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Abstract :
Stability of High Span Openings in Discontinuous Rock

Case History - Zedekiah's Cave, Jerusalem

This research analyzes roof stability in Zedekiah's Cave, Jerusalem, which provides a unique
case for studying the behavior of layered discontinuous and unsupported rock in high span
underground openings. Besides, the research examines some frequently used rock
mass classification methods (Q and RMR).

Zedekiah's Cave is located near Damascus Gate in the Old City of Jerusalem and is
quarried in Bina Limestone of Turonian age. The quarry's approximate age is 2000
years, its length 250 m, and its maximum unsupported span exceeds 30 m.

The rock is relatively weak and is cut by four discontinuity sets which create critical
blocks in the roof and in the walls that are likely to fall or slide along inclined joint
planes into the space of the excavation..

Block failure probability is low because of high frictional resistance that acts on the
blocks. The probable failure area in the roof and side walls, calculated using Block
Theory (Goodman & Shi, 1985) varies between 0.3% and 4.8%.

According to the empirical classification methods Q and RMR the rock is classified as
medium-good. In contradiction to the facts in the field - immediate failure is expected
for the existing span. Also according to the model of a continuous elastic beam (Obert
& Duvall, 1967) the roof is expected to fail under the tensile stresses which overcome
the rock strength. These methods do not consider the effect of arching which
stabilizes the structure, as demonstrated by the application of the discontinuous
Voussoir model (Beer & Meek, 1982) and Discontinuous Deformation Analysis
(DDA) (Shi, 1988).

DDA was executed for gravitational load in two dimensions. In order to compensate
for the third dimension two different joint settings were examined: vertical and
diagonal joints. For vertical joints effective arching is created above the roof which
stabilizes the structure after deflection of a few centimeters only. On the other hand,
for diagonal joints a deflection of nearly half a meter is observed, together with rock

falls in the roof and side walls.
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: MOYIIN NN HYW DINY DMND 900 DAWN) 1PN NN

MOVONWN e

APDONND e

Rabive (oI
NI NNNN NTI¥ DMILN DM VYN , DOV PN IMND DMPI DXV NIYU INWN
- oM 67/231-171/061 Sw nysmn n»vxa conjugate set -3 DN NN NN

N2X) PITON NN .DOWIN MY OIDN ,0MP) ,DIXDNT DINWINRN .NIMNN PYY DI9IAPN
192 770M DXV, 0P, D287 PITON MWD D) .NINR-DIT PNPOY NV NPIN INWNY



MLIN MIAN 29

YO OINPOI NN 2.2.1

: DYDT VDV ITTN) PITON OMNPD
(scanline) NP D P PVLINL NINYA NIWNA NP NPTH @
NP0 P XYY PO NNYANTTH e

TNNN NIPNN DMIMDN MNMIPNIY T AWK ,NONNN DDVNHOINYNIY NPT e
.1992 NANN MNP 9 DY NAVIN NYINN NMVI VX DIPNI .Y NN
DT 0N PO MDY MNAPY IPOIN YTTRIV DYDYN DO
.0YN YAIND DYPTON NPIDN INND NYTTHN DD MIoN 2.1 Nbava

MMV NT91N MVIY 299) MY 295 9% AT N9 :2.1 AYav

M- J4 e —J3 M —J2 mewn -J1
PARRY N N 2V
1 85/168 1 65/243 1 65/064 1 06/090
2 65/115 1 64/215 1 75/050 1 06/070
4 075 1 59/234 1 60/080 3 08/130
4 075 1 63/241 1 80/065 3 12/098
4 065 1 75/225 2 75/063 3 09/082
4 065 2 68/235 2 70/030 3 10/077
4 065 2 68/235 2 80/055
4 065 2 68/235 2 68/065
4 065 2 65/212 2 68/065
4 065 2 63/212 2 75/090
4 065 2 65/233 2 65/053
4 065 2 73/243 2 70/050
4 065 2 76/235 2 70/085
4 065 2 77/055
4 065 2 73/050
4 065 4 168
4 065 4 150
4 065 4 175
4 065 4 165
4 065 4 160
4 065 4 150
4 065 4 160
4 065 4 150
4 065 4 155
4 165
4 158
4 135
4 165
4 165
4 165
4 165
4 165
4 165
4 165
4 165
4 165
4 165
4 165
4 165

: NIPN
NP0 P XYY PO NN -1
NP0 P DY PVIIL NTTH -2
Non NI -3

NP0 1P DY P»IVD NN -4



MLIN MIAN 29

MPYIHON MIIYN YAIN IDAPNN NN DY) NLW YA MTTHN TID DY

NIV NPID TIND NNNN N7V NMIVI IWNR JT1 NOIWHNN NNX INNN NDPUN

conjugate -2 JNIX PN N — DTN DX T P00 MYya J3 -1 ]2 PyTon MOIYnN
00N PN DMIAPN-NN PPIVON NI .set

.conjugate set -9 Nax» J4 PyoN NN

PITON NN DY TIIMNNIVD NOWN 2.2.2

9OWUNA DTIN-YT YN YTIN-NDNN ANINN NINN NN NIVANND NPOININIVD NoOHYN

MIYN DY DNMIN NOYYN .NTIPID PIIDNN DY 2NN YT DY MDIN-IN NI DI NN MIAVIP
ONP T DY NNXIID PPIVO MITITH .0V DTY NI DY NI NN NP DI IDPDN
990110 MNT MTTH 9901 1DAPNN TYUNRD .9>TN NI NIAY WIWNN DIDIYN NNV NX DININN

XOT DY DIMDN MDIYNN YAIN DY DOYNINND PN T DY DI

S

NN 9913 KN ,NH¥AVIP MIININMIVD NIYYN :2.4 DIVIN

PITON MOIYN OV NYNINNN NMOOVIN NN 2.2.3

Bridges, 1990 .1099X00 N25WN YO¥0IN 2N : YINNN NITHIND NPIPOY MLV SNY P

NV W8N Priest, 1985 oy ,1799N900N NIOWN NIV DIPWN DY IPVN NYIP YNN
DYVPIN Y2307 NN DIDY NN NADN NVIY .12X20 DIIIYN NV NMINNDY NIPYn NITHIND 197
NIDIN MYNNNI M) NYIAP INOLN NPWN DY MITPON THIRD NRINNY NIIWN NN DY

.2.2 19201 NIXINN NMINNIND DX 1D THPNVPY NVIWL OVIIN WM DIPS



MLIN MIAN 29

PYT0N MY HY NN NV :2.2 NYav

P0) No NN

nysHIN

08/091 MY J1

71/061 MMen 12
Y

67/231 NYN J3
RALY)

75/155 o J4

PITON MOIYN DV NN NN 2.2.4

NIYA N ANIND NTTNHD NIDIPNN TITN AN XIPI DINND MXI-IN INYIN P2 PRI
YNNI NYINAY 2¥I2) PITON NIIWN P1IVDY 282 NN DTN VIO .(scanline) NP> P
NVID NTTNHN VIV NN .YKINNT NNIND NN MY 1M THINN MTIPI XNV P2 DOPNINN

.Terzaghi, 1965 »a5 >0 yxa5 v 280NN
ISINN NNIND NN X WK A=1/X -5 NN PITO NN DY NYXIND MPTNN

Y¥INNN 220 DXIWN NV NN IR RN (Fisher,1953) 9vr9 y1ap awin no9yn 55 May
PYI0N NP OINM 2.4 1YV ,PITON MOIYN N ON1DIN 2.3 NYaV3a

PY10N MO¥N 9N N9 ¢ 2.3 NHaY

(°) Os (m) y¥Hmmn NNIN IV NP NYNIMN MOVI NO hamm)Y)a)
5.98 0.85 550.72 08/091 1Y J1
26.08 0.79 29.43 71/061 NPVOINYD J2
18.74 1.48 56.51 67/231 NPOINYN 13
NA 1.39 NA' 75/155 AR J4

(scanline) NP9 »P 1M M9 : 2.4 NYaL

Y Y ’
dnvvr [ 3w | 2 [ 1m0 TN s o | v | 12,9
0.63 1.32 3.60 | TNIMINT | 172138/132126 1

0.73 1.47 410 | ™NmINT | 172140/132126 2

| 0.87 | 13.80 7PN | 172120/132130 3
0.72 27.90 |  T1Wn T | 172145/132125 4
118 | 510 N0, WY | 171985/132190 5

ARYAR

J34J2 maaynn 12 NINAN XYY 05999900 11113 3 91901 NP9 pa

P NAY 1T NN NYAPNN 199 MOIYIN-IN 29IWIIY 28932 INNNI 5-14 ,3 70N API9DN MNP
.Terzaghi np>»n y$1a 2-11 7on HP9on

J4 My Olgs -1 I8 $12P 1IWIN KD 95T MDD 0N 95N N1 1T 1AV T152 DTN SNY 193PNIY Pron !



Y90 SY N300 NNMNN 3P0

YH0N YV N9 NN 3

YOON PHIN DPIYN NMINON 3.1

in situ yoon pyn nown  3.1.1

aAPY D1 PIIN IIY NN NPAITN NN T NVIYW DMWY YOI NIV in situ P72) YOON PN
MPPT2 INRNI WINPT NIYNI .NPIDN XD MNVYNI NN DYDY TN ,NLYN M9 N»Ha
INND DAPNNY DIIIYN YXINN .NDYN 299 YN ,NVN 297 IIIN PPN : WP MNP NYIDVIA

.10MPa n»n NP 720 nMD DORNN 5119

YPNIN YOON PN 3.1.2

Y901 PHN NN MP T2 WIDW IYEIA NTIYNI DMOM IPNNN NVYI DIPYD) DINT INND
Point Load e
Brazilian e
PS-TN NPT @
(ISRM,ASTM) 0»mN5»2 DIPN HY 1012 D>PHRNHN DXOITIVDI DNNNA NN DMPYIIN
JOIP TNN PONN (AT 0.005 >T2 TY) MAX L, (171D 0.01-1 JOP) NP DIVONY NWPN Hd1
(D/L=2.0 mys-1n n¥n> ,L/D=1.3 Point Load ,L/D=0.56 Brazilian)
DYNNNN TN ION DIYIIN .21DPWY 5)2PN2) A DINYI) INNIN NN 54 NTPN N2
YT IVIPY TIN DV NPT NPT NDIPY NYXIA NN DIPYIIN W1 INKD .NNXPL WO
YODN MY NN VNS
,(3.1 ©wan) SBEL nn »pn »7 waona waa (Brazilian -y Point Load) op1oxn mpr1a
NININ MO 2H¥N2 NID NIPAL YIND IDINTITN YIAIN WD NPPN-THN NNNDN MPrT2

D113 %W >PIN MNDYN YW YYN NPT TN 1:107 s ow V2P Ny asp nnn TerraTek

(3.2 ©YWIN) Y2NI MDY HY DYXANN

()212913) DPTIN NN NYAPY 27 WA :3.2-1 3.1 ©IIIVIN
(ONPYN) NYY-1N NYIND NPITAY SIINITN WA



Y90 YV NNON NNNINN

3p19

I; PN

MPa

1.059136
2.071182
1.092316
0.838188
1.680009
1.463674
1.199715
1.132902
1.649787
1.168404
1.367333
1.287850

1.335531

ony
Svoa

kN

2.9
5.7

23
4.6

33
3.1
4.5
3.2

3.66

.3.1-3.3 MYV NN MPITAN NMINNN

Point Load np4a mNen :3.1 nHav

*N1212P)

%

29.99497
26.50655
28.07897
29.63326
25.18242
28.86644
27.13288
29.22409
25.61623
28.99333

moaax

g/cm’

1.890136
1.984323
1.941868
1.899902
2.020075
1.920606
1.967412

1.91095
2.008362

1.91718

N9

rnm3

153444
140869.2
146982.2
142296.8
145143.1
146146.6
144794.3
143818.5
144988.8
148076.9

*

!

[mbR}

7901
TN
P1
P2
P3
P4
P5
P6
- P7
- P8
- P9
- P10
y3Imn"n
y¥Imn”n

yNINN
oo

G=2.7 -vnpm N = (1 - p, /G, - P.,)-100% nnonn e 5y mawin n nvaapmn +

| 212005 9apna vy Ap>1an | b 210w 283 Ry nprTan +

G PN
MPa

2.574166

3.38224
2.088858
2.787279
3.008965
3.118036
2.176502
2.158535
2.819146
2.750195
3.881592
2.708075
2.844684

2.795047

Swo1 oMy
kN

6.2
7.5
4.6
5.8
6.5
7.1
53
5.2

6
6.6
8.3

6.281818

10

Brazilian np>7a mnen : 3.2 bav

*NPAIAP)
%

26.97138
25.40572
26.26293

26.8261
25.40654
26.72111
27.16482
27.20371
27.49814
24.75101
23.67803

moa*ax

g/em’

1.971773
2.014046
1.990901
1.975695
2.014023
1.97853
1.96655
1.9655
1.95755
2.031723
2.060693

N9)

l’IlIIl3

62943.36
58012.59
55949.55

54335.3
56543.54
59518.94
63608.86
62976.35
55640.97
62759.55
55898.66

[mbR}
9901

NN

Bl
B2
B3
B4
B5
- B6
- B7
- B8
- B9
-B10
-B11

y3mn
VXN

yNINN
oo



VYO0N DY NN NNMINN 3PI9

PY-TNHN NPITAN MNYN :3.3 "Yav

oy

G PYN Sy *NP212P) ma*aN N9 o)1
99010

MPa kN % g/cm3 mm® ST
16.46679 24.07267 2.050038 235585.9 Ul
11.26207 29.38007 1.906738 228856.8 U2
13.86443 AN\a}a)al
N mn

26.79605 1.976507 REw,

22PN NN NIAY 12.11 NN [HONTIPI 09Iy MY PHIND G XVN-TN NNIND PHIN P2 ONN
SV DN DY YPX-TNN PYIND NOIYNA THNDND DIPN .21DPWH A2 NNND N1AY 8.73 -1 DO
NN O>PY-TNN NNNDN PIIN DY PYVIN NOIWND 00 1PN 1Y ON> — (ISRM,1985) 25 1y 20
N0 NrNN NYapnn Palchik & Hatzor,2004 >7> Yy nysinw nwIn msoMmpa aimpmy
(@) _
|—° =35.3e7%%7" »1 Sy My XIN YION NPT NN TPANN NTI¥ YIPNNY NN AN
d

