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ISRM Suggested Methods for rock stress estimation—Part 1:
Strategy for rock stress estimation™

J.A. Hudson®*, F.H. Cornet®, R. Christiansson®

LISRM Commission on Testing Methads, Imperial College and Rock Engineering Consultants, 7 The Quadrangle, Welwyn Garden City, ALS 65G, UK

b Laboratoire de Mécanique des Roches, Institut de Physique du Globe de Paris, 4 Place Jussieu, 75252, Paris Cedex 05, France
“SKB, Siockholm, Sweden

Accepted 20 July 2003

Recommend method:
® Hydraulic Fracturing
® Hydraulic Testing of Pre-existing Fractures

(HTPF)

® Overcoring methods

Other method:

® Hydro Jacking

® Plate Jacking
o ..
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In situ stress assessment strategy:

Use the pre-existing reference near project site

« Other project’ s in-situ stress measurement data
« Geology analysis on the stress regime

« World stress map — stress regime, SH direction

« Justify if vertical direction is a principal stress direction? Estimate the vertical stress
component magnitude

« Establish the SH stress orientation (HF, or evaluate by borehole breakout, high stress
failure location)

« Establish complete stress tensor (HF, HTPF, Overcoring)

« Establish variation
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Geology analysis on in-situ
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local level:
(1) roughly latitudinal extension

and
(2) a shear with NE-SW
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Stress map displays the orientation of maximum horizontal compressional stress Sw

* Projert
site
S'J
= . e
- e
Depth: Sl | St |
O"" 1km . \\
Strike-Slip (S8)
SHmax > Sv > Shmin
G2

20N° nno 2R°
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SH: NE5°~NW17° Y 7 S

Sv: Vertical N N |
Quality ™ Srﬁ:' |+ Stin ey s"': :..._5 | _F%:l\lzl <=
A ——  Shmax is within £15° | W Hinax S\ Has
B ——  Sumaxis within £20° 4 4 4

C  —  SHmaxis within £25° Néﬂ%':f;"l"% :ﬁ.:} EE:ZiE::Eéif iSEE;‘l}min Tsm:: Easu:'t:ig iTsFi

Data Quality: B and C, then range of SH could be as follow
SH: NE25°~NW37°

Sv: Vertical

Chose the most conservative scenario for PH complex:
SH : NW 37°,

Sh : NE 53°,

SV: Vertical,
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Hydraulic Fracturing Test -~ Crack
Mg -—35,,-S,
I e L L A N R B B P
s
e (L] JHY -
g ]
= - 0.,
=P —
SRor 1 2 56 8
L o
" 3
}E) - G ZK2-27KFFL, Ffe-w  zk2-3/KFFL, HHINiow
Z 40F R ' ' '
o i Step-rate .
— pressure ] , w
i cycle 1 ( .'
0oLt e R B A I ;
0 200 400 600 800 1,000 1,200 T
T' ;
ime (S) ’ | | " _
(Sy =3P, — P, + T — P, ,
{Su=3Fk—-P =Py (7) |
\ Sn = Fs 13# | 139
0,=7.0 0,=9.0
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Hydro Jacking Test T Peneq

® Suitable for fractured rock masses °7
® determine the minimum stress -8~ Fracture opening pressure
® To estimate the rock stress in situ in fractured formation where \ 8- Vertcalstress
hydraulic fracturing cannot be applied 100
Table 1: Fracture opening pressure and shut-in pressure
Depth Opening Pressure Shut-in Pressure
(m) (MPa) (MPa) 200
288.5 4.6 45
3195 5.8 6.3 B
333.5 6.7 6.6 £
3425 6.4 6.6 F
3525 6.4 6.4 S 307
398 76 75
408.5 6.4 6.6
425.5 6.0 6.0
438 76 9.0 400
443 6.7 7.8
453 7.3 8.4
464 8.4 9.5
479 8.4 9.7
484.5 7.7 9.3 20
494 11.2
517.5 6.7 6.4
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Assess of SH — (1) empirical equation- not reliable

