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Development of a Boundary Element Method with Joint Elements and
Application to Practical Problems on Underground Excavation
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The authors have developed a computing system for 3 D analysis by combined Fictitious Stress and
Displacement Discontinuity Methods with Joint Elements. In the system, the boundary surface of an
underground cavern is divided into triangular leaf elements and the constant fictitious stress compo-
nents are distributed over each element. The joint having some thickness is divided into triangular pil-
lar elements which consist of soft elastic mateiral and the constant displacement discontinuity compo-
nents (normal convergence and transverse dislocations) are distributed over each element. The solution
procedure is briefly presented first and it is applied to two practical problems on underground excava-
tion next. Applicability of the procedure is demonstrated by comparing the excavation-induced dis-
placements around a large rock cavern, the excavation-induced convergences between the points on
tunnel boundary and total stress distribution on the tunnel wall which are numerically calculated by
the procedure, with those practically observed in-situ.

KEY WORDS:Combined FSM-DDM Analysis, Joint Element, Large Rock Cavern, Tunnel,
Extensometer, Convergence meter
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Fig.1 3—D Representation of a joint element j with stresses. The
springs shown in (b) are inserted between the points O and O’
shown is (a).
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Fig.2 An image model of 3—D combined FSM-DDM analysis.

Xy = xi
Xyi_Dyi
Xzi—Dzi M+1<[iEN)

SEBIFE L=V a4 v P EF MRS EORME L L - TWAY,
Val VI EAENSIEEPY a2 Y VATORO IS 515E
oW THUNRKDO= MY v 7 RBPEZLTNIBEE LD IE
BT 3L THENABIHET 3 &8 TE 3,

3-2 MIFOFE

Jaq v ESGUEBRNICBY 2 BREEOERN, BAZ@BRO
MR ETIFEPKERRS B 3 HOERBEZRRTHG 515
el L, SEBFE LRSI FREIEY TH 5, Fig. 2 14
BHOEREY a4 ¥ P EEMRE LIHASBIFEF VO A 2 —
IRITH 5%, BRPIRERORMGEESEET 3 LB o h
TW3, 203 XTEEFMELL THA T4 5 L RATHET
BREOWHRECZE LV, FEROBTRELEIORASZOE—D
EHHTH S, IOy —2ATR IOV a1 v+ 2HBANRTTRIR
HOEFLELTVES, HBlcBisME BT 2BHEEEL,
BRENS O LHEREEICY LFBOKREZH> BV a1V b %
BYADCEBTETHEEELONS, BICBRRBEr—22%F
AEBVTHY a4 v MEE L HE L TRIT LERZR % & 383
TEARERLE-TV3,

EEOEFY VI TRNRET SV a4 v MO PR AR %
zhzh M, N-MEOEZRER > ZALERICHEIT 5,
HEEBITTRY a4 ¥V FABELK VBVEOER & LEREEZ
REIGTTEERE LTI ET 5, RO LN IZNEZEROEN, b
ARESFHEA LA, ADE» 5 3N AoBI—RABRORE L
T 3 M BEDIBHREGRS & 3N~ M) E ORI AR E
TE 5%, EREGRARERIEBREENOEBEOR LB
BEN, WHIBREA» 5B LN S,

T2 N X
T yaty =4=Zl [Tki :| Eski] Xyi ..................... 14
T axk Xzi

HAHER ORI Gauss-Seidel i FHWKEER 150 & L
7o RSBV TRIIORFHER L Yy DT -2 2F - Y a ¥
EWS4800 2 HL ARV —F 1 ¥ /¥ 25 & (08) & UNIX
SystemV Release 4.0, s FORTLAN 77 2{#H L 7,

4, HTREMYEEI~DOEHR
ELOOMR LY a4 VM EZERLASROEREREHAE

955 43



RS Rl E-HIZA # - kEZEE

step 1

No.3
step 2 e

No.7
step 3

58m
step 4.