NNXNND MNVIPN YOON NN DININNIN DM TPN DN DXITDNN NNIAPIN NN PN N TYND
7182 ONXINN 13.15 DY ONY HAPNN 26.7% SV NPIAPI MY .MPI1TIN WX POYY OOVTY

O
|—° DY P PN IR IRIN 3.3 DIWIN 212w 9apna N¥NY NaY Yapnny ondn NN N0
d

N NP

20 4

uniaxial strength / pointload strength
=

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
porosity %

O
Palchik & Hatzor, 2004 .I—c NN HY NNAPIN NYAYN :3.3 DIV
d

.3.5°) 3.4 ©DOUIN NNXINY NNYI/NINRD MNVINT IDAPNN NPPN-THN MP>TIN ToNN2

11



MPa "'y ynxn

Y90 YV NNON NNNINN

3P79
u1
18 +
X NNyn - - 29T nyn — — — 1 %71 niyn ‘
’ "\/::\16 T
I
! \
\
/o mat
/ !
/ .
/ '\2 1
/ [l
I .
£ / |
§- / 1‘? +
2 / A
c 1 \
g / {1
! )
z , :I
/ \
/ 6l
/ A
/ 1
1 A
/ q
/ !
24
-0.4 0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4
(%) "ty
Ul 2a41a 5°998-4n NYNY Np29a :3.4 DOVIn
u2
12 +
— X
/ : ‘\';
; vD 1
/ be
/ 13
N :
;= \/ S Igl
/ P: i
7 ' |
— :
~ - {
-~ GI‘I
\//\/ \,"‘ l;i
fs
4
\
i
N
\
ey niyn ——— 1% T nyn ----- 2 N1 Nyn 2 E
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

(%) A2y

U2 oy1a 5°9°8-10 NYINY NPr1a :3.5 0OVan
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Axial Stress (MPa)

Axial Stress (MPa)

VYO0N DY NN NNMINN 3PI9

(=]
1

(3
1

IS
L

w
1

.3.7-1 3.6 ©DOUIN .NPVDINND DITIN NN INMND NMIPYN DY MINIDN YOPN

Elasic Modulus Regression U1

y = 83.918x - 0.9504
R® = 0.9862

0.02 0.04 0.06 0.08 0.1 0.12
Axial Strain (%)

219°UY AN NYINY A NPVOYR 11N :3.6 DIYIN

Elastic Modulus Regression U2

y = 76.304x - 1.2103
R? = 0.9985

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Axial strain (%)

2)5°WY A8 AYNY NAY NMPVOIN 1Y :3.7 DOVIN

13



Radial Strain %

Radial Strain %

-0.002 -

-0.004 -

-0.006 -

-0.008 -

VYO0N DY NN NNMINN 3PI9

.3.9-) 3.8 DYDOWAN IONITI MNYN TII Y PY NNYHN NNIPYNI IDIX ININA DAPNN NONID ONY

Poisson regression U1

-0.01

-0.012

-0.014 -

0.02 0.04 0.06 0.08 0.1 0.12

=-0.1392x + 0.0026
R? = 0.9494

Axial Strain %

215°WY 92PN NYINY 93P PONID ONY 3.8 DIVN

Poisson regression U2

-0.002 -

-0.004 -

-0.006 -

-0.008 -

-0.01

-0.012

-0.014 -

-0.016 -

-0.018 -

0.02 0.04 0.06 0.08 0.1 0.12 0.14

y = -0.1599x + 0.0049
R?=0.9771 .

Axial Strain %

215°WY 28933 NYNY MY PONID DN? :3.9 DIVIN

14



VYO0N DY NN NNMINN 3PI9

NYXIMND VNN NNIPI 1976 kg/m3 N W2 2802 YODN DY NYNINNDN MDANM : NINYIN
.26.7% NN

D) .12 NPMIVIVNIN XYY 1.33 MPa xn (Point Load) >n1ipy 00w 712y y8mnn pinn
NI N NPY N N1INa Brazilian npr a2 790 9UNX YoON S nndvnnn piin

.2.79 MPa Ry nyarimvaoN

9292 NYNT NAY .ININT NPAITVIDRIN DPP DY MIYIANND NPPN-TNN MPITIN NININ
.11.26 MPa 22w a1 nywnd May,16.47 MPa v 7y 5apnn 210ow0

T2y 7.63 GPa ad 22w5 »apna nynd May 8.39 GPa a1 vy 9mnn Sv n»yvooNn DTpNn

.DOWD A8 NNND
D9 DWHODA NAND NV 5PN NYND NNN INY NP YOON

D2YTYY NYIIN MNENN MIVIP YD DY PHIN Mp>T2 wyoa Talesnick & Brafman, 1998

9N DMK IRIND NI NPNHIVIVNIN DD
212°WY 28021 0.16 -H 219°W0 52PN 0.14 P ¥) YOON DY NONXID DN

Sv ANy 0¥ 059y 121N Palchik & Hatzor, 2000 > 5y mya 9% by w$aw pin mpr1a
P2 ¥ NPVOORN NN .64-187 MPa Sw NNV HaAPNN YPN-TNN NXNON PYIN NIY .YOON PN
LN N212) NN PTIN YOON NPNAP) .0.27-5 0.2 2 ¥ NOXID ©NN 60.5 GPa -5 24.8 GPa

YPN-TNN NN YN " s Palchik & Hatzor, 2000 PN mIyn1a 27% nNmiyo 6-16%

c

WNS O, =

= MV3N T 5Y ININD IWPN .NPIAPIN NPVDINN 3TN YawIn yoon 5v
n

NP2PIN XN n,MPa-1 npuodRN N1 i E MPa-1 »p8-1nn N NN phin XN O,

b=0.9 ,a=0.176 Dy NIya 97 N2y 12VIN a,b,c DMPININN DMTPNM (21%-D 2% )>2) DOINNI
215°WY 282 NNND DY NIPNA TINGD NIV NHRNN N2APOIN PN NIYHN NY .¢=0.8-
NNND HY NIPN N2 NHRNM (NTIYHN MpP>Tan 11.3 MPa nnyd avinn 11.7 MPa)

.27% S¥ NP oy (NTavn MpP>Tan 16.5 MPa nnyd avinn 12.6 MPa) 115°w5 5»apna
NIVNA MIYA )2 TTHIY Y201 PHIN DY NDIY PNV D710 NP1 NNIXNN DN PHIN D)
PhYNN My 160 MPa ,n»oodrn 5171 M2y 40-50 GPa bv 039y 5209 2001 19807 PN

PO N1 NPAPIN IWNRD NNPNNN PN MNay 7 MPa -2y »»8-T1nn

MNIN-INRINYIN DY NPVD PN 3.2

TOIND TN NYIp 3.2.1

.T2Y02 7PVN NN YA NIV ONTY YOON DY NXIPYN TIDNN TN NN WNIAPY 1IN Dy
MDA YNV .TIVA D7D 4*15%15 MT NI MDD NV PV ININ DY DIT 10N 1T NPYTA TNND

15



VYO0N DY NN NNMINN 3PI9

. PYONND NONN MMOYN NDINDN NAY MIVPYN TIDNN NN NYAPI MON NI NIYD WO

.33% NN NT2YN1 PTIV YOI NYIAPNNY NYSINND NN

PTON MY DIADN NN .DIADNN TN NIV PN NN NPHHIN 71NN MIN
NI DY NHPRNNA DXNVN PTO MNYIN DY D991719 19DNK) NTY .I0MDI9I9 NIV NNUY
.19 772y XDY O»P) P PHITON NN ( 3.10 DOWIN) YOO SY NPONNN

\'-_\—’W e i —

e e — W
e —— — e R A ——
e ———— et e, )

m

90121529199 NIV NVY IDONIY 099199 : 3.10 ©IWIN
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VYO0N DY NN NNMINN 3PI9

(3.11 0w n) Barton & Choubey, 1977 S¥ £»071 7300 D¥2'9179 DY NN YR DD

.6-10 Yv (joint roughness coefficient) JRC ©won o1pn Hapnm

- JRC=0-2
e JRC=2-4
e e JRC=4-8
—— e ——— e —— JRC=6-8

B e e JRC=8-10

m JRC=10-12

e | JRC=18-18

M JRC=18-20

O N N )

Barton & Choubey, 1977 b¥ 0097300 0529199 :3.11 0YWIN

297791 PYINK NPYNRIN 25w . Rengers, 1971 5w 1t min ©I9ODNN NONT NOIYND NOON NVIY
TN 952 5917197 DY MDY TTH) IMN-TH NIV .(3.12 ©vwIn) L 7R oMv oyopd
MY Y -1 PN DY NAY DXV NN 01N 00N 01 3L 21 1L May wr oyopn

WP AV MMPIN 77 .L 5w MmN 591790 DY ©Y02N PNIN X1 PN SN ITTY IPIND
990 M1)2) Y¥OHWN 1YW .(3.13 DOWIN) NINKIND DI NX NN VN 21PPA NINXINY NNINA
JwNo L 5w mna AU ©oan pnan o AV (dilation) nnvann NX as»nv (3.14 owan)
1% 5 PNIND DIXNNN GNN MY NN NN YOOI 1NN DI190NT N AV=AUtg(1sec)
TINND 1% SV NPONT INRD DN 127707 NN YIRNY RO NNINN TWRD YNNI PIVANN

MY 3-5 -2 NOIWM DIVONN MNP NIyna .(Barton & Bandis, 1980) pyoan

17



VYO0N DY NN NNMINN 3PI9
S A
I 1 1 1 1 1 1 | | 1 I I I I I > L
0 1 2 3 4 5 6 7 8 9 10 1M 12 13 14
MY DIPLPY 999N NPITN :3.12 DIVIN
i
E
12
+
9 - +*
+
B + & N
+*
+ +* +
3 +
+ + %
| 1 1 1 1 1 | 1 1 I I I I I Lo L
0 1 2 3 4 ] 6 7 8 9 10 1 12 13 14
D502 PN 1D TIN MY :3.13 DIVIN
AV
I tan Fos
I | | 1 1 1 1 | 1 I | I | I e .ﬂU
0 1 2 2 4 5 6 7 ] a 10 1M 12 13 14

AU ©502 Pn91 1235 AV AN%ann nmpy Pinmn 712N 598 :3.14 0OvN

YSINA MOYN 33 HY PV TIDN THINT NYAPNN MO NN : NINSIN
.10-9 6 2 JRC wm Barton & Choubey, 1977 5¢ 0»07110D DY929179 535 N TYW MWD
YXINNN PIVAN TNIRY NNINA MOYN 5-5 3 pa nyy Rengers, 1970 %95 nHapnnw 019000 NN

2Y NYNINND NPYNNNY DTV YN DT TV .X-N P OY N0 19990 /N 1 S Ty 220 W

18



VYO0N DY NN NNMINN 3PI9

J4>2 o mxnnam 1.48 -y ' 0.79 5w ymn pr1o N voya J3-1J2 n3an »MIven »1)
211.39 5w y$mn Nnan noya

.36 9955 ,2190NN 1PN NXIPYN TIDNN NI DIDD N3N IYIIND NN DY 71NN NN

YR PN 3.2.2

YT DY YSINY I PINN TYPI WIDIYW NWUYI MDNIN-IN NN DY NN PHIN NN TNISD

JCS

O,

T=0, tan JRC-log( j+¢ : Barton,1976

G Y20N DY >N TNN NXNON PHIND MY JCS -N P2YOPANRM Y1700 NONRNDN NXIN G TUNRD
YIIND NN YW NPIPYN TIDNN TN XIN @ -)

. 30 5V yO0 MDD May) 0.6 MPa -52 7y YP0PINRM YNINN NIRND NPT NIyNa
10-5 6 Y2 ¥) JRC-n .,mdyn 33 mavwn TN o 11MPa »in 215°w0 282 1Y non pon
MOXIN-INOINYN DY 1PN PHIN Ny 0.5-0.6 MPa Hw 71y Dapnn nNona Nasn INNY

IRNNA 6-10 M0 JRC-n awNo

mMPON

M NPIAPIN 2PY DR DI ORIV )N SYODY MON> WoN NTIYNI PT2) WK YOON
NN2INN NPPX-TNN MP>TA2 .INNND IPHIN 1D YTIY NI NI R YOON MNWP

A2 IWNI 219PWY 31902 INY DIT NYNDN PN, 22WN YIDI NN I0INT NPNTVIDNIN
a0

MOYN 36-52 NIV MAPXIN-IR NI TNND NN TINN TN

19
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YOO NON NN YV M PININ NPD 4 919

YI0N NUN MIIN HY IVINX MWD 4§

DNOVONYPY 4.1

oy Nnovanm Terzaghi, 1946 > Sy NNMA YoON NON MK NITHIND NMIYNIN NPON NVLOY
TN TPV YINY PN TIDINN OYNNANI 177152 DINNINND NINY 2PY YOOI I8NIY DNIVN NN
Y NMNA 52PN PNV 29 5392 MNYP MYNNNI

NTRYN I3 NIMNN DY NN DT DN DXIWNN DVNI9N NIV NV PXN Lauffer,1958
YO0 MNON NON NIV AT IUNRD ,TION XOD ;NN NIINI

RQD-n op 1R Yy nonnon Deere,1967 v (Rock Quality Designation) RQD-n noow
SINR VN DY DINT NNIND ONA H7D 10-1D DN THIN MTPN MPYD) TN DIDD T DY AVINY
YODN NON MDON DY MINPITINX I T Y501 DV 1PD2N NN PITON 28N DY IRIN Y T
.Wickham et al.,1972 »1 Sy nnma (Rock Structure Rating) RSR nxapIn naon nvoow
YIAPI WITIN TN DMV DIVNIAT NNV 90NN DY DIDPIW 19 DY YNINN NPTN
MANIN-IN INYIN IMNI YOON DY H5HD 1NN DN DMIPOYN DIVNIN NWIDY .ORNNI
.DINNN D) NIMNN YD ON*

