underground, namely, darkness,
isolation, fear, etc. On the other hand, people also often find they have a sense of wonder, adventure,
beauty, sublimity, and other potentially positive impressions when they visit the underground. If such
positive impressions could be used to overcome the negative ones, the underground would become a more
appealing and impressive place.

Civil engineers usually design facilities in underground spaces from mainly conventional engineering
points of view, i.e., mechanics, safety, and costs. In order to succeed in creating attractive underground
spaces, however, it may be effective to employ the idea of human sensibility (kansei) during the design
stage in addition to the above conventional engineering points of view. Although psychological problems
related to placing people in underground environments have often been discussed, they seem to be treated
separately from the engineering design. As an alternative perspective for the design of underground
spaces, it is possible to use psychological effects or human sensibility together with conventional
engineering points of view.

In this research, the mechanical viewpoint related to assessing the stability of underground space is
taken from the engineering points of view, and a method which couples human sensibility and rock

mechanics when designing the shapes of underground spaces is proposed.

The thesis is summarized as follows:

In Chapter 1, the background and the purpose of this research are described, and an outline of the thesis
is presented.

In Chapter 2, the developments in underground space utilization and the studies on underground space
design are reviewed. An outline of Kansei Engineering and its application to topics in the field of Civil
Engineering are summarized.

In Chapter 3, the preliminary method used to couple human sensibility and mechanics is discussed.
The approach is composed of three steps, namely, (1) assessing the preferable shape for an underground
space from the viewpoint of human sensibility, (2) assessing the stability of the underground space from the

standpoint of mechanics, and (3) coupling the results of (1) and (2), and evaluating the possible shapes for
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the underground space.

The scales of measure for evaluating underground space shapes by human sensitivity were extracted
from 25 linguistic expressions (pairs of adjectives) based on the results of a factor analysis. The
questionnaire was carried out for 8 different underground space shapes using these measures. The results
of the questionnaire were analyzed by the Semantic Differential Method, a multiple regression analysis, etc.
As a result, the shapes were placed in a "pleasant group" or an "unpleasant group”. It was recognized that
the shape of an underground space should be designed to be more "balanced", "harmonious", and
"expansive".

Numerical analyses were conducted for the same underground space shapes as those used in the
questionnaire, and a safety index was calculated for each underground space shape.

The equation for the assessment that couples the index of “pleasantness” and the safety index was
defined. Through illustrative examples, it was shown that it is possible to design shapes for underground
spaces by coupling human sensibility and mechanics.

In Chapter 4, the method described in Chapter 3 is improved by defining a new index for the
mechanical points of view, and a new approach to underground space design is proposed.

An index called “mechanical sensitivity” is defined. This index depends on the shape of the
underground space, but it is independent of the initial stress and the elastic modulus of the rock.
Sensitivity can be used to represent the preferable shapes from the viewpoint of mechanics. High
sensitivity means that the shape is flexible and possibly unstable.

The questionnaire was conducted for 35 different shapes that were selected systematically, i.e., arch
roof shapes and rectangular and skew shapes with different ratios of height to width. Numerical analyses
were also conducted for the same shapes to obtain the mechanical sensitivity. The characteristics of each
shape are discussed using the results of both the questionnaire and the numerical analysis. Furthermore,
the relationship between human sensibility and mechanical sensitivity is investigated. It is found that
people tend to feel that a shape which has the potential for a small deformation is pleasant, and a shape that
has the potential for a large deformation is dynamic.

A new method is proposed on the basis of the above-mentioned relationship, and it is applied to
evaluate preferable shapes. The results tell us that a shape whose height is almost the same as its width is
most preferable due to coupling a “pleasant” feeling and mechanics, and that a slightly skew shape is
preferable due to a “dynamic” feeling and mechanics.

Finally, in order to verify the proposed method, two examples of shape designs for underground spaces
are illustrated.