SECTION

/

77

100m

65m

PLAN

Fig.3 A model of the dome shaped cavern (Super Kamiokande) with a joint plane for 3-D combined FSM-DDM analysis.
Dotted line shows the levels of Geo-extensometers(No.3, No.b, No.7, No.8).
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Fig.4 Layout of installation of geo-extensometers.
No.3 ~No. 6, level 16 m below from the top of the dome.
No.7, No.8, level 30 m below from the top of the dome.

R RIS OMBIEFICB S LTI 21T » oo HIBRERE
ICH B EHMEILOKEL T, AR S 2FHEHMO L HOMT
F—4 (Super Kamiokande) BB & BESLITE % F RUEAT ©
HRE Ut

41 F—oLZMTER

Super Kamiokande BEREAFFEHEEMEFO S0V =7 + T,
HWFLO0m CEEOm &S 40m OBRAMKY v 7 RIEER
OHITFFI BRI ENER TH 5, HITF 1,000 m QML T < OBHI A
ERk 3£ 12 BicBith s hic,

BAFFITIRY a4 v FEREUERBALERORMDENEE LT
AhDF— 4 & DHEBZT» 1,

AT L7 V% Fig. 3IKRT e F—2DTEELLEET
DEEEFBm, Yaq v OETRILETERE 0BEEED & L
oo CHIRBEBOME T - s hoRVIAALEODTH B, Va4V
FORESIEREX 100m, % 130m & Ui, HihgshEto 7 v 4 —
WHEREELD 0m ORBICS LD TNEZELABE L -

956 <44

(A) 3D F-D mode!

30
—&— depth -Om
—6—depth 1m A
= —&—depth 3m
£ —&—depth 10m
20 J{ ——<—exte, No.5
ey depth O
[ son o Pt
]
: 4
o 10 /H{
(L]
el 2 —
0w & ————a
o 0
step 1 step 2 step 3 step 4
Jul/92 Jul/93 Jul/o4
Date
(B) 3D F-D joint model
RIS —————
—8—depth Om
—6—depth 1m’ P
£ —a—depth 3m
= 20 —a&—depth 10m
- —»— exte, No.5 —3
e depth Om | e %/‘
() / e
’ step 4
g 10 / ’//staep/a
E. . step. 2
gLl L
0O o d
step 1
Jui/g2 Jul/93 Jul/94
Date

Fig.5 Comparison of the displacements measured by extensometer
No. 5 with the corresponding displacements numerically com-
puted (A : no joint element) (B : with joint element).
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Table 1 Initial stress and elastic constants used as input data.
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Fig.6 Comparison of the displacements computed varying parame-

ters, E o /h, G ¢ /h from 107 Pa/m to 10 Pa/m.
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Fig.9 Calculated stress distributions on the round shape tunnel. The diagram shows unfold view and 8 =0°
is the top of the tunnel. The numbers in the circles indicate observation points of convergence.

Thid Step HEWPT LT, kO BRENITIGHAREL 5,
WIZFig.6icYaA v+ ORF>EHE%E, COBAE/ARTHD
B, BILE L ZOEMBORIERT, HIIRKEZEZRDLL,
SR NER R R E DT, BIFCAVWEZORERE, /L % 10
Pa/m »o— Ko LRa¥ 10" Pa/m £TTH 3,

10°Pa/m DA REBIEI v v /REFFELLNRY Y 2
AV MBS —2EFAETH B, BIBREBRF— 5 LORER
75 10" Pa/m %Y a4 v b O L ThIXLEKBUGOEREN &
X FRbT T EBDR T, EREEIC X Z2ERPOEMND S BR
FipVad v METOBHEITH L EBREN S, Fig. 6 D7 — R
BOTEL —HTHHEFTIEMDD> L 0% BEFY a4 v |
WTOBETH B, COIEPOY a4 v b EEELULHAEGERT
FHIBROEH LI VBEI(REATELZLVZ S,
RECBOWTHEOERBIY a A v b ABE LT FVTORIT
Bl BV CHEAMERIEL TH %,