RMR nvw 4.2

.DMwN TYN12 MO Bieniawski, 1974 >1 Sy nnmo (Rock Mass Rating) RMR-n noow
D)X 12N .OMDYNI DNNNA YAPIV YN DY) DMNYN DMIVNIAN DNNPN 4.1 NYIV2

oW y8IINN (stand-up time) NTNHYN PIT,099YN DI 29 DY MIIN MNP WHIND YOO NN
STYDNN TN TP, MR NP NNON 9 N2y YooN
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(Bieniawski, 1989) RMR nvrw »ab y50n non MR N1PoY 0290199 : 4.1 nHav

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS
Parameter Range of vaiues
Point-loa For this low range -
Strength rtom tcln'dd =10 MPa 4 -10 MPa 2- 4 MPa 1-2MPa uniaxial compressive
of SIENRATINGCK test is preferred
T | intactrock: jUniaxial.comp. >250 MPa 100 - 250 MPa 50 - 100 MPa 25 - 50 MPa 5:25 (125 | <)
materal | strength MPa | MPa | MPa
Rating 15 12 7 4 2 1 0
Drill core Quality RQD 80% - 100% 75% - 90% 50% - 75% 25% - 50% < 25%
2 Rating 20 17 13 8 3
Spacing of discontinuities >2m 06-2.m 200 - 600 mm 60 - 200 mm < &0 mm
3 Raling 20 15 10 8 5
Very rough surfaces | Slightly rough Slhightly rough Slickensided surfaces | Soft gouge »5 mm
Not continuous surfaces surfaces or thick
Condition of discontinuities |No separalion Separalion < 1 mm Separation < 1 mm Gouge < 5 mm thick or
4 (See E) Unweathered wall Slightly weathered Highly weathered or Separation > 5 mm
rock walls walls Separation 1-5mm  |Conlinuous
Conlinuous
Rating 30 25 20 10 0
Inflow per 10 m None <10 10-25 25-125 > 125
tunnel length (¥m)
Ground |{Joinl waler press)/
5 | water |(Major principal o) 0 <01 0.1,-02 02-05 = 0.5
General conditions Completely dry Damp Wet Dripping Flowing
Rating 15 i0 T 4 0
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
Strike and dip orientalions Very favourable Favourable Fair Unfavourable Very Unfavourable
Tunnels & mines o -2 -5 -10 -12
Ratings Foundations [¢] -2 -7 -15 -25
Slopes o] -5 -25 -50
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 «- 81 80 « 61 60 «— 41 40 « 21 =21
Class number ! 1] il v v
Description Very good rock Good rock Fair rock Poor rock Very poor rock
D. MEANING OF ROCK CLASSES
Class number | i 1 v v
Average stand-up lime 20 yrs for 15 m span | 1 year for 10 m span | 1 week for 5 m span | 10 hrs for 2.5 m span | 30 min for 1 m span
Cohesion of rock mass (kPa) > 400 300 - 400 200 - 300 100 - 200 <100
Friction angle of rock mass (deg) > 45 35-45 25~ 35 15-25 <15
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions
Discontinuity length {persistence) <1m 1-3m 3-10m 10-20m >20m
Raling [:] 4 2 1 0
Separation (aperture) None <01 mm 0.1-1.0 mm 1-5mm =5 mm
Rating 6 5 4 1 0
Roughness Very rough Rough Slightly rough Smooth Slickensided
Raling 6 5 3 1 0
Infilling (gouge} None Hard filling < 5 mm Hard filling > 5 mm Soft filing < 5 mm Soft filling > 5 mm
Rating 6 4 2 2 0
Wealhering Unweathered Slightly weathered Moderately Highly weathered Decomposed
Ratings 6 5 weathered 1 0
3
F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING**
Strike perpendicular to tunnel axis Strike paraliel to tunnel axis
Drive with dip - Dip 45 - 90° Drive with dip - Dip 20 - 45° Dip 45 - 90° Dip 20 - 45°
Very favourable Favourable Very unfavourable Fair
Drive against dip - Dip 45-80° Drive against dip - Dip 20-45° Dip 0-20 - Irrespective of sirike®
Fair Unfavourable Fair

* Some condilions are mutually exclusive . For example, if infilling is present, the roughness of the surface will be overshadowed by the influence of

the gouge. In such cases use A4 directly.
** Modified after Wickham el al (1972).

TTNI N NPPN-TNN NN PHIN NN PXI YO HY DIPN NAY INN2 O MYNYNT TONIN
NP WoNN P11
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V>IN YO0 PYyTON 2810 on»nn Deere, 1967 >1 Sy 910w RQD-n op 1R Iwn 900790
NP 0YND ODY IUN ,MTPN MPNNY NTPNN ND D DDV DINMN YOI XINY NI
NP AT OVTN DPTO

AT I 30 M YXINN DXPTO NNIN DY YO0 : PITON NN NN INNN PWIVN 10NN D)
PN SY2 YO0 .POYIN IN PYITO 17D 30-9 NNNMI blocky 7110.3-1-n »2>ONND ND1-3-1 , PN
1991 AN T NN DY NPTIN PIIN DX MDINI-IN NI TNND HWDOND 515> M) NNND
90N NDN MK NIIYNA INPI IVN OINIMN

DIYON ,D¥PTON MO ,NNNN NN ,NMIDNIN-IN YW AXND DNMNN SN VNI
MON NX DXTNN DIMND) DN DIPTO 12D IDIN HYW 1MION IN PP PITON M NN
DYNN 21 5¥2IND ,TIND DIDIDN) OODYT) DIPIDA NYY DI YN DIPTDY NN YOO NON
19252501 I

N NYPYNDY 1Y92N TONN 1Y DYDY DIDY IWN DINNN MDY ONMNN SWINNN VNN
LDINNNNDN TOWN DY NYAVN DINN M MNDN 1D 1N .DXPTOA NI

NDY DNYNN SWIYN VNN YOON NINONY DIONMNNN DINYNRIN DIVNION NWNNN NNV
1AW NN .NIINN P PPIY DN MOININ-IN NN NI NN PNIVNL NI YOTIND MIANN
TONT DY DWW PYITON YNWII NOVIY NIMNT PXY 92PN MNIN-IN MOIWN DY P»I00N

DN PYONNY DMYAN NIMIND DY NINN D30 DIXNY DIPIDANY NN, TIND 121010 NN TINND
25NN

THN MNIND 1T NVIY NYNN TION ROD NINMNN DY NTNRYN YA YOON NDN MDND qONa
NVOYI 12 IIND NINNN ,NNIN I ,NININD THN NNXY DXNNA DMOTHIN DOVLPIIY NIY
NV 5T MANYP DIN NVIVYN NONMNN DPIRY TINN IND .MDN NMOINLVP Y Ny 1ION
.00 MNTPNN NVYW NIV NYSN NN 12 195 YO0 M) TN

MO NP DI N2Y DTNRYN PAT THID 22900 NN NN IR 4.1 DVIN

1d iwk__ 1mo 1yr 10yr
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YO MN NOAPNNN NIRIIND TYRI PPN NIVNA YOON NON DY NPTN IN NNOON 4.2 1YV
.50 5w RMR Yya »ma

RMR nvsw a5 175p198 19902 500 NON NPT 4.2 NYav

Parameter Description Rating
A | Strength of intact rock Uniaxial/Point Load 2
12-25 MPa
RQD >90 20
Spacing of discontinuities | 0.6-2m 15
Condition of disc. Length >20 0
Seperation 1-5 mm 1
Slightly rough 3
Infilling none 6
Slightly weathered 5
Ground water Damp 10
B | Rating adjustment for Strike parallel to tunnel axis -12
disc. orientation Dip 45-90
Tunnel
C | Rockmass classification Fair rock 50

Q nvv

DYDY DMVNIN 1D POXRY RQD-N 0P 1IN HY NnovIann NV w NS Barton et al., 1974

2y nININY XM (Quality) Q NVIY NNIPI N NVLIY .YIDN NDN MIN HY DNYIVN NNIINNIWN
B~ RA

wxo Q=(RQD/J,)-(3,/3,) (3, /SRF)

Deere, 1967 »a> RQD op1r — RQD

PIPON MOWN 19PN - In

PTON MPP Y ;voNN oTPN - Jr

PION OV MOAN MY OTPN - Ja

0D MNON APY NYONN OTPN - Jw

LDINNNNT ANNY NPT ,NYDIN MK APY NWINN 07PN ,(stress reduction factor) — SRF

.Q NV YA NPTH DOWNPVYNN DMIVNIN DI OOV 4.3 NYIVA
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(Barton et al., 1974) Q VY32 yo0N HON MIIN MDY BIIVNIS :4.3 NYAL

i.e. kaolinite, mica. Also chlonle, talc, gypsum
and graphile etc., and small quantities of swelling

clays. (Discontinuous coatings, 1- 2 mm or less)

DESCRIPTION VALUE NOTES
1. ROCK QUALITY DESIGNATION RQD
A. Very poor 0-25 1. Where RQD 1s reported or measured as < 10 {including (),
B. Poor 25-50 a nominal value of 10 is used to evaiuate Q.
C. Fair 50-75
D. Good 75-90 2. RQD intervals of 5, i.e. 100, 95, 90 elc. are sufficiently
E. Excellent 90 - 100 accurate,
2. JOINT SET NUMBER Jn
A. Massive, no or few joints 05-1.0
B. One joint set 2
C. One joint set plus random 3
D. Two joint sels 4
E. Two joint sets plus random 6
F. Three joinl sets 9 1. For intersections use (3.0 x Jn)
G. Three joint sets plus random 12
H. Four or more joint sets, random, 15 2. For portals use (2.0 x J,))
heavily jointed, ‘sugar cube’, elc,
J. Crushed rock, earthlike 20
3. JOINT ROUGHNESS NUMBER Jp
a. Rock wall contact
b. Rock wall contact before 10 cm shear
A. Discontinuous joints 4
B. Rough and irregular, undulating 3
C. Smooth undulating 2
D. Slickensided undulating 1.5 1. Add 1.0 if the mean spacing of the relevant joint set is
E. Rough or irregular, planar 1.5 greater than 3 m.
F. Smooth, planar 1.0
G. Slickensided, ptanar 0.5 2.J,= 0.5 can be used for planar, slickensided joints having
c. No rock wall contact when sheared lineations, provided that the linealions are oriented for
H. Zones containing clay minerals lhick 1.0 minimum strength.
enough lo prevent rock wall contact {nominal)
J. Sandy, gravely or crushed zone thick 1.0
enough to prevent rock wall contact (nominal)
4. JOINT ALTERATION NUMBER Ja or degrees (approx.)
a. Rock wall contact
A. Tighlly healed, hard, non-softening, 0.75 1. Values of ¢r, the residual friction angle,
impermeable filling are intended as an approximate guide
B. Unallered joint walls, surface staining only 1.0 25- 135 1o the mineralogical properties of the
C. Slightly altered joint walls, non-softening 2.0 25-30 alteration products, if present,
mineral coatings, sandy parlicles, clay-free
disintegrated rock, elc.
D. Silty-, or sandy-clay coatings, small clay- 3.0 20-25
fraction {non-softening)
E. Softening or low-friction clay mineral coatings, 4.0 8-16
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DESCRIPTION VALUE NOTES

4, JOINT ALTERATION NUMBER Ja or degrees (approx.)
b. Rock wall contact before 10 cm shear

F. Sandy particles, clay-free, disintegrating rock etc. 4.0 25-30

G. Strongly over-consolidated, non-softening 6.0 16 -24

clay mineral fillings {continuous < 5 mm thick)
H. Medium or low over-consolidation, softening 8.0 12 -16
clay mineral fillings (continuous < 5 mm thick)
J. Swelling clay filings, i.e. montmarillonite, 80-12.0 6-12
({continuous < 5 mm thick). Values of J
depend on percent of swelling clay-size
particles, and access o waler.
c. No rock wall contact when sheared

K. Zones or bands of disintegrated or crushed 6.0

L. rock and clay (see G, H and J for clay 8.0

M. conditions) 80-120 6-24

N. Zones or bands of silly- or sandy-clay, small 5.0
clay fraction, non-soflening

0. Thick continuous zones or bands of clay 10.0-13.0

P. & R. (see G.H and J for clay conditions} 6.0-24.0

5. JOINT WATER REDUCTION Jw approx. waler pressure (kgficm?-)

A. Dry excavation or minoer inflow i.e. < 5 I/'m locally 1.0 <1.0

8. Medium inflow or pressure, occasional 0.66 10-25
outwash of joint fillings

C. Large inflow or high pressure in competent rock 0.5 25-100 1. Factors C to F are crude estimates;
with unfilied joints increase J,, if drainage installed.