In Chapter 5, the conclusions of this research are summarized, and future topics and their applications

are described.
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DT vr— MERERAOWTHEF G E2ITo>72. TORBRER-3. 4177,

F-3.A400, REEICEES E2 ZREZ 2 SO A—TICSEIN, TNEN, R (R
B IRNT U x, TFAFD : xe), TEWRTE 1 x)), BIU, ZERME (TEBD x)) #ETH
DERRIND.

bz, RFESASAEE-3. 71277, B-3.775, REEOE VIR L EORRIE, BF 1,
BIW, WF2 OMAEDLEIZL S TIN—THITFNTEDLI NGNS, OF0, BRFHED
RETHD [NFox), TF), MENRLT ] BN, ERIC TIERY ] ORLT B RNRE
HEOBNEREVWZ D,

KRIETIE, HTZERBROPEETMOZDOFIEEZRL, SHMEO-ODORE, 77— M
B FORBEOSHTICOVWTERNFZEL TR, ZIIRLEMERL, dHLTHHT
ZERDRBRLT o — FOWREDBEMIZ L > TRER LD EEZ LN, FBRO—KRMERL L VIR
WERRILERIOM T EMOT A VEH T LIZITO Z &Il B,

*-3.4 ETFOHHRR

SEatoi
RE AF1|FF2| @
X | INTUADEN - NASUROBLN] 098] 025 102
I (REREFE) | xe FERFG - ML 0.90] 042 098
Xy LKLY - LT 0.84| 049 095
0 (R [ x| BEAYVORWN - BRAYDOHD 0.28f 079 o070
RAFHFE5E[ 255] 1.10[ 365
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FBIE [FEMATHE L HERRBRERE LM FERBR DM

3.2 M TZERRAKD NZEMEATIC & 5 5T

PRIEME 2 3R U 72 8BIHOIR (-3, 5) O T 22MITx L, KEMEOFHmAAT 5. AR TIE,
T 2= B OB A F T EE R QRCFEROT KRR SIREL, OTRIZ L DR EMFF
MiEEZERT Y. $abb, REMOFEL, BRREAMOTRSMOIENRY &, FIREHD
AU 2HERICESEXFHMET 5. 723, Y —/ 1%, FLAC (Fast Lagrangian Analysis of Continua,
ITASCA#HL, Ver33) ZHWV2%.

F7, FRTABMOTHARRATAMOT LB 288K E, IRISNNE L 5 MEEE NLE
A E BT, ROL D REELERT S.

Mo = Ay 1 Ao (3.2)

Mo = A5/ Ao (3.3)

72721, Ayl TBRREAMOTHBRFEAMOT LB 2 D8, 4,35 ROTHBEL DHE
HOEETHD. My, BET, Myld, TIOOMEBOMEMSEL M T 2EMONZEWERE 4, TEYE
fEL7HEETH 2.

wIZ, EO2ODEDOTEZ LY, MWTFERICHT D5 NFRRARALESERTHIESL L TMe%
EHD.

Mo = Mo + Mg 3.4

Z U CHREIZ, BEM BT O 122 22 OFMEMERO L S IZEFRT S, T72
bbH, XG4 THOLNTERIBEM, DR KRMEICK L CREMOFMEME 1, £7-, faREZED
B/AMEICH L TEREMORMEEZ7E L, £DORDMIR L TEMOEZ IR G 2, Zaett
DFHMEEMEEDD. 728, Mé L THEEI~TE25 2201, TEEOFMELZ1~7L LizZ &
EEDLELEDTHD.

TITI, —HIE LT, BREROMMEEREIGPa, BT Y 025, $NE T AR F15MPa, {8IE
fZE1.5, 512, RBFAFABOTH04% L L7556 OMTHERZK-3. 8127, K-3.8(a) i,
BEREAMOTHBRFAEAMOT 22 B2 S5, B-3.8b)IX51RVISHNELC 2EEE T
723, B, BLUY, HUSNDTKIZBUWTEIBEY ST E U TV,

F-3.DITANTRER D O RO, FEBMOERE L ZEEOEEM O EFREY RS, ZE&MED
SR E S BB ZEREIER 2D L R-3.8D K 512/ D. AKEFROFHEAREE L T D
DT, MEORNSAFITHDL Z EBHN5.
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REMERREAM RS SR & U CIREMEREME 2 Ay, £72, DR R b RO T 2 M E % A
WT, BERIIH T ZEMZR O ZAT O 72012, AT, RIRTHEREZ 52 5.