4.2 iEREH

B DB i S PO E & ZRTTE L VBV - ARG
B AEFEAAVTHEL ko HHRIITEN TN ONEZRMOE
AEEEDI V-V 2 VA A —FEROTIT» 1. HElOER
ABEL I RBMETRSm TH B, Fig. 7ieVa A VY 2EBDK
EFNERT, MAERER4m OBFEHEEL, YaA1 Yy OKX
XXUES0m ES2mTHB, £V a4 ¥ b OFETRINAE,
B2l 50°E Th Bo THIREHOXRAENY LERL L HE%
BOCATER, REAShABERREY = 4 v T 100 B35, 51
BT 232 EFRE 3N ERTH 5, BHIONERE IEHIEI 4 > D R
Ty TR TEITT 3 E LTHEAEIT » oo BHIRRIHO F— 4
IRZSRBRNIH A S 200 m BN RIB i B 5 4%, MRITICSER
G HEDASIF— %13 Table 1 LEILF— 2 ZFIAL 2o

Fig. 8 iR AT T, MBS, >UPEE TORERERD
L, #tahic RN BERbT, ARBHERBOERZOL L
MFE D - TERBEZ2Q, ANEN®TH B, Fig. 8 TR LA
SEAF—%, Pad VIERONWEFLVTOFHE, Yal vt
2EUEFLVOHERRTH B, BUF -7 BI 30~Q0ORE
ERMEHLTEYD, O~QOEAREH & BT hIZ5I5RY EM
BHELTHVS, O~Qi2WVWTRY a4 Y FEEBLEFVHLL

958 46> BEREEM

HABRLABL TS,

HHF — s O~QORHREMECRRBALICBTEHETO
I EESSERTH 5 L EX oh b, £Q~@DHERIIATIFT—
FENBO OB LhATVWRERWVWI &, @it AIERtEEEE S
BREEESN B, T THARRITC L > TRIEES QW BRIRA
WOGHRTE Fig. 9icmd . BHR LicitEShicEA%ET ey
F LSRR, AAQAMECEAFOERIL ORAMENSED - h
Bo EGEA P, OERWIX 10" PaTH B, Yad v OEET
P, 3EROERBE VT VS I EHFRAIS N, ThFEREN
REHEAECSELLODFREEREN S,

5. ¥ ]

AFEH OB ONLHMBEAERE LTUTIRRT,

1. %% 5 BEREREL & 5 SRTREIS/IHE - R AL
AEFFOa— FERMFEL
2. ZOFHRIY s 4 ¥ b EFVEHRAS ERELECERPOE
BRI O FRIFETE & ERFE L o
3. 2HEFOBUSHEFIRIICEA LHEEfT- 28R, Ya VL
D5 - ENOBFRERD T ERCEY LEERET T, A0
BEFE I RDOTILEMBTEEZ I EMbd T,
APRI Y - T, ZHEBHEEGEO L7 -y 2RYLT
Wi EWAEE R, I ICRIMBREMICHEERT B,

531 B x ik

1) KIS - TER | ANRRERI L 5 3 RTRERITOERE ISV T,
KBS H£20% B2S, 18D

2) KEEY - Fl - ERE TR LERIFCBY 3 3 RTHBR
B, R - BESKERLBEI, E-5, (1993)

3) BEE—- EL W KERY - KEEE  CSAREERERVAZRER
B A - A WEVEAIAEEIT D — FOBER, HH - AMELEFEK
SBEBEE p. 271272, (1993)

4) Crouch, S. L. and Starfield, A. M.: Boundary element methods in solid me-
chanics, George Allen & Unwin, London (1983)

5) Kuriyama, K. and Mizuta, Y.:Int. J. Rock Mech. Min. Sci.& Geomech.
Abstr., Vol. 30, p. 111—123, (1993)

6) BERE— : LOXFELR (1993)

T FHEME  BIES - IHER - BRI BT 20 PR, BR - R
FORFALBETH, B-4, (1992)

110 (1994) No. 12