D. Large inflow or high pressure 0.33 25-10.0

E. Exceptionally high inflow or pressure al blasting, 0.2-0.1 =10 2. Special problems caused by ice formation
decaying with time are not considered,

F. Exceptionally high inflow or pressure 0.1-005 =10

6. STRESS REDUCTION FACTOR SRF

a. Weakness zones intersecting excavation, which may
cause loosening of rock mass when tunnel is excavated

A, Mulliple occurrences of weakness zones containing clay or  10.0 1. Reduce these values of SRF by 25 - 50% but
chemically disintegrated rock, very loose surrounding rock any only if the relevant shear zones infiuence do
depth} not intersect the excavation

B. Single weakness zones containing clay, or chemically dis- 5.0

tegrated rock {excavation depth < 50 m)
C. Single weakness zones containing clay, or chemically dis- 25
tegrated rock {excavation depth > 50 m)

D. Mulliple shear zones in competent rock (clay free), loose 7.5

surrounding rock {any depth)
E. Single shear zone in compelent rock (clay free). (depth of 50
excavation < 50 m)

F. Single shear zone in competent rock (clay free). (depth of 25
excavation > 50 m)

G. Loose open joints, heavily jointed or "sugar cube’, {any depth) 5.0
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DESCRIPTION VALUE NOTES
6. STRESS REDUCTION FACTOR SRF

b. Competent rock, rock stress problems

0.0y 0404 2. For strongly anisotropic virgin stress field
H. Low stress, near surface = 200 >13 25 {if measured): when 5204/05510, reduce o,
J. Medium slress 200-10 13- 0.66 1.0 10 0.80, and ) lo 0.86;. When mlog > 10,
K. High slress, very light structure 10-5 066-033 (05-2 reduce a, and o to 0_605 and {].Snl. where
(usually favourable lo stability, may 7. = unconfined compressive strength. and
be unfavourable to wall stability) m = tensile strength (point load) and a4 and
L. Mild rockburst {massive rock) 5-25 033-016 5-10 a4 are the major and minor principal stresses.
M. Heavy rockburst (massive rock) <25 <0.16 10- 20 3. Few case records available where depth of
c. Squeezing rock, plastic flow of incompetent rock crown below surface is less than span width.
under influence of high rock pressure Suggest SRF increase from 2.5 to 5 for such
M. Mild squeezing rock pressure 5-10 cases (see H).
O. Heavy squeezing rock pressure 10-20

d. Swelling rock, chemical swelling activity depending on presence of water
P. Mild swelling rock pressure 5-10

R. Heavy swelling rock pressure 10-15

ADDITIONAL NOTES ON THE USE OF THESE TABLES

When making estimates of the rock mass Quality (Q), the foliowing guidelines should be followed in addition o the notes listed in the
tables:

1. When borehole core is unavailable, RQD can be eslimated from the number of joints per unit volume, in which the number of joints
per melre for each joint set are added. A simple relationship can be used to convert this number to RQD for the case of clay free

rock masses: RQD = 115- 3.3 Jy (approx.), where J,, = tolal number of joints per m3 (0 < RQD < 100 for 35 > J, > 4.5).

N

. The parameter J, representing the number of joint sets will often be affected by foliation, schislosity, slaly cleavage or bedding etc. if

strongly developed, these parallel ‘joints' should obviously be counted as a complete joint set. However, if there are lew 'joints'
visible, or if only occasional breaks in the core are due to these features, then it will be more appropriate to count them as ‘random’
joints when evalualing Iy

3. The paramelers Jr and J (representing shear strength) should be relevant lo the weakest significant joint set or clay filled
discontinuity in the given zone. However, if the joint set or discontinuity with the minimum value of JJJ is favourably eriented for

stability, then a second, less favourably oriented joint set or disconlinuily may somelimes be more significant, and its higher value of
JJ, should be used when evaluating Q. The value of JJJ, should in fact relate to the surface most likely o allow failure to initiate.

Fy

- When a rock mass contains clay, the factor SRF appropriate to loosening loads should be evaluated. In such cases the strength of
the intact rock is of little inlerest. However, when jointing is minimal and clay is completely absent, the strength of the intact rock may
become the weakest link, and the stability will then depend on the ratio rock-stress/rock-strength. A strongly anisotropic stress field
is unfavourable for stability and is roughly accounted for as in note 2 in the table for stress reduction factor evaluation.

5. The compressive and tensile strengths [ac and o) of the intact rock should be evalualed in the saturated condition it this is

appropriate lo the present and future in situ condilions. A very conservative estimate of the strength should be made for those rocks
that deteriorale when exposed to moist or saturated conditions.

ONOYN .YOON NDN DY DMV DMIDVINNDN D271 MV NNY TYI NNDNN Y30 NPV
N 192N ,DIVDNN 28N DX AN Jr/Ja ONYN APNY 512w 71920 57 IR T RQD/In
NPRN PHIND MANIN-IN INWYIN DY IHIPYN TIDNN NN NIV NN 1NN NN

YT DY NYAWN DN MNDN .DX¥INNN A8NY onN»NN Jw/SRF onvn .(Barton et al.,1974)

199y, N2 DN YNOY D35 .0°PTO2 NN IDIN NV NI YOOI MTNNN NTIN

92 Y91 Jw-n 195 ,J0p Q NHav31 9NN

ONNNA TN NN TN wown (Excavation Support Ratio) ESR owa 9o qvn19

D»NDY DNIAN 1NN DIXRNN 1.0 YW 9010 1Y .WH1TTH NNV DTPRY YOTINN Man
DOV
Y901 NDN MR NNONN 9T YV DINWN DY NIAY WINTH TIDNN NN NN 4.2 DWIN
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lixccptinnul!_\'_ Extremely Very Poor  lair  Good | Very | Ext_ | }Lx.c.
poor [ poor ; poor | good| good | good %
100 : s
P L. |
red art® o o4 m ] :
oreret® |
; n o0 I 1.7 m | ; _
>0 T 1lim_= | 10 ;
| &2
| T4
20 L. 5 =
€] =
i -{ =
10 i ":“—_IJ
5 | 24 3
2 j 1.5
1.0m !
| : — '
0.001 0.004 0.01 0.04 0.1 04 1 4 10 40 100 400 1000
il ROD Ir Jw
Rock mass quality ¢ VL VA
I Jn " Ja " SR
REINFORCEMENT CATEGORIES 33 Fibre reinforced shoterete, 30 - 90 mm, and bolung
1) Unsupported 6) Fibre reinforeed shoterete, 90 - 120 mm, and bolting
2) Spot bolting 7) Fibre reinforeed shoterete, 120 - 150 mm, and bolting
3) Systematic bolting 8) Fibre reinforced shoterete, > 150 mm, with reinforced
4) Systematic bolting with 40-100 mm ribs of shoterete and bolting

unreinforeed shoterete 9) Cast concrete limng

ESR = nnonn 51,4500 o1 MoRD OXNNA WITN TNINN :4.2 DIVWIN
(Grimstad & Barton,1993)

MIN NYAPNNY IRHIND .Q NVIW Y PPN NN YIDN NDN NPT NN NNOON 4.4 NYIV
.12.7 5990010 TN, N2V

Q NVIY K2 DY INPIY NIYNI YOUN NON NI :4.4 NYAV

RQD 95 95
Jn 4 joint sets 15
Jr Smooth undulating 2

Ja Unaltered joint walls | 1
Jw Minor Inflow (<5 I/h) | 1
SRF Medium stress 1
Q=RQD/In-Jr/Ja-Jw/SRF | Good rock 12.7
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GSI

PHn noynY nwnwm Hoek.,1994 > Sy nnma (Geological Strength Index) GSI-n nvow
NTM 97 MDN YOON 4.5 N2V DWWNNN DMV DPNIINY) DIVNII DY DNYIVN NNN YOON
VOO HY NLWN M9 NNX Y interlocking-n N1 DY NYaWNN DPIYAN NNYY PITON
.100-5 0 2 ¥) GSI-n 5w ©>59y0 NNV .DIVOM 7’51 NSON

GSI=RMR-5 : (Bieniawski,1989) RMR-5 9w qwp 0»p 25-n may GSI bya yoo May
JDAN NI PYITION MY NHNNNN DTPIY 15 XN DIND 299 T0NI9N TWUND

(Hoek, 1994) GSI nvrw »ab y50n n0n MIN M1POY 0299199 :4.5 NHaV

GEOLOGICAL STRENGTH INDEX

From the letter codes describing the structure
and surface conditions of the rock mass (from
Table 4), pick the appropriate box in this chart.
Estimate the average value of the Geological
Strength Index (GS1) from the contours.

Do not attempt to be too precise. Quoting a
range of GSI from 36 to 42 is more realistic
than stating that GSI = 38.

Rough, slightly weathered, iron stained surfaces
Smooth, moderately weathered or altered surfaces
Slickensided, highly weathered surfaces with
compact coatings or fillings of angular fragments
VERY POOR

Slickensided, highly weathered surfaces with

Very rough,fresh unweathered surfaces
soft clay coatings or fillings

SURFACE CONDITIONS
VERY GOOD
POOR

GOOD
FAIR

[w}
m
o]

REASING SURFACE QUALITY

BLOCKY - very well interlocked 4 /

undisturbed rock mass consisting A
of cubical blocks formed by three 70

orthogonal discontinuity sets
// / /

VERY BLOCKY - interlocked,
partially disturbed rock mass with
multifaceted angular blocks formed
by four or more discontinuity sets

STRUCTURE

N TR ]
[FCESATA T

BLOCKY/DISTURBED- folded
and/or faulted with angular blocks
formed by many intersecting
discontinuity sets

DISINTEGRATED - poorly inter- 29
locked, heavily broken rock mass
with a mixture er angular and
rounded rock pieces
10

28
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TN I MY NN OY DIPIVA MNP YN PITO MOIWN YIIN MNP PN NIYNa
TV good-n MNA YOON NN NRPNRN MM aoNN NI blocky Ty very blocky-2 yoon nx
M SV O TPNRN NHRND INKY RMR-1 Sv moqynn .GSI=50 220 71y Yapnnw 7o fair

STINGD N2 DIRNNN MDD ,GSI=47 Yapnn pyon Mo 0NN

mpoNn

12N WX NNON DD NAY X DY NN 791 50 YW Ty 1M RMR nvowa yoon non mro
MNIN NLYA NTAW .72V D 2-2 NI 22NN NN TIIN->NYA YOO Ay /N 10-5 Dy NDw
VOOM /N 30 2520 ¥) NNANN TYRD DNV 29N MINND DY NTNRY YT D2APNN NPTN NIYNIY
Jmn-nva

MN TN NN DY MINDIV Y DY .12.7 YW 11901 TIY D2APNI 205 MDN Yoon Q NV wa
NDD YO0 MY TN JPMNY ONIN ) 70 -3 DY NN TNND TY MDD ¥)IND 11 YOON

9 DY .oV ) 30 DY 92V INIPTN NIYNL DN LTIV N0 6 -2 HYW O NN ITNN TN
M 7 DOINY YYD )21 171 50 7Y TN PV IT DY PADN IWN TN WINT 4.2 DOVIN
710 2-5 5% ONNINA

DV DMV DY DIVPIV 0527 IPN PN DY NN DY MODIAN MMNPIPOIPN MOV

NN OV NIPN .YODN NN MN NN PTHIY 3910 1901 TIY DY) OMDWN 295 DINTHN
95 )NNY YOTIND NI2NY MONMNN PN YR MOV YNV SY IMION THNL VPN
N DPTON MNDM MNYPNNN VPR T DY MDNOD 0N XPNT MIANN XN TYHNL INIY
2V PNINAN NNY NDIYY — YOO NDN MK DX TN PITON NPPINND MOLIVN YNV .DIN
NIVAND MNMPN PITON MIIWYN DY MIVMINNINY IR YNNI )T 12Y Voussoir D10
1252 DOV NYPY INRD HPYN MNPV WIND NIPND
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MmN NN 5pP99

MY MN* 5

PN YHDI XONND M) 5.1

NP Y 7N DY TANDNA NYYI NIPNA DINNNNT N NDAVIN NYPYN Y ODIIIN NN
WYY MDY MODIN NN MHMNN “NNPN IWRD (Obert & Duvall, 1967) mooyox

NIPNN NNMIND NN YNNN 5.1 OWIN DTNN NN XTN0N ¢ DNIWN .ONVNPN IMINP
987 NPVOON NP MTHNPN

Main roof
g Ebicy s
7, ~——
f ———__Immediate roof
[ Elastic Z Elastic |
'.1 pillar : E pillar J
- - |

SN YA NAPN NN MVOIN NP NINN NIPHN NMNNINA :5.1 DIYIN
Obert & Duvall, 1967

TN NIPNRN NIAY DOVININI NIND NDNVNT NININN 5.2 OOVWINI

qL
* || N
: T T T T T O T T T
L

Shear force

gL
e
qL?
24
qL? JL?

-1z Bending moment -1

MSP Oy ATNN NN A9 N9 NONPYIN 97 92 DIVINI NN NNPINT ¢ 5.2 BIVIN
Obert & Duvall, 1967 ,00¥29pn

NIOW MX1N NNPN PHN NIPNL . DYTINI WHNWnD 52PN D110 YW 1PN MM NPYI 1WA NI Yy
0O HTINT NNPN IO IV PP HNINN TWUN VYOO
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2PN N NNPNNN NNNNN 2°D2I1DPX) ,)1PYYN 2202 NP 19792 NYAPNN MIAPN NNND

202 NXNDY POYN 2202 NNYNN NDIAPNNI NIONNND DINNNNN NNIN NNT NNIYD NNNPA
SINNA DXSNRN NSO NN NP DY THN NIXIN 5.3 DOWIN . PNNNNN

Obert & Duvall, 1967 ,71{70 70na ANsHM NYNY :5.3 DIYAN

;01 L No7NY NP Yv Now oNon

x=L-19x=0-21=0

x=L -2y x=0 -2

dn

dx

0

.DAN DN YDIVNIN NN DY MDY NYPYN DD

.Obert&Duvall, 1967 -2 y917 XoNN MMNON .5.1 NY2V DD NN TONIN

Obert & Duvall,1967 »aY 2ywInn 7970 :5.1 1Yav

7PN 1903 PN N8PA ™553 NNOM
qL’ gx’ 2
- -0 = L —x nwpY
RETYN=N 7 T aE |y( ) !
2 2 _
M _av M = il M ——q(6x2 —6Lx + LZ) DVIMN
24 12 12
NI MO
: L
V=0 v=4= L V=0q|—--X
2 2

31




MmN NN 5pP99

3

t
l, = ) NDN T HY NN THNNN VIVIN

. Q= bt T Oy M NNy Hpwn) oy
Y202 XINNY 795 DMAPNN DIXNINNT NN NNPN 15792 NPAPNN NYPYN DR NINNDD 1) 199
5.2

PN YN NANDY NI NINND ,NYPY IWIN 5.2 1YL

WDPTIN NIYNA MY NNON
19.8k—N3-(30m)4 )
mkN =8.67cm Mo = 7—L2 2 NYPY
32-(8-106 Zj-(O.SSm)Z 32-E-t
m
3'19'8k7N3'30m , 3k »27 1Y) YONN
Z‘ = 445.5KPa max ~ Ty |
kN 2 2
19'8F -(30m) e It 29 YN YN
=10.5MPa max ot
2-0.85m

NN NVIVON MVLOIRN NNPN DTN X9 DY NIPN ANV 72991 1NN IR YD NYIY MNNNIN
PN Sy N9 11 MPa 0w yo0n DY 1> ps-1nn N8NON PN 19 7t 7y .10.5 MPa

N NYN .NNNNA DYION NIPNN,NT DTN 9 DY 3195 .2.8 MPa Sy 7annw yoon Sv nnonnn
APNI-INS2 OPTHN NAY GPN NN DY DTIN 1291 DLW NYNHNNND MPON

(Voussoir) Pr7o y90a NIN©D NN

1> Yy AN WX ,Evans, 1941 Sv > pn nmay by panon Voussoir -n Y 71n

M5V S N1aNN Yy o/ YN .Brady & Brown,1993 »1 by mypym Beer & Meek,1982
IUNRD .DPIV DINPY DXPTO T DY MOLOYI KON NN MOOIN NNPI NNMINN 1IN YOO
NNPY MPPN DY XND Dy DOPIDAN DY MINYN DYPWH NN NMPYD D>PNN NIPNN 1990
MNAY TN PTO DY NP MOTA NIYIRNND I NYPY .MIANN NN NAXMNT DINNIND NYP NIND
IPNN NYPY MIAPYA PPOYN IPYNA 0N NNNNN IPON NN TWN NIPNN 39902

Y9 N, PSP SNVN NOMINN NVIVON NPVOIND NNPN DTN DY DXOTINNKN 1DNNDN H2ya
PN YODN TUNRD TA92 OXTTIA DMIPNA PADN XIN DY IPNRIVY

MPPN ON MOV PPYN DX MIPAYN NIPNA NNPOYN MNPNY N1 pnan Fayol, 1885
M2 NN ODIVHN DINPNNN N . INNNNN NNPN DY NPOPIVN NONYND MNN PN
D»YPIP-NN DXIONA DNNAN PN 1INV N (MNWPNN) arching X7 MAd5WN P NN
BVplval
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TPVOYRN NNPN DTN P2 NHPRNN-IDIN NDMPY MPONY ¥ N Ty Sterling, 1980

YT HY NYIAPI MIPNN NNNMINN .DY98I-"NY2 D192 22N Voussoir - DTN Pad NovsIn
PN MO NYYAN YT DY 20D NN .10 2PY IN MYV 19IND DMI¥NN (DP1932) VOUSsoirs

NN .INDTN DY PPN YNON T I8y HPYN NN N9*9d > 71 Sy 931N (lateral thrust)
79,09 92YM) ANMPN YW NPAPHN NONRYNN NDIPD TY (ND291) NIND) NPVOYN NN HDNN
:DNAIN NVDWYN TANRA HYI) I0INN , 0719 NI1TO NItya Sterling, 1980 xyn

NN P2 M DN NIV IDINY,MIATA NI NOAPNN TN 21DPWN Y2IYD NN P2 DN TIWURD
.crushing Yapmnn »»»2 N> MNay .buckling »ay 212w »2wd

TPVOONRN NNPN NPNNONYIDIPY 29IV M) NIAY NI MP>T2199Y Barker & Hatt, 1972
NN MY NNMP PN YOON TURD P9 5271070 NNPDNN NINRND NN 1123 NINNND NOIVIN

NVOY PYITO YOU N2Y DNMIYOY .PIN DNMNND XY VIYIN HTINNY NN NNYNA INONN NYPYN
ST12°N2Y MNP DMYNN NN PHIN DPWN NYIYN Y931 1N NNIRND DPNDN DIVININD

219 9YT) DN MY MNP NIAYY OMOPID9 DMND > Y NN Stimpson & Ahmed, 1992
DNON NYPS DAPNN DPNDION NNXNN SPTO NP O1NO

S5 HYONIPN MM NINWN NNIMN WM 8N Diederichs & Kaiser, 1999

NXNON NYPI PN DINNNNT N Y NIWN NNIN NO5 WX Brady & Brown, 1993

212) 9TNN 12199 .NNN NYIAPY AN DLV NVIVY, DNV TIDN MO SY DY 119129970
9125 72y0 .YHDN DITINA MDD XOH 219PWN YN HINK NIYYD HY NINNY DIRNNN NPINDYD

.Brady&Brown, 1993 5¢ 1101 97100 381 1% 1712y 10N .2¥ ¥OONY RTND 1N KXY MY

myn Sv nnana N9 (Beer & Meek, 1982, Brady & Brown,1993) Voussoir -1 57m
PN . TPPXIN TTPAN NN XY NIDIAT9 NN DN Y900 YINNDN DPWN NPYI NN
NNTI MMODN NDAW) NVDH1279 NYP 1N thrust -N IPY DINNIN VLD NPIMDN->NDA PYINY

IMON NDIYD IPIN NN YWNNN 5.4 DXWVWIN . Nt INANY WIIVN NIIND XID NNOND 1579

"_“fc_"

(Beer & Meek, 1982) mms o*w9n : 5.4 0ow N
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SV PARONNNN YIND .29 DI DY 72191 1579 TIT 12 OPIX MMON NPV DY NN P
.z, =t(1=2n)=t—2nt »P Sy MM MNON Y

Y2 5y DNITIND 19T NPIND PIPRIM W onsyn Hpwnn , T mmon 1as : Hpwn »»y Tinn
STRNN OV VININN

»2907 PPN MaN NN £, wRD T =1(f,-n-t) worwnn now »» Sy xovan THparn MoN

Z UWNN VT NP WL )
TNIN XN S -) NN DY AN N Spwnn ¥ AWRd, W =y -1-5 »1 5y 1103 W onsyn Spwnn

NNONN

.M :T~z—(ﬂj~(ij:0 - INON
2 4

73 53PY 1) NANM DINN NN ST 9y

2 2
f
7/8_ - 7/.t.s_:_°.n.t.z , W-EZT-Z
nz 8 2 8

2>9y99v NNINA .lateral thrust 9% NIXPNN NXNON NWP MXPIT NI NNPN IWRD

f p—

c

EN T

2WNY 1) NYITN MIVIININ NN INNNY TN NIN 2 IR S° = 4az P Yy NN NUpn

2

.L=s+ 3 :NPDIITIN NPXPNN MVIDIRD NPIVDINNDD PPN 22 Sy L nwpn 7N NN
S
3s( 16z, &
z= el 0 oL 1991 8L -2 98pNn zo NWPN NN NYNYN TYNNA
S

PPN . ANPN DINEP XNYA NNV NNOTI PVOHN NDYN N NNPA NHNIN NYAN MISPNIN
NPT PP NYNYN NNOND TIRD ONd TIND JOP DHYINN NLYNY

AD9NN YHIVHN DMIVN $/4 -2 XN IPIINT NININ YNNI 29 DY NYIAPI MIANPNNN NN

f,-L f.(2
ob=—"— f, =—| -+ n 1991 t PRIN 92 DY NTNN NN
E 2\3 2

INYN NNP DINNRNN N PIPODTY NYPN MISPNN 2PY

b2

162.°
3s c _g8

Z:Z :Z = = —
(ZO) (Zc) z 16 35

N1 (lateral depth ratio) 2590 NMINPN ©NIY N9 N2Y PNIVD DN HVW n DNV YN

nzé(l—ij
2 t

Zp IWNRD N N1AY WIN TIY 092pm z - 0L, L1, T,y D¥ D¥99yNn NN ©Xavnn nINN Nasn > oy

023NN f; -7 n - Y TYNRI DPNDN IVINN .PINKD DIWINNN Z DY TIVN NN I8N
: DYNAN DYIIWN INPII TWNRI NPPTN NIVN NIY DIWNN INPN 5.3 NHava
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t=0.85m, y =0.02MNm™, E'=8.5GPa, s=30m

(Kpa) f. %39%0 {a8nn n29909 n1PSIIIN 5.3 190

n Z0 f. fov L AL z
)5
2 2 2
t(l—%n) i %fc(g+ﬂj S+16z 2fa L 3s| 16z, —a
4nz 3 2 3s 3E 16\ 3s

0.1 0793333 14180.67  5081.408 30.11189 0018001 0726719

0217555 0726719 7115703  2758.914 30.09389  0.009768  0.687878

0.286097 0.687878  5716.466  2314.354 30.08412  0.008191  0.65353

0346712 0.65353  4964.985 208535 30.07593  0.007379  0.620964

0.404182  0.620964 4482391  1947.055 30.06855  0.006888  0.588942

0.46069  0.588942 4146396  1859.683 30.06166  0.006577  0.556648

0.51768  0.556648  3904.005  1806.592 30.05509  0.006388  0.523378

0.576391 0.523378  3729.232 1780452 30.0487 0.006294  0.488385

0.638144  0.488385  3609.703  1779.112 30.0424 0.006288  0.450721

0.704609  0.450721  3542.387  1804.795 30.03612  0.006378  0.408994

0.778246  0.408994 1865.805 30.02974  0.006592  0.360829

0.863243 0360829  3611.753  1983.373 30.02315  0.007006 0301316
0.968266 0301316  3855.987  2218.734 30.01614  0.007835  0.216147

1118565 0.216147  4653.106  2852.235 30.00831  0.010069 #NUM!

:T99)2 NIAPN DI MY NHOIND PIND TIN XYY DMDN NIPN YOXIPN DYON )IND

NNNoN PHNY fe pa nxnwnn »m Yy ym F (crushing) n¥onba Swo 112y pnvran o1pn

TNYHNNIN YOP NPNY )N D1VIIPN MMPNRA INNONN DA 290N NNYNN 91NN I PN-TNN

c

o. 16.5MPa

c

f  3.5MPa

=4.7 22PN NPT NN .YO0N NON DY IMINN YN

Ppa PP P F =T tang =1 f nttang -w XN ONINN NN HW NIy

NI DN DOPTO THIRY NPHA KW T PNVAN OTPN MWD .V = 15t

.F

_ f.ntang

. 3.1
/S

INNIND T2 Z 2y IRNWNN DX NN 1N XY 1Y NP1 .z.<0 9vxd wnnn Buckling

NNaNnM 7 E 9w 97y buckling -v ¥21 Z-1 5L 712y mMIRNYNNIN . NOVPITIRI NUNRYN

Y0 MOIYN AWNNNY YN 212PWN NN D¥aPNnn N2 IR TYTHY ¥ E X 51

.buckling 202 Y5 9% NHNX 1YY 1 > n > 0 9WND Z MY 2PN TIY YIAPNN NPT NIYN1

35
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5799

DXPWA NONNN 5.3

VI MDIYN DY YD 1901 DY Yy Noman (Goodman & Shi, 1985) opivan nwon

TIVMIND TNNON T .JMADVNN YT DY DY MNPV NPNDIN MYINYN DY NIDPNI-IN

OWID DYNY DYDY NN -1I12 OOPIYA YOD DMIMP DXA VAP NIYIRNDY NTHIN-NON

7VIN) YYAINM NYINM MDNI-IN NYID DY TININ OT DY DX TYN NINN-1712 OOPVA

2YAINN YN H>NNN SWONY XN NN (NN 7193) keyblocks o8Py (N228NN

MNN O OPYANITHN 5.3.1

: (5.5 DWIN) MXIP WYY DMIVIRD DP1YAN Y3 IR PoNn Goodman, 1989

MNI-IN NN Y-HY 93D N IWN 7192 — infinite block

95NN TIN DX VIO NN DYNNY DOV DYV P TOON Pva — tapered block
N TN OVNP KNIV HYa P19 — stable block

(191 712°N) PHY DOV MNIDA MDD P1Yan MY — potential keyblock
NNN MIWN DY WI9N APY NYNN INONIVIS Y2 7191 — keyblock

YUMNN NN DY N NI 9D 7192 — depth block

/

e
a b
N
C d
e f

Vv

MY 599 DYIYAND DYPIYAN NPIYN :5.5 DIVIN

(a) infinite block, (b) tapered block, (c) stable block, (d) potential keyblock, (e) keyblock,

(f) depth block
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95NY ANINN NN PYNN Y9I PR NN 5550 NOINN Shi DY NHNINONN 29 HY NYYI NPON
9907 1901 AN IMNN .(0 NI9DN T DY AXPHN) 1PYY HHNDY (1 NH90N T DY INPHN) PNNNN
DT YN PIYAN NN DMNY NV Y 3-) PIZAN NN GNNYN INNY NI N1AY 2

TIP NIYA DOON-ININ DY OITIND 2D 3T DY INNY VAN D192 DI IN»Y 12 T2 .(D°9>2pN0)
N NN DY HONN-INN NN NINMN HINRNWN NNYRIN NI9DN IWND (joint pyramid) JP »aon
GPOIND YW OUNN NN YT DY TINN 21920 IWNRD 19 2 701 NIIWNN NN NMIYN 11900 ,1

5.6 own .(block pyramid) BP X9 »1901010 Tipm »wann 7w nn M1y 1990 19N ININA

.BP-y JP-2 vawrwn NN vwnnn

J2
J2 /

010
1 'Y9IN WM J1

J4

J3

NINY 11191 0100 NP1 NN Yapn 231990 P1van (1) BP- ) (INnwn) JP-1 wimrwn:5.6 0owan
PITPON W SPM) 2701 NI HY PITO NINY HNNN 170N NN Y PITD NYMM Y9N NN

Sy J2-9 nnnmn ,J1 Sy X8 XY 199990 010 990 NN 2PN NNV PIYan .4-1 3 701 Mayn HY
2 19907 9YND ,0120 NN YONPYN 792N YW BP-n /710 moaun viow 1910 19N SUnn 9vinn
J1920 NP ANNWYN IIRY J3 N09¥N Y MITPON IWIN NN MY

9915 MONIN-IN INYIN DY NPOMINIVD NIOWN NYXIAN YNID HUNN P12 DX WIAPY TN DY
T TI-58N NOYWNA .0MDN JP XXM ONR DNV T DY DINNN NVLY DI TUNI PYANT NN

YN NNV DONN-INN NN ANMD (MUYNN NN INMNN) NIOWNN DIVN TINA XYY NLYN )Y
YO0 YW HHN-NNDY (7H5N7) PNN DY 5N -X8ND 2NN NDIN PONN SWINN NN NN

IIIN-I2 NN PNIND 99N IND 519ovw 192 Shi rad

NNINMNPN DN DY NYPN YT YY a8 JP-1 77192 1NIND D»HYS 91N TN 9V ONA
XY JP .N11N-92 2192 By YN PNX DY HHNN-I8NA NDID NDDON NP IANINY NMYInn
I2Y INDIN PV INMN YO0N DV HONN-28NA J155W JP .28 7105 P1Da INNN 505 wan

DN DNIX DY TINNN NTIPI YT DY 81N JP-n 0 wn »v S mn

2y MMINIVD NI 22 DY NYNIA 5.8-5.12 DDOWINA NN TINNIIVDN NIOVNN
NPIN PND DIV NYY 1IN DY J4 NOWN HY NN NWITTHIMPTN NN POV NTIN-INN
NN TN, TIND DIDNIN DIV NPIOY NN NNMN N DT .ODApNn VYD I3 1 ]2 -v

DOVIN NNT YWINNNY 29D PIDAN YT WD W J4 190 — 71520 NN PHNn J4 5w ndon Yopn
5.7
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sHya 0YPIYa NWY B J4 NIPNY D335WH PITPON 3NV 152 NYONS JOPN NN :5.7 DIVIN
9PN MING SNV

INNIND DD MITOYIN 5.4 NHava

1313
1010
R 1323
F
1100
3
1133/ 1110
1113
;f:: 2113
b~

JP 99y ¥501 Yhn s8N NN Y NNDN NOYN .NPNA NN MNNY MOMINYIVD NIYYN : 5.8 DOVWIN
L0228 0RY JP's-n NN 59139 NN YHN s8N NN A¥M 125N NOYWN .29 131 13 Dibon
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1101

1103
1203
2103

1133
1223
2133

3103
3123

3203 %

0103 oapa
0123

1100

MNIN-1ALN P AN MMIY MIINNIVD NN : 5.9 DIVYIN

1133
1233
2133

(PP NAPH YWI9N) HYNIN-)AYN NIQT NN MNNIY MIINNIVD NOYYN : 5.10 DIVIN
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D, 1011
.
2033 3013 Siiis
5, | 3023 1023
3213 2013
1
0013
0213 1313
1323
it 2313
.
B,
3
4

2991 -0197D PR NNH MM MIINNIVY NIYYN : 5.11 DIYIN

1313
2, 1323
2313

4
S

(997 NPH YIAN) N229¥N-01111 13292 NN NINNY MOIINYIVD NIYWN :5.12 DIWIN
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OMINIIVD NITYH MNIIN DIPN 29D DIPIYA MY :5.4 NYav

DT NS
YN

-ONT P
»19y10

98 19
EALARLYA

SAMN-NONY PP

nIpn

JP

3333

3323

3313

3303

3233

3223

15y npbnn

3213

15y NpYNn

3203

3133

15y NpYNn

3123

3113

15y NpYHNn

3103

3033

15y npbnn

3023

15y NpYNN

3013

3003

2333

2323

25y nponn

25y nponn

25y NpoNN

2313

NHY

2303

2233

2223

2213

2203

35y NpYNN

35y NpYNN

35y NpoNn

2133

2123

n9%9)

2113

35y Nponn

2103

nNYHY

2033

2023

25y nponn

2013

2003

1333

2 5y NPoNN

2 5y NPoNN

2 9y NpoNN

1323

259y NPoNN

29y NPoNN

29y NPYNN

1313

1303

35y NpYNN

35y NpYNN

35y NpoNn

1233

1223

1213

35y Nponn

1203

35y NpYNn

35y NpYNn

3 5y nponin

1133

1123

1929

1113

359 nponn

1103

1033

2 9y NpPoNN

1023

259 npINn

1013

1003

0333

0323

0313

0303

0233

0223

15y Npbnn

0213

0203

0133

15y npYNn

0123

0113

15y NpYNn

0103

0033

0023

15y NpYNNn

0013
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-DYITN 91T TANRY TPNITN-NANN 19172 TN ,NIPNL TN ,DVIP DDA DYDY PTHND 1NN
.DIMNN SV MIayn
SU9IN TN 5O NIINN-I2 DOPIYAN NN ONDIID I9INI WINNN 5.13 DOWIN

NWAAVE NS DA
\\ NNTZASNSINTRINTT

1113 2113 1213 1313 1323 2133 1133 1255\\
1323
2313

2013

2313
3123

o0f2 o153

7213

1023
3263

I13
7827 1103

2102

8213 \ /11 /
/NN NS N o

" Jow \ Y\/\\/\/\Q//NE\/ /\
DIIYN HYN MNND .OYIIND SN -111 AnINa NP8 NIYNI NN 92 ﬂ’P\bﬁ :5.13 DOVIN

aN5 03 MY 23 Y NPIND — YITIN AN ,ND9) — XHNN 1P Y YITIN AN :NHY 1912 DN
S99V — 03 AN 21DV NN 22 DY NPIND — NV YHITN

VNN NN OHDDY OPTO MTNPOIN (JP) OPT0 MITNI9 May DYoN NI NN M)
DYPI92N NNY NN, THIT MRV NIV DY YUY INPTN Nyna (BP) »wann
MM X2 1NN Pivan o (Windows no%) Sbl wx (DOS no») BO3 natya o»vrpn

.(Shi, 2002) (Windows n©o7) Tbl w~ (DOS no) B25 mysnNa nysa

:NIPNOVIPN PN @
NN > DY MO NOYNYNA (J3-1J2) conjugate set -n 1> DY AN NIPNL OVMIPN PN
NI BP -1 195 .(5.15-1 5.14 ©9°WAN) NVNIND SYWIINN NYINN YT DY DX TINN NWN J4 naxonn
21DWN T DY PNNIPRY 21130 MHWNn P1vaN NXR D010 11130
NPNIN T DY DXINN ONY NN DN DN (21330 NHINTY) NIPNL DXODNN DYPIYIAN YD

.DNPYNN AN YN TNV 15,13 I8 ]2 5w
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.B03 1990 .BP 11130 5ya 79pna keyblock-n Y¥ 1902800 :4.14 DIWN

TUMHEL SHAPE
0O 140+-02 O. 400+01 0O 10001
FROTECTINE OIR.

0. 100+0L 0, 200+0]1 0. 30001
TaP YERTIE 014,
0. S00-+0L

0. Son=+OL

0. S00-+0L

o =oo~-oL

0w BOD=OL

O =o-+0L

TAOP DIETAMCE
0. OO0~

aiia

.B25 mon .n9nmn anama BP 11130 Yya nvpna keyblock- :4.15 oowan
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DONPN-NAND PPAOVIPN PN @
YUNNN NYNN ONR NVIN I3 ,N0yoNn J2 -1 J1 > 5y 52010 >07IPN PIYAN YNIN-NIANN P2

YW BP-1n 195 .(5.17-1 5.16 D2°WIN) YWAINN NI DXTTINN MW J4 280 von ,NVNdnN
. 12031 -1 21031 X 1MDINA 5510 NI 1103

FROTECTIYE OIMECTION
o -1.0 DO
OIF OIF O OI=TRHCE
Lo Q.0 0O+
Tl.0 El.O .4
ar.o =i.o oy
THO 17%0 oY
Qoo xx0 0 1.0

NOLLWE=
Aa. 310~

.B03 13590 .BP 11031 Yya snan-payn 9992 keyblock-n Yv 1590m80)1 :5.16 ©YWAn

TUMREL SHARE

O 140402 O 400401 O I0c-01
FROJECTINE DIR.

0. 100+01 0, 200+0] 0. 001
TOF YERTIE DI9.

.B25 mon 2900 anna BP 11031 bya snatn-payn 9pa keyblock-n :5.17 oswan

44



MmN NN 5pP99

229YN-DIVTN PPAOOIPN AN e
,N0NYN J2 ,n5ynon I3 -1 J1 > Sy 0INN 21920 TWND NI NN NYAPNN MAYN-01ITN VPa

-1 10231 NN Y9 Xy 10131 9w BP-n .(5.19-) 5.18 DYowAN) YWANN MM 0XTT80n J4
1PN D) DMINDN DININA TV NT 7192 .20131

PROTECTIVE OIMECTIOHN
1.0 WD Dui2
OIF OIF O OISTRHCE
Lo 2.0 O4
7.0 EL.O D4
8r.o =ai.o o7
THO1TRO0 LT
dho 400 1.0
WOLURE=
T. TO-m

.B03 13930 .BP 10131 Yya saqyn-0y910 9>p2) 19pna keyblock-1n YW 7590000 :5.18 ©OWIN

TUMMEL SHAFE

O 14002 0. 400401 010001

FROIECTIVE OIR.

T LO0+0L 0, Z00+0] O F00+01

TaF WERTI: OIS,
oo+

v i

O JHOL

o =o-oL

.B25 15 290N anana BP 10131 Yya sasun-o1910 9>pay n9pna keyblock-1 :5.19 oowan
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SV NNNNN ONMV) 2APY DIDX DIN — NIVNIN NININ — NNATA NTIN-I11 DD DPIY2
YO0 DY HONSYN DPYNN ,NIMON PV DN 1DPWN MNWIND

SPYNY THNN 1NYO2 MO NOYHNA NN DNV TN ,NANI DMOYIN DYDY DIV NN NMINA
2WNA IND DI DN TYN YNDMD NPNN 7PNINX NN IN DD INND 1N ,Yo0N

-)ANT 12292 .77PNY 19YTN P2 MNANNKN NINIIN DY MIPHYN NI NINAD 1 TN NIPNI
10230 BP-n Yapnn noaqyn-017171n N»91 )12 0919510 ©¥pivam 12030 BP-n Yapnn mnamn
.ONNN2

5vO NNNOY NN 5.3.2

SV NIPNY IV NID DY NTN NV Y95 YN MMON NIPY TA52 MDY DPWN DY NIPNa
N NX NXINND UH 199918900 NoDWn MmN 5.20 DOWINL .MINWNI DT 2NN DNTR DY)
MON DXPI1YAN MW PPN .JNVIAN OTPN NN MIXYN IVPYN NNN 21D 5D MNay Svon
DY DI DMDN PP NNN-112 DPRY DOPIY DY DIVINI DIYNN SWNNN NN
DNV MY ) DY NPYNN ,TRN VI 1) DY NPONN ,NDY9) DN DMIVAND HWIN MNND

21920 NN NOXIND NN DY MO WINT IWND (no mode) NOW)

Yy 02899 MPN .SRM n911 55N 7999390 HXR NXIND UH 599989900 NdYYN ¢ 5.20 0Ov N
J179 DY 781 NAPHN INDIONN PN M1
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-NOANN PP ,NIPNA D1VMIPN OYAN MY Pier-Londe mmmn nnxmn 5.21-5.23 oydwIna
NIN MINON NPV IWRD HWI HAPNN DMIPNN NV .MNINRNNA Y2YN-D11TN PP NN

.MSYN 33 TIDNN PN TN M

J4 9y nponn JP 1110 .n49pna Yws 993y LH Sv novwna Pier-Londe n3nn :5.21 0ovan

SNN-980 99pa Yws My LH Sw nabwna Pier-Londe n3n : 5.22 0Yvan
J3 5y nponn JP 1101
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229910 -01910 9°pa Yva May LH 5w nabwna Pier Londe nmn : 5.23 odvwan
J2 9y aponn JP 1011

.29 LYNNN YTVNI-YTN DTINA NYAPNN NIPNAOPVIPN PIVAN NIY : MNRXIN

NN 2D NOYNYN POY XMD (J4) 15v DINNN DN J4 9w Dy NpHnn nvnInn Syea
NN

03.J2 5y NPSNN M2WN-011TN PP LJ3 DY NPONN NSAPNN (NN 5913) MNIN-NINN P2
DMD PV NPYY OWVITN J4-1D ©D22PN DIPTO NIV T DY PN PIYAN 1RO

12N IWARNNN DIITNN PPID TINN MMON NPYY 111 no mode Hapnn NN
VYR

?YaN Swo M0 5.3.3

DY DMOPID DN DIW TN .1IVNIND NI1NIN NINN-172 D17 DXV DIIMP MNNIND
;DY DWINY

MY OY TINNN IP IN NPONN NYNINND 1POY NWINN NMVIN NM) MN IPNN TN @
.P10an 20NN DMLYV DIXNYIIN

NV P TIOD PN IV, TNNT NN NPNY NIIWN NNIND DN DY NPNNN - e
712N POY DIYINY DIDNIAPN DINWYIN

AINND PP THIND MDD PY e
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SVON TINN-"ND 28D TIDN DY NYIVN PRY 1PN 1NN NN 1IN ND9)2 HWID MPIoN
YT no mode -2 5vo .5yH DNIYTIN DTN NN NXT NDIWY NPYNND NN OTHN NN
.N229) DYMYY DMNIVIN NV DY NPONN 2ID NYAPNN INPTN NIYNA .20 1R N NOYIN
MOINI-IN NN NYITY NINSD DT NIIN-I12 7192 NPYOY VDOV NN GO LIN
JP-n NN ©M12n £ wInn 1901nv Y55 Hatzor & Goodman, 1993 %85 10N Y9N I
YYAIN NI MDPNI-IN MW NYINND DMNIAN DIPID NIVP INYIND NMIANDNN NY
.DMP NI LYND

9913 YOON IWNRI NYIY OWNN NN N1y TRX keyblock -n 9Ny Haph mHanonn NNt NYD

Hatzor, 1993 15X ©1P12 nYovn NN DXPIVIAN PNNON . MBXI-ONR MOIWN VIDYN 1N
MIPON .NION NN DNYNN MIANDN Y keyblocks YW N0 NMVLDVLVLO NPIIN PXN
N2 INNYNY P1V2N MIANDNY NN HYIN M0 HY OLDVLO MNMN NYAPNNY NINIYN
2 m5 .(Hatzor & Goodman, 1993) m97N>I00N NHYWNA 190N WIIWNN DTND Y DN