0 1 2 4
1 0 . 1 , | . |
k—0.25+7Eh 0001+z _— —
Eh — average deformation modulus of above rock
mass in horizontal direction
Z - depth —_
E
Cover depth N 1000 — ™
lithology rock mass "
/GPa o E ;, (GPa)
a1
ke
- 415.8 bs-strong 23.71 ’5‘ ™~
11 424.6 bs-strong [ 13.34 Z
2 ™ 25
4348 bs-weak [l 7.13 O
447.6 bs-weak \Y 3.15 = 2000 _ _ 50
454.5 bs-weak I 7.13 53 ™ ~_
461.1 bs-weak Y% 3.15 = 75
500.0 bs-weak Il 7.13 \\\
_ 550 bs-weak i 7.13 ' 100
Can’t explain measure results K=0.71 3000 |




| 03 KIGEIE FIE - (1) MR D[RR

Assess of SH — (1) empirical equation —too larger range to use

100
K= ——+03
Z
0 N\
| \,l!,—'t' ol o l' Y
- @
190 4 0.3 < 2t L 15004 5 S T G T "
H 20y H ¢ ¥¥'g ) N o o
500 — | B iges™ , © -
—s . O e ==
. . = P I s’
oy. maximum horizontal stress E ! . P, . "o:,'
oy, - minimum horizontal stress § bl o 1l e% o 0 " .
H: depth/m. ‘§ - 1 ° o’
/
g 1900 - :‘n l, \K= 1500<0-05
v 7 §
0.3 < 04<6.3 2 - 1% R !
= ! v |/
a 2000 - , ' o AUSTRALIA
g | N ¥ UNITED STATES
L ! 4 CANADA
The formula has less reference value y SRS O SCANDINAVIA
h burden less than 1000 2001 ' e
when overburden less than m | : A aseanttiee
3000 L—1 AR R N B

0O 05 10 15 20 25 30
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Assess of SH - (2) using HF equation - not common accepted, but no other choice

SH — 3PS_

Pr_PO

- (1) HER7]IR)R—R

The linear relationship of minimum principal stress and depth was estimated with a
straight line fit with and anchored to a value of 0 at the surface. The procedure was
also applied to the fracture opening pressure. This results in:

Shut-in pressure = S, - 0.0186 (where z is the depth in m; S, in MPa)

Fracture opening pressure (P,): 0.0171 (where z is the depth in m; P, in MPa)

Sy =3P, —P. — P, = 3+0.0186 — 0.171 = 0.0387

Kn=Sh/S,=0.0186 / 0.0261 = 0.71 (=0.7)

Ku=Su/S,=0.0387/0.0261 = 1.48 (=1.5)

Table 1: Fracture opening pressure and shut-in pressure
Depth Opening Pressure Shut-in Pressure
{m) (MPa) (MPa)
288.5 4.6 4.5
319.5 5.8 6.3
333.5 8.7 6.6
3425 6.4 6.6
352.5 6.4 6.4
398 7.6 7.5
408.5 6.4 6.6
425.5 6.0 6.0
438 7.6 9.0
443 6.7 7.8
453 7.3 8.4
464 8.4 9.5
479 8.4 9.7
484.5 7.7 9.3
494 11.2
517.5 8.7 6.4
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2. Geological model, In-situ Stress and rock mass property

Assess of SH — Summary S,, Direction:

Most likely: NE5°~NW17°
Largest Deviation: NE25°~NW37°

S, Magnitude:
Most likely: 1.3
Largest Deviation: 1.0~1.5

Suggestion for calculation: typical situation Suggestion for calculation: most conservative scenario

S, Direction: NW17° Sy Direction: NW37°
Sy Magnitude: 1.3S,, S, Magnitude: 1.5S,,
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ISRAEL KOKHAV HAYARDEN PUMPED STORAGE POWER PLANT

)~ b5 shALE

Isometric View of Powerhouse

1. Powerhouse
43625 m

2. Transformer Hall

3. Busbar Tunnel

4. Access Tunnel

5. Emergency and Cable Tunnel

6. Tailrace Tunnel

7. Access Tunnel to Lower Surge Shaft
8. Lower Surge Shaft

9. Penstock Tunnel
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Geological structure

bs-strong
@Pyr

bs-weak

== Bs-strong
| === Bs-weak
| == Pyr layer

O Main rock mass lithology : ®, ®, @ Pyr layers, bs-strong, and bs-weak.

O Main geological structure : f16 fault, f22 fault.



| 3 KIRBMTFIEE - (2) InRiEEREE

UPSTREAM o Y DOWNSTