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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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Axial Stress (MPa)

Axial Stress (MPa)
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.3.7-1 3.6 D'™M'WAN .NITODYNN 21TIN NN AX'M NNIPYN DY INI'DN YOpn

Elasic Modulus Regression Ul

y = 83.918x - 0.9504
R? = 0.9862

0.02 0.04 0.06 0.08 0.1 0.12
Axial Strain (%)

212'WY 911pN2 NX'NY 2Y NITVDON VITIN 3.6 D'WN

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 (%)

212'wH X' NX'NY 1Y NITVDOOX D1TIN 3.7 D'YON
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Radial Strain %

Radial Strain %

-0.002 A

-0.004 -

yY0N ¥ NN NIANINN 3p9

3.9-13.8 DM"WAN HOXTI NHYNA TAID MY DY NNIPYN [DIN ININA YApNin [IONID DN

Poisson regression Ul

-0.006 -

-0.008 -

-0.01 A1

-0.012 A

-0.014 -

0.02 0.04 0.06 0.08 0.1 0.12

y = -0.1392x + 0.0026
R? = 0.9494

Axial Strain %

210'WY 912pN2 NX'NY 112V [IDNID DN' :3.8 D'WIN

Poisson regression U2
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210'wH 21X NXNY
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DYITYI MY NNIXNA 107P Y20 DY PTIN NPT 1VX'] Talesnick & Brafman, 1998

NN ANIX ININD MM NDNVITNIN 192'P1
212'w) 111 0.16 -2 212'wY D1apna 0.14 |12 V2 YOO SV [IOXID ON!

OV NI' 0'NI2A D' 120 Palchik & Hatzor, 2000 "T* DY NYa ' DY IYXIAY PTIN NIPPTA
['2 VI NITVOONN D1TIN .64-187 MPa ¥ NIV Y2pNn M1'X-TNN NX'NON PTIN 112y .YY0N prin
NI NN AN PTAN YO0 NITIPI .0.27-5 0.2 *2 V1 [IONID ON'I 60.5 GPa -2 24.8 GPa

MX-TNN NX'NON PTIN ' INXNA Palchik & Hatzor, 2000 .10'pT'X NYN1 27% NNIYY 6-16%
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(3.11 0'wnN) Barton & Choubey, 1977 ¥ 0'*0ITIV0 0'2'91N9 DY HYIN 19N 0'Y'D1ND
.6-10 DV (joint roughness coefficient) JRC DI9ON DTpN 21pnil

JRC=0-2

JRC=2-4

JRC=4-6

e o W, I St JRC=8-8

B e e JRC=8-10

m JRC=10-12

e | JRC=18-18

M JRC=18-20

O N N )

Barton & Choubey, 1977 ¥ D''0U1TIV0 0'Y'91ND :3.11 D'YIN

2191190 POINA [IWNIN 1)W1 . Rengers, 1971 YW 1T NN DIDONN N'IIT N2IWNY NHOI NL'Y
TNN 922 291790 SW YI9'WA TTN NHHT-TA N1 .(3.12 0'wn) L NIKA DY D'YORY
127 y -N 'YX YV NAY DX NN DNAYIN DY L0131 210,11 112y 19X D'opn

1P 12V NITIPIN 0T .L YW NIT'NA 9150 YW 00N PRI X-N VX OV ITTAIY NIITH
073 N1 'WHOWN 2OV .(3.13 D'YAN) NINXINN Y2 NX NI 2100 NP NNXKINY NIX]
NI L OV NIT'N'2 AU 002N pNIN TAD AV (dilation) NN'ONN NN AX''NY (3.14 D'vON)
1% ¥ pNINY D'NNAN 70AN VID'Y NIN [1TIN Y202 N'OIND DISONN N'IT . AV=AU tg(isc)
IXN 1% S¥ NPYNN INND D'1AN 1NN NN YARNY X' NNINN WK YXINAN P121nn
D1%yn 3-5 -1 N2WIN DIDONN NUIT IN'PT'X NYNA .(Barton & Bandis, 1980) p192n
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VODN NON NID'N YW "'ONNAII'D 4

NIvo'a vy 4.1

DY NDDANNI Terzaghi, 1946 '1' 5¥ NNNID Y20N NON NI2'X NTANY NIIWNXIN ALIYON NO'Y
N NN YXINY TN MM WYXARE DT 0'YXARND 1NNY 2pY Y01 1XYW DNV NN
JIV NNINA 221pN DY 192 D12 NINYP NIYXNNA

NTNYN [ATINNIAN DY NNONN 2TIA DN DRAIYNN DN0NI9N DAY NO'W A'XN Lauffer, 1958
YO0N NNIDNA DN NTNYN [ATIUNRD N XYY NN NIX]

RQD-N DpTI'X Yy NoNNON Deere, 1967 YW (Rock Quality Designation) RQD-nN NO'W
JTNNAON DY DIAYT NHANY DN N0 10-n D1TAN NIT'PN "1'Y2A 7IX DIDO ' DY aWInY
YO0N NON NID'X DY NYXPITIR NI )21 Y200 DY NHIN NNEPITON 2XN DY NN DT Y
.Wickham et al.,1972 *T* 2y nnNI9 (Rock Structure Rating) RSR NX1pIn NO0I11 NL'Y
Yap1 YATIN NN DRIYN DN0N19Y [N1Y 150NN DY 219p'W 19 Yy YXann AN
NIDXIN-'X MY LINIANTYI0N DY DI N DN D'MIP'YN DNI0NION NYIDY .OXNNA
.DINNN M1 NNNN 1YY DN

RMRNO'Y 4.2

.D"IWN WN1 NDTIVI Bieniawski, 1974 1 5y NNNID (Rock Mass Rating) RMR-n N0'W
DAXIM 51N> .DNI2'wNY DXNN] VIpIY 'MINdN DDWI DIYN D'0N19N D'AXI' 4.1 nv102

W VXINNN (stand-up time) NNV AT ,0'2IVN DID0 9 2V NID'N NIXIAP WNANY Yo0N NpIon
QNN NHITENTAIP NID'N NXIAPT NN Y 112V Yo0n
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(Bieniawski, 1989) RMR NO'¥ '9) Y200 NON NI2'X AlI'DY D*X0N9 : 4.1 NY10

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).

TN WX NMI'X-TNN NXINON PTIN XN §'X1 Y20 YW D1pN 112V NI MIVAYNN 101190
JNEWONN (112
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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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