NNVIAN OTPN IN PIVAN MDIN INY JOP DIPTON P2 NNINNVY D95 NYIY HYWID MIANONN
WU NMNANDN HY NHLIN NYNIA XD 1T IPNNA .INY DY)

unrolling — PyToON MoIYN NO*MO 5.3.4

PYTON MOIWN NOINNADITV DY Doann Shi & Goodman, 1989 Sw unrolling-n 51

SN NN DY TINNN ONP DY NINNN NN IWIRND T NININN 2NN IN 11PHYD DY NOIWNHN
2y VY DY NINIIN NNOT HY NI YNIY 113 S2 NHIDINN MYNNNI .NINIIN 19T DY MDA
.NLYN M9 DY DINI) DNV 29D DYPTON

PN DY NNN DI MIKPNN PITON MIIYN YAIN OY NDINDN NIMIND NININND 5.24 OXVWIN2
5.26 DYYIN NLYN N DY DINNDN DOPTON YD DY NINIA NNIN NININI 5.25 DOWINI. TN
.DXPTON DD BY N TIIN-NONN NININN

:DNHNPTY NN MY unrolling NIOINY VLOPN MM

M2NYN MM OY YN : NININD NN

M 1M 1 8 NN N 28 AN : NININD MDN

J108/091, J2 71/061, J3 67/231, J4 75/155 : 9y PO mdwvn

8/310 : mmmn P»o

J11.7m, J2 1.6m, J3 3m, J4 2.8m :* ©>p70n Yv 0>nIn

M 10 J2-J4 ;1 100 22w : DPTON TN

1113, 1103,1013: JP
1,2,3 : N25WNN PO

PN N9 AYNNA YY DWINT MM NN PIPYY NI YY NXT — 91997 11250 AN 137 IND WY AN °
SNDIN 19202 29 HY NLYA 28NN HY 9 MIHN
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MmN NN

5799

nIpn

SW v

Nox9

30m

J2+J3

J4

J1

)

*+= NEp

PYON MOIYNI YAIN DY D8N NDI9N N9NIMNN :5.24 DIVWIN

J4

J12+J3

N N N NG T
S, ]

e

i

B =

J1 P N g W Ve N W, e

Pl 7 i = = o i il iy =T
£ A4 o fT VR i Pl ] Py
e A Tl T e I Al

HOYN 29 DY DINIIN OYPTDN YD BY NDINDN NININN :5.25 DIVIN

A J4 |

J1

4 92403 B

azimuth 130

NHOLYN 29 Y OINIIN OIPTDN Y2 OY NMIIN-NINN NN :5.26 DIVIN
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9N ININ NPYRIN : DD DIDOYIN MY OUNN YIN DD NAY NIX»N S3 MdINN »Nvn 1Ol
DMN D2 MIYP0 INND NON NMIN NN NN MWD NIITN-1I2 D192 21D HN0NN MNIND DY
,(5.28-1 5.27 ©PWIN) NIPNN NIY DIDIVIN 1PND .DMND DIPIYA DN DN TWN DINYN
-1 5.31 DYOWIN) NIPNN Y915 2299N-DY1TN PP (5.30-1 5.29 DIDIWAN) ININ-NINN PPN

LOV9N 7YN 551 DMVIIP DXPIPA MMY Y752 DY1YaN NPNNN YY NONPNON S3 NIINN .(5.32

JON DXPID22 NOIDNN NLYN NN NPT NN PNNDY AVND

S e WS
e Ay

N9PNN MY DIIPY DI2Y PIPD NN 5.27 BrWIN :5.28 DIVAN

2 e L E v = A, 7 o =

A S il A A il T A el TR Al =

f S~ = BT E

e R, i o il = f =7 3= o

AMIN-292 0PI 29305 HNDNN NI -NAYD 5P MIND YV Non : 5.29 DIVIN

;7 e~ 7 e R A e R = = 77 S 77
>l P i A i A Al A S A A A A Ol A
il e g Pl il P =) e f A P FF FF LT q &

TS a & AT T Z

INT-NAYN PPN MY DIIPY DI0IY PIYID INRY 5.29 DIWAN :5.30 DIWIN
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5799

MmN NN

el

=

{7

S

.

E

g

L7

RN T Ve N N N TS G SN NP I S Sk,

e S,

Y
s

i T e e Y

X,

Y
N Y b

NN =292 0PIV 293N INDNN 299N -DITN VPP NIND DY N :5.31 DIVIN

NN N N e W S N S D VS

ATl

29919 -01911 PN Y DIIPY DINY PIYID INNRY 5.31 DIV :5.32 DIVIN

2192 YMNRY DYID YININIVIN NVWN ,PVIPN PIYAM PWAIN NI DD NIy Dapnn S3 Nonn

.5.33-5.35 Dy»OWINI DMININD DMHNINIVION HWON YNLY .INY

JP 1113 913y 79pna sHNI8IvIDD HYWOH ALY :5.33 DIYIN

F—.

JP 1103 913y 'n9t1n-11980 99pa sONINIVIDN HWOHN NOVY :5.34 DIVWIN

JP 1013 993y n9pna) 2299n-01970 9992 9INNIVIDN HWHN NLY :5.35 DIVWIN
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1103 920 M2y ,0.3% NN OIONINIVIN HYON NLY NIPNA 1113 O>V7IPN PIVIAN NIY : MNRXIN
4.8% SV NLY YAPNN X2IYN-DIVTN P2 1013 -2V 0.85% 1N NLWN SNIMI-NINN PP
DY DMDN DY P DV IR OINIXIVIAN HYWIN NLY DTN DOPTON MINY 7D NMINID 1NN
11 unrolling -2 MNN 3 91519 ¥ 15115 .0»VXP DIPIY 1IN HWAINN NN DY DIPTD

973 YHNINIVION HWHN NVLWY o1 19Y .DMITIPN DIXMINNA 110N NN YN, 00N JP May

0907 JP’s 712y MNMN MK NX Y82 OX (MMYNYN NN XD TR) VYN

DDA 5.4

Nn 5.4.1

5y PNMAY 1mN NV MN (Discontinuous Deformation Analysis) DDA-n noow

DYTT12 D12 HY M0 NOIYNI DXMIYNI NIND YON’ W NN NIVINDY Shi, 1988
NPVOIRN NININM DXONIYN ,MIVNINDIN NAY .OMINP MDXI-IN NN YT HY DTN
,IPONN,0MMYN ,08NRN NAvNN DDA ©wina 7wy ndimp , 71220 NP, 5o by
MY TPXNNIT OINPNRN IIPRN DPNYN NAYY SVWIIN 2192 DI TUND TINIM YN MO
DN HY NIIDI NN ,NPINT NAYD THPVYIHN NI NN

1 12T 5NN DY 27 9901 N2Y IPYN NPY MIXNYN DY AN NN DY DI MIN0NN DTN
NYPNNM IV 2NDIT 281D 72Y )Y DONX NIN TYS D2 THIPNONNNN NVNNN 1AW OLVLD XN NIAY
,DO¥02 MMM NN PP NITH MNTPNN DY .OTIPN TYXN MPNNND NYN TYN DO HY
.N2N PITN NNIND DIDAN NN DNNND DT MW DHINWN XY PIDAN NN YIND NN

NNNN MRNYN NITYA TTIAN PIZA2 DONNYNM DINNINRND NN NAvNn DDA pwxan adva
MNIND NMNINNN I NNIN DAY INYNN NOIRNDN 2192 D32 TUND MIINR NIRNYNI NPVOONND
DXNMNYNN IRXIND 91T YINND DY DININA NI NIRNDYD RXAND NI TR INNA TY OP NINRND
2IUN 25 NIAVINDT NIIWNN DI DY MINNNST NN D109

NDY DAND NNV DXPTON DY NNPNNN PN : DXPIDA MY P2 DXWINN NIAY DINDIN MDY DI
NOIWNY DIMYP DINAP NIDIN YT DY IV NINAN — NIVN TIN HX TR P12 DY NN 191N
M TAN ©PI1DAN PNINDY YINT NDD MONMNN TIN DN OIXIP DY NYYI MNXNWNIN NIND

NI NP9 TPYNIND 12V PN 129) INNX YITY PHNIN DIN DIXAPN NNYNNI NIV .IYN
NN TIIND YIN NITNN NININR IPYN NPYI NYIN NIIWNN TWNRD .INNNI NI TN XOD NN
NIAVIND DOYIND TIRD NPT .DPHN NI MDPINN MDD DX NN 2WND 1NN YIND MIND
NP PIVAIP MysnNa DDA-2

TION MININ TINRD VD MININ TIDN MNINNN XYY PVIZND MPLVLOINY MINOY DDA noow
MO NN KNI NNY NDIYD .TIDND YHINN 1IN DINIPN DY TMODIN MINNNATY NYIITH
17 7N¥2 DDA-2 mvapnny nysnaTi » (Tsesarsky, Hatzor, Sitar ,2002) no0yoiNy

1NN 2% DY PO 2D KNI NN NN IDM2IVIAPNNY NPINNITIN (80% TY) N2 MNTH
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TIDNR WV RO NIIWNN 5% DY PPTI MDD MIKXXIN NN NOXINY TN THIMNONND INNN
.DOYINA YOON PV M NPAYN NRIIND DIVIND I DN

NN NPYAN PNIND 2209 TINYN IX YO )72 NDIIN YT DY YOTIN 1IN NIVARND NVIVN
.DOUTNN DXNIND DRNNA

DDA Sv »unnnn ©0an 5.4.2

MNXNIWNN MNON I8 .Shi, 1993 -1 Shi, 1988 Sxx way DDA Sw X9nn »vnnnn modnn
1252 nyoYoan

;DN 12172991 (X,y) DIPN 992 (U,V) NPINPNITN NN DNXNN DINWHN NVY

,P1920 TIN2 NHMDN NTIPIA MYP 9N DY MPNYN 0N (U, Vo) IWRD Di=(u,Vvo, ro,sx,sy,yxy)T

1922 ©NYN ON €x,Ey,Yxy 71 NTIPI NNIND XV TINT NN 1o

u . .
RO [ } =[Ti]x[Di] »n pvan 11 x,y) 01PN 931 ©INMYRN H¥ NWNI Y TOD PN
v

[Ti]zl 0_(y_y0) (X_Xo) 0 (y_yo)/2
0 l(X—XO) 0 (y_YO) (X_Xo)/2

MTPN YW 0PN NN K qwxd KD=F »van 0»pnn 0°pva n-n nas7mnn noyn May

NN F1 90 9mnw nysnmaTn 20 X0 D, 9mnn ninona sdm ovann 95 5 mnwpn
.P192N Yy OIOMNAY MNIDN NV

,1TN NI NPVNRYP MDD NYINY NNPNIY-IR NI MN MNRNYNRND NN NIND
YDVIVIN TONNA HAPNN AT NNIN 532 MMIXNNATN NINWN NIY dXNDN NINAT .NPITN NNPNN
SV P DN NIRWYY ¥ 1T TONNI.OOPIV MY P YINI NNNN IN NPTH MVAPNN ROY TY
AT NN MLPN YT DY NNT - 2299 PPTI YINY 1IN Y NPXIVIN

TPYNND OXPIVA MY P2 NNPNN IN INK PIVAD TAN 2192 DY NPTN YIND 7T ,IINIY 29D
125 KD=F 9p»101n2 N7 55 .5°915°10 01PN N2»N NOWNN DY 555N 1IONISIVION
YR MNNWN .1 2192 DY 71P89NSTN MNWN XN dy; TWND SI1/8d=0 n1IN»D MINNwNn wwn

OPWN MPY NN L1 21920 DY DO YINT MNID DXOMYN DD HYW HPYN NPY NX MINLVIN
LDMONYNN MNOM DINNNNT DI DY DPWNN NPY DRI YINT NN DXOMIYN DI SY DO0ININND
Sv 11 735557 7IONINIVION MR NN YN IDON THIONIXIVIAN MINRN MNPHN DIOD
0NN
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DDA n7ya »pms nyna My mn) 5.4.3

L7252 72150 MO YW 1HT NoNYN Ny DDA natya madsd nind y3a ) mps nayna
NPPOIN MOV T HY VLIVIN TNND : DIANN NIV IAVIN TTN-1T XX NININ NVLOWY 1D
DYINA TANX TNN TN .OMDIN DXPTOI NPPAIN MDY >T> DY LIWIN NV DMNDIIN DIPTOI
DIXIN 8-1 7 D¥INNM : TYNNN TNXD DIINN NYIZY 1D PITID 22NN NV 7I2Y NANY 21DINDN
.NDON DOIN NN NXIN PNINKD THNM NIV NXPY TY DIIWNN NOIONI 210991 DIIND NN
.19YH2 D¥ONNN DIPYND NN NN 5.36 DOWIN

TNN2Y 215917N DYINA PURIN TN N22APNn-nn J4 novnn J1,J2,J3 30 pymon moayn vidw
MOIYN DY YSHINHNT NNIDN NIV THH2 DIPIDAN NN DY NN XD 199 1D DIINAY
DYPTON 2%1 DY 1N THIMNONND NNNN NPXY 1NN TNXY unrolling-1 195 Y990 PyTON
.219°U1N YN Y /N 100-) 71 10 1IWINN TN DPTON TN .NIWWNA

SIPNN DIPNY DRNNA N2 MPOINONN PO

TV NN DD NIPNN DYN NTTH MTIPI YAIR I0INN NYPYM DINNNRND IWIN TNISD
.5.37 DYYIN XXINY 9D NLYN ND

TAYNN NIRYIND ONNNA 1IN YOON MNON

IV UNN DY IIT P9 DNXMHY 19T NN 20,000 2Y Y2 IWONN

| &

it

N9V DXONNN DIPIN :5.36 OIVIN
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99NN BYINA YV SYNRIN TNNA APIIN MNP :5.37 DIVIN

21991070 DIND DY TNNA PITOON 228N MY DX 5.39-) 5.38 DDOPWINI

MY 5 TUna 1g NHYON INNRY INDIYN MO DY 915991 BYINA Y TnN :5.38 DIV
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ma3> NN 5pP79