M= o,M, +a M 3.5

2L, o BEW, a (@, +0,=1) 1, ThEh, B, BIO, HFFMEICST2E
HTHY, IRHERSEENORABRLEN R EIZL-TRESNDI DO THD. =L xiE, A
DELAEFHHFL RT3 0P — bR—AR0 2 — U7 AR SIZB\0 T, —BRiEai
MR T R X — R e X LIREES RO SND. FOL O REBE, BEOMKIY
HREHEICEARBINDL DO EEZ LN,

B-3.10@ 123 107 v &— b b g b= RE MG E M, (F-3. 30 [RRZ2-RE 72 ) OfE)
BEW, 3. 2THITIZESDWTH ON L EEFEME 7 2y 2. BRI, B J%F
MOELEZF L E LTEHE (0p=0,=0.5) OREFHMMRGHTERTHRL TS, ZORNDL,
BetE, BIO, NHFIC X - TRETHN L7 FZERR ONERL 2 MOEDO K/MZ X - TRd 2 &
NTED. B-3.11@IZBWT, AH5EICKRETHBEMS S WIBICZERERE R, FBRD (&
HWrE Mg 2SRE0ICR D BWET, BRE (ZABK) R bIEMMEV. £72, ZZMEICH
RTHEDENWZER DN AR .

Wiz, BHEOFMOELZREL LIEHE (0,=0.7, a,=03) OREFTHERGE.5)E, HREMEM,
L EEMEM,E OEGEEZE-3.10(b) 1273, B-3.10(a) I2H~ % L IR (MOSMEHR) OfE X1
BRIZE>TEDY, FNIZE > TRROFMBIE & ZE0 D Z & 0ns. B-3.11b)icZnr
—ADZER DN Z =~ T. BHERFHMEOESZ KE LT, REHEOFEMDOE > =D D
FARGODIENLA T3 5. —7, KEFMOFHIS TR N R E WEEICAFTIRSH 575, PRt
DEWEIRHDNEGL S 23D Z & Bahnb.

-3, 12128 & IR OMAE DRITHT B, Wﬁ%%@%Aﬁmﬁﬁ(ﬁﬁ)%ﬁﬁ Bl

ENEET —F Th 5 ZEMFIRDIL, wTﬂwiﬁﬂﬁﬁAbﬁ;ﬁbf%iu , RER
b ST %@ntﬁﬁewzé Wz, BRE (ZAEKR) 1T, w#nwﬁ&®ﬁﬁébﬁt
LTS TFALICH

—77, %MbUD%iﬁB, BXW, GiE, EADERXFIZL o TUBEMOEE N KRE V. Zhik, B
WL DFHIE NFIC L DFHINRRESELRY, EHL2ERTLNTMDENPRESERDLTZD
Thd.

PLED X5z, Bl TR ORELZAWZT 7 — MIEXoTEHMEIL, SHI21%F

FENTIC L > TZEEZAT o e R EMBET D52 & T, THETELITERR - - H T 2R
PRI TE 5 Z LRENnT.
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Bg-3.10 HREMEM, & MM, & OREETHE

E H B A F G C D
212 3.53 4.03 4.08 4.54 4.76 4.80 5.29

()REMERTAT & )RR D EALDBE LWVES (0= a,=05D57)

E B H G A F C D
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ZOREZRWTT V7 — N&ITV, HTZEMBROREE S RE BEFR) & OBEKRICO W
THatrLiz.
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PRI 7 7 — b &2 E L2 R, R LESEEORIZEB VT, E¥EAR, BF (Htk
), EFE, EIHOIRICEREENEN- T, Eio, FEAFE (B) OZHRITREEI RN
BRLIpol=. T r— FOWRERR, AFERENCERERELELLL I THS.

(3) hTFERBRICH T S REHEICERET 59

BT MR RIZXT T A REHEICOWT, BFo, BLY, BERRSTICE 2BRFEITo 72/
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RENT.

4) NEHLGREEOFTIHR
NFRBEEMEOFHEELE LT, TABMOT AR LRV IENICESE, NENRTEEZFE
TOEEEE AT,

(5) REMEE NPTk DRAFEE

BEMER B MR E & I E R AL R EFE T 5N A R L7z, £ LT, EEr2
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FAREDEREA
AETEHELCAFBZHHATD.
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SRF D B ORI R L TR X 58X & 5 VITEES.

SD ;% (Semantic Differential Method)

B DRI HRT L TABEL A A—URLEMERE EENICHET 5 TEROBESE] L L
TREENZHOT, BHROMEE MRER TR REORAFAMNORETHEL, A7
WEICE WV ZORIEOERICH ZLEELZIY L, BROBKROEBMEELHALNITHHET
H5.

REMEETAERUE -

KR EBMERICTM T 272D DORE. KFETIE, 77— MIAWD MRER-RRL] O X
IR g o T ERFAR E AV D . HUT 22 2 BRI FHE ¢ 5 72D TR 7 > 7 — MREZAT
WV, ZEOBEFRNG SFEHEZRE L.

Rt B4 ST -

RN ERAVCERLZT 7 — MERN OB ONDITHEE. 7 — MER (TFEFIZ) Th
0] L) TEBLTHRN 728) IZxT D 7TEMOR T —MZEHIE 1,27 XS ¥ T
BIAFRNIBITALAIZEEDOEHEELETHHDOT, TOMEITI~T THD. =& xiE, TRiEe-
FR7z] OBEFRTIE, e PsEls) L) FHliE “FHEE 77, (R RiRkZe) EWHFEk
fliig “FEME 17 £725.

TRE 14 EFEE M, -
BMEREEMED S b, o, HEtE (MEER-RR ] OFEFR) (R4 5. Pt &
HREWEE, ZOMITT7 &725.

REMFHEE A,

T ZEMEL OBEE S EERER Q KT FEROTHARE) LEELT, OTRIZLDK
EWFMmELZ AL TER L TEMOZ &2 5 M T 2E. BEIEEIC T 2 BREABO
FHHFDIENY &, BIRISIOE L AEEOEENORD D, HIX1~7 T, TEMELELE
BE, 1L7e5B.

A FTEE M :

TRIEVEFRME M, & ZRMFHEE M, 05RO b 2 REM &L ZEMEORERILFME. mFMED
HAOfTE L ERE L.
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BAIE NEWBELBET > — Mk S TERBRDO TS 1 >
FAE

FHERELRET O r— ML AMTEMBROT A2

AETHE, FIETHRIALLAEZSOICERSED D, ETROC, HFERRHMEO —fxE
EEODHILEEBZ, B RIFRRHMEERE L ERT D, RIS, RMLTTRE LE L ORI
ZERITFIRIC KT LT, FRATIC X D DRI & 7 27— M X 2EREE I A 1TV, &R OFHE
HROBM, BIY, JFHIRHE L BENFMOBREEZEET L. £L T, ENOLORRIZES
&, BIUEEHFERE LIEH LT ERIROFMMFEEZRREL, HRa 2BRICHTT DO
TV, BRI, HITZERBRT VA oflZRT.

4.1 #TZEMBROFHEEROER

CET, AFLRBMEOE IS HHI T ZERIR Z G T D 72 0 O I FREE L BMERIFEIE £ E R
5.

411 NFEHEERE ~NWZEHREOES~

HF 22 DR D BN SR 722357 ORI 2 ST 2 FEER 13, EE D DmMDIRY Z
NETRENZZEITRVEI THD. AR TIIERPBROERD “Ld &7 (HDHWiE, “L
i< &) OBAPLE LW EEEL EERT 5.

AR E T EEOWMEE, £z, BROMBICHZ —ELIRET D &, 2KRTFROT AHED
BE, HTEMMELIC L 2EBOEMITRD X 5 ICRED?,

U, (D)= frn (D) O /E+ [ (D)0 [E+ [r3(P) Ty [E (4.1)

727120, unp) (m=x,y) 1XMEEDR p IZBTDEM, o6, 0,0, Ty (THIHUST, 22BN, E 12
BREOBELETH S, ok, PSS & BIERIED  00/E, 00/E , ty/E DT & ZHHEEF/8
FRA—=B— LIS, ET7, @), frnD), fos(0) 1ERT VB —EDOHEIT, HTZER OO
LR > TEEDBET, WHIESRT A—F =TT DEMD “BE” O—BETHB. Tobb,
BRI foni@)s fr2©)s fra(p) DENKEZVHITZERIERIZ L, BANC X 2E5BEMITRE <R 5HM
D, AFETIE, ZOREEZEAEREICI > TRDBZ LT DY, ERERETIL, M
B EREEEHLT A2 LER R L, BROZERSEHTNILIVOT, xR L TRIR
I BREBRDLND.

iz, LEROBMOBRELXAG, MRETIHTERBROELD LT 2RI ERTO
BiEL LT, ERBROFHNROTHESZZD.
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Lo

boundary element

H-4.1 T ZERR & EHOT A

E-4. 1iZB\W T, Tz oBEm EIZ3480, 7,k B0, ZREINER LIEEO=AK ijk OOF
L - T, WMENC L DM TERBROFEHNZ20TAERTILICTD. 22T, 3RIL,ADE
R CHERR T A7 MV E {uy={u () u, () u, () 1, G) u, D u, ()} T D&, ZAF ijk OFHHR
O hre,, €, 1y FROKNTREND.