292 .D*P1Y2 DV NN NYNIND NIV 5 5¥ 17>>0VI17) NDNYN INKRD 2D MINID 1NN

29NV YOWN 192 XN NIPNN DY MDD PONA 12 19D ,0°P192 1D NOAPNN NOPORNDYN

oY NTYNY DINNINNN NYP .NIPNN NYPYN NRNIND DXNNIN OXNNI 21U YW TIIND)
7252 MHYLYN TIXNNI PRI MDY

Z.0e+002]

MY 5 qUNa 1g NHYON HNRY I9IN PITID DY 2199191 BYIND YV TN :5.39 DYWIN

DNYVIN VYN MNYPNNN NYOIN .NDY NIPNN MPPA DNHVP DOPIY YV NPYNNY VIS
DMV 5 TUNT NIPEINN NI NYYIN INNY DX DXINN DKM 5.40-5.42 DIOWINI

MMY 5 TUna 1g noyan 9NRY 11O99N ONNN BY 7 gNN :5.40 DOVIN
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MY 5 Tuna 1g NHyon INNRY 11991910 BYIND OY 8 TNN :5.41 DIVIN

NMMY 5 TuUNa 1g noyan INNRY NN BOIN HY THN :5.42 DIVIN

55N2) NN N9 MK TDINY NIPNN 1971 PNDY MIAOWN N2 PNIAND N 7 TNN2
DYP192 DMIMP DMINON DMONN MY MDD MAOWN § TNNA D) OI¥IINN DOIND TN YOPN
NYPY INKD MNYPNN NNNINN PORNWN HONN NIPNI .5WI DXNPVIANY D27 DOYIIN

DY) DTINYN DY OOIVN .THNRN NIPNN DY IIMYHYN

D»YNMN DXPIDA DNHMP TR, MMV 5 INRD NMVLINNN NN XD PITY NN OIN HY TNN2
DDV NIMINM YTIN MW DINNRNTI MDD MWD NI THNI NIPNA D21

,NOWN 299 T 1Y DN ,NIPNN 19192 AT MTIPI 9901 IDINN TPMNI INNYN TN

MY NIPNN NYPY S MIRSIND .NMWN 5 TN DININNI MDD YTTN) NIV
PYTON 22NN MY N2AY 5.44-1 5.43 DMdOWINI
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main hall
inclined joints
timestep * 103
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

vertical displacement (m)

9)DION PO DY 21NN BYIN NIPHN NYPY :5.43 DIYIN

NPIVN WNRNA 0N YN DY NPV DTN NITNN NIPNN 1519 NIRNNIN 10N DTN NP
1299 DYN NLYN M9 DY NIRNNI 40N DTN NTIPI .PONY NAXIPN TONNM MNYNRIN
270 10 VYN DY NYPY NYIAPNN N NTIPI2 DN NIVDN

main hall
vertical joints
timestep * 1073
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

-0.005 -

-0.01 A

-0.015 -

-0.02

vertical displacement (m)

-0.025 -

-0.03 -

OIN PYTPD DY 219NN BYIN NIPHN NYPY :5.44 DIYIN
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9 579 191N MIAP TIVD MDIDNN MNXIN NTTHN MTIPI YAIX DI IIIN PIT0 YW 28N
122PNNY MIYYNN NN TURND 9N .DXANONNI 7252 170 2-2.5 DIV NIPNM NLWN

NN DMWY ONY TY NNX IV INRD PVIDND NISYN DOV NIPNN DYPY .TPORIV NP> TN
IPNN NN 23NN MNYPNNN VPON NN NNYYIN NN YNNI

DYPTO MNIAY 10N DTN NTIPIA TTHHNN NIPNN NYPY DY INNVD MM 5.45 DOwInNa
.D»NDIONY DYIIN

roof displacements
dynamic (19)
timestep * 1073
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

-0.1 1

-0.2

-0.3 1

0.4

vertical displacement (m)

-0.5

main hall with inclined joints
= =main hall with vertical joints

-0.6 -

1) PNDAYN IO (IPIPN 1P) 22N PITIO OY 219911 DYINA NIPNN NYPY NXNYN :5.45 DIWN
(9289

.DMNDIYN DIPTO 7N2Y TVN ONN PAY DPIIN DXPTO NAY DO 5-D NN P2 NYI NYPWN MNd
NYPNN 2PY I8 HAPNN N PITO YV NIPNa )

— MNYPNN NYNIND 12 NN MODN DTN MTIPI NIV NPT MNYPNN NISNY NIYYNN
MaN»NNY Ty YN DY DI DXI0N DPPINN DINNNNN I NTIPIA.NIPNN OYN /N 1-2-
.5.46 DYYINI ININNVY 295,051
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stresses in main hall

-90 -

main hall with inclined joints = =—main hall with vertical joints

-80

=70 -

-60

-50 4

-40

stress (10 KPa)

-30

-20 -

o 450 500 00 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500 4750 5000
Z L L L L L L L L L L L L L L L L L L )

time steps

P10 93y NIPNN HYH MNAYPNNN MINI DINNINNDY DPIIND DISNNND AXNNYN :5.46 DIVIN
991D9YN DYDY Y9N

I IPOIND NINNDN TYND YN PITO YW NIPNI NIPNN MIAXONN NN 22 NI OVWINN
M) OIMIN NY T — 3.5MPa -5 ¥)n MaN»nNN PPN NOIXRNN Voussoir 911 .660 KPa -5
NINY NIV MNDION PITD DV AXN N1AY .YO0N DV NXNDN PHINK NN TN TR NOPOM

TV PNINSN DY MDIDNN PR IDITI — 2N TV WIND X520 2V NIY 1INNWN ,NDIY NINRNDN
PNV I TYNA N0

mpoN

21 Obert & Duvall, 1967 Yw n9y89 MOOYN NNP YW 511N 19 DY NIPNN MY NIND)
WD MY OVIPN T TIND DIP TN 1 < POV OTPNY NNPNNA HYIY 1 > NNV OTPN
0TIV A DY DN PN NN MDD NN

NI .DMPNN D2 NPONY DY) PNV -2NTPN JMI NXT NMYY Voussoir-n Y 1in In
PITONY NN . MNYPNNN VPN NN YXIY NY DIWIRNDY DOPTO MNDN 2PY NN NIPNNY
VNN M NPN DIN INNN

Hva0 DY Y oYY keyblocks nuibw oMM p PN NIyNa

N2YT) DIIN NNVIV J4 NOIWNN 22 DY PPoNn XN . JP 11130 X0 NIpna >vApn Pvan
V193 1991 NOIYN NN DY DOPTO MY P2 7DD PIYANY T2 2aWNNNY W X, NN NMINN

.0.3% 1N HHNONIVIAN HWIN NLY .TPYNN PIONNDN
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DMLY 0N OV J4-1 J3 o NwInn > Yy JP 11031 Sw Npdnin nYapnn >NIN-NaNN Ppa

J4 5 05PN OXPTO MY P2 1PN ININD TIOY XIN DY TN .TINN TN N1NIN IMNY 1ayN0
.0.7% NN HOHNONIVIAN HWIN NLY

NVY .0»NYS NN J4 qwrD |, J4 -1 ]2 0 wnn 23 Sy 9onn JP 10131 »9yn-0v7n 1pa
4.8% ON0NIVIAN DWON

TPYY DY TUND NDIY NPN NIPNN 2D NIRIN MNDION 71T DY 281 N2y DDA mdcn nyn

VINY 1IN DY TINXN WITH DIPIDA NDXAN NYPY YT DY NN NN .1g DY " T ONy

99010 NYPIY NIPNN DN PITO DY 281D 7N2Y NIV DRNIN NIIAPNN NNT NNIYD .MOVINNN
DINAND MININ NYINN (arching) MNWPNNN NXYIND NAX1NNI DXTTI2 DIVIVID
97192 INNY YINNNN DD NXNDT PIIND DN DN DINNINA .NIPNN DYN OOPAIN

.Voussoir
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DYDY NIPON 6979

0120 MIPYN 6

1991 1VI92 NN XM DYDYV NPINYN PYD NNNN DOY WYY TINDI NXRNNI PPN NIVND
DY 22NN TIIN->ND2N NANN /D 250 NINN MY 2000-0 NIV 92 )1V ,NIYA ) OV
19990 BYINA ) 30

VO NLVY .NIPN MIPPA DMVIP DIPIA MIXPY MANI-IN MDIWN YIIX MN»P NIYNa
NIPNNN D192 NY93 BN DMIVANT DYIN IND .MONMNN YT TR D11 ION IININIVIN
DY29179) VN MINANN NIAPNNY TIDNN TENT .TNPPA DIV NI NN 22D DY NPONM
D712 DPIVAN VY NTIVN TR )ION DN DY NPIND YNND NNNN NPNX DIVDIN NIIWND
M0 NN NPVPI ,NIMNT DY NIV NIAXIN PITON NN HY DIAPN DN NY Pa
SvoNn

, TVXY NITYA YO0N NP .XIND DINX D)2 TPON TN PRIN DY T 922 NINN NIYHN
MOLOWN dXNYA .NNRNNA 50-1 (210 YOD) 12.7 002192 ¥OD) 50 Dv 057y 1NN GSI-) Q RMR
D) ,RMR nvway , 7mmn->n52 ¥y50a /1 30 DY NNan May >0 dwo Hapnnd MmN (RMR,Q)

.NN9ND oN»NN WX GSI-N 7N oy

PYN DN DINNMIND DY IINTINRD 1VII) NVVINNN DIV DNV X9DN 7Y NIANN) NIVNHNY NTIYN
MNP YOON NPO MVLIYA YA DY NWIANN (MOYNRY MIASYNN NPNINN S9N HYNY NIPNNN
N9 NMDYNY MNYPNNT NYOIND MONMNN PR ITN NP MOLIYA DOTIN NN WINN Y51
AN 2N SO Hapnn 1PN TYO NPTN NIV MDNOY

— NPPIIRN MOLIWYN PITYY DIINY DD1DN D27 TINND TANX IPN NIPN N IPDN NIYNH
DOTIN PMIDONY TY52 X550 MDNIN MVLIVN YINIWIA NPIYIN DY YIANNDN TANX NIPN

TY2 MHATH NVLYA MTAVN — DO PMNONN NN Q-1 RMR muvrw »9 Sy iy yu3 noayn
RaN3Y

051 (Obert & Duvall, 1967) N987 MPOOYNR MNP DY DTN NIV ILIAPNNY NNVIAN MDTPN
NN MXIND PITON MWD DHYNND 1N XIW XN .ANNNA KUY MY NN NIPNM
LPAN APY NX NIPNN NXT NS (Beer & Meek, 1982) Voussoir 511n1 .yo0N

MPOY MDYN INPTN NIYNA DPTOD .PNI-INY YOI DXINNN OIPIVAN NN MNYPNIN
IPNN MY PN DN DNNN OM

SV NYPY INKRYD ,NT DTN 2N PITO DY NIPN ThNA NV I NyoN DDA nvnTha

PYT0 YV 2¥N31 70 XY .(arching) MNYPNN 2Py NAX1NN NIPNN OXTTIA DIVIVID 190N
M NXDY VN INND YPIY NIPNN 1IN0 NIV 5 TYNI NHPSVIIT NID NOYIN INKD DY ,INIDION
MPMNN NIPNY SYNY MASWM OXPID2 ND9) NOIAPNN 1D 1D .MANMNN DY NNINIA PNIND
22U NN 199 MNYPNN NNAY HYNDN N INDOON PYTD 1D .JOYHY Maown
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TANA NNPNNN INNRNY NYID) NIPNN DN DY NN — NN DXANNN W NPITY PYI S92
DN V910 VLIV PITION 28N OTIINN DIIND NHNTI DI DININY AN ONVPN DOONN
SN WATY 199, ND IN NN NIPNN

VNN MAXN DY NNTR NTDYI I MIPT DY DY NYOWNN NPT XY 13 NTIAY NHDNI
IPNNN NNPN YSHIIVW ODTIN VPN TN T NTIAY NNDNI TIVN MNIND IPTI XY 1D D
MPNN PN NPIVIN TINN MVLIY .M NOYAY NMIYN DMINN OPINY DIYSNN 190N 1P T
D209 TIN IN YOO NI
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Abstract

Stability of High Span Openings in Discontinuous Rock,. Case History - Zedekiah's Cave, Jerusalem.,

Written by Carola Eimermacher.

The current research analyzes roof stability in Zedekiah's Cave, Jerusalem. This cave provides a
unique case for studying the behaviour of layered discontinuous and unsopported rock in highspan
underground openings.

Besides, the research examines the rock mass classification methods Q and RMR.

Zedekiah's Cave is located near Damascus Gate in the Old City of Jerusalem and is quarried
in the Meleke member of Bina Limestone of Turonian age. The quarry's approximate age is
2000 years, its length 250 m, and its maximum unsupported span exceeds 30 m.

The rock is relatively weak and is cut by four discontinuity sets which create critical blocks in
the roof and in the walls that are likely to fall or slide along inclined joint planes into the
space of the excavation..

Block failure probability is low because of high frictional resistance that acts on the blocks
which are trapped between two parallel planes of discontinuity which are perpendicular to the
tunnel axis. The probable failure area in the roof and side walls, calculated using Block
Theory (Goodman & Shi, 1985) varies between 0.3% and 4.8%.

According to the empirical classification methods Q and RMR the rock is classified as
medium-good. In contradiction to the facts in the field - immediate faliure is expected for the
existing span. Also according to the model of a continuous elastic beam (Obert & Duvall,
1967) the roof is expected to fail under the tensile stresses which overcome the rock strength.
These methods do not consider the effect of arching which stabilizes the structure, as
demonstrated by the application of the Voussoir model (Beer & Meek, 1982) and DDA (Shi,
1988).

DDA analysis was executed for gravitational load in two dimensions. In order to compensate
for the third dimension two different joint settings were examined: vertical and diagonal
joints. For vertical joints effective arching is created above the roof which stabilizes the
structure after deflection of a few centimeters only. On the other hand, for diagonal joints and
for the analyzed time interval (5 seconds) a deflection of nearly half a meter is observed,
together with rock falls in the roof and side walls.

From numeric DDA analysis it can be concluded that a geometry of a horizontally layered

roof with vertical joints is more stable in general than a roof geometry with diagonal joints.
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