{e} =[Bl{u} “4.2)

L, d=tle e, n)’, [BIIX, ZAF ijk #HRBERL LTERL L EOOTHEMNT b
U AT, 3R, j, k DEZEZx, v, x, Vi e & T5&, ROLD wEENLY,

[8]=

0 0 0 X=X, X=X, X, X

1
24 4.3)

Vi=Ye V=¥ vi-y;, 0 0 0 }

Xp =X X=X X, =% Vi= W V™V Vi™Y;

=L, AXZAF ijk OmBETH S, BEE D3, j, k OEA={u, (i) u, () u, () u, () u. (k)
u, (Y 2R@EDP R, RADEFEHETLLROLIITRKED.

gx gxl 0 8:(2 . 0 8x3 r 0

o
gy = gyl ( Xé]-{- gy2 ( Y/EJ—F 8“’3 ( ’9’4] (44)
}/xy }/xyl yxyl }/xy3

I B s e ton (= 1,2,3) 13, BIORS, BEG, fu®). fu®) fua®) (m=x,)
CHER SN, BIISS1/T A — & —|C kT B R 2SRk O EIE R O R DR & 72 B
KB, o e Fon BNT, HITFZERIRO N L RIEERO & 5 IERT S
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y=v712+7/§+7/32 ’ynz\/(gxn_gyn)z-i-yzxyn (45)
e=\e +e;+el e, =¢,+¢, (4.6)

ZIZT, oy, BEY, e, OB (n=1, 2, 3) X, FIBUSH/RT A —F OFRS DY BN THLO
AT D0DEE, T2 b, 69/E=1, 60/E=0, 1,/E=0, BL, 69/E=0, o,/E=1,1,/E=0,
IRHWNT, 0,0/E=0,0,0/E=0, t,/E=1IIKTDRAREAMOTH, BLY, EEOTHOKET
HoH. FLTC, y, BEIW, e id, TNOLDREDOREBRREIERTIEL LTERELE.

IOESTLTELRE y, BIW, e id, FEBENOLHLNRL DI, WIHISS & LR
BUCEBER R EMOER LOT EERTIBETHY, KT Y VA —ELRET D L, TOMEIX
ERORROHMHELZITS. Thbb, INOLOEPRKEVH-TERBRIZE, FAKOT
B, BIRY, BEOTHBECLTWVIRIREFHiSND. b, y, BLY, e 2ThZh, #f
TERBROFEIET) ST A—2ZxtT 2 AMOTHRE, BIO, BREOTRE, £/,
MEZELEDTHAMRELIELEZ L1275,

REFFETIE, AFMRSIEH O T ERBROBVWEVWEZFET 572012, B LI\, £
7, BERELRLTWILERT I EOTELNFHEE v, BLY, e 2HTEMBIRO HFHE
BLd5.
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4.1.2 REHEREE

BRI 723 HME D 7- D1, 3% L FEEIC, SD#E (Semantic Differential Method) Oz #-3%, 7
h— NREERIT). Ty — MIMTEEOBEREEBRE SRR L, AT OFFHMmNEZ H
WTEIZEEZEL D THS.

MR EEL, 3BT, KasmerDERBEEEMR R ED & FET B AR O H s & 3 T 22/
WETIMT 2D FHFELIT, EESICL - TEEShEZLOEZANWS. 7o r— A
ZE-4.2ICFBETSH. EOCTWVENNIS W], INFGURDRW-RNT U ADEN] R EOHT
ZERATR AR 5 7~ OSEE OB EFAMC L 2 RE &, RANLRFTMEIT S 2O OBARFARE
MR- Are ) ot L, TFERIC) T ) AL TELELTHRV] TREINDTEMD
Rlr—NEEZTHND, MTEMOBRIIER =7 4 —ItL>TAZ Y —r kiz, —#&F
SRNSEERRL, TOMZT o7 — MK (B-4.2) (ZEZELTH D 9. #HBREICIE, ERE R
TR U F, FEEFATORr—VICHIZ AR, RiEORIZICFEEZEIZELTH, K
WCBOTEETLILICHONLDEELHAD.

BRI, T — FORBEFERELY AW, Tur— MER (T3EFIC) Tz ) T4 L)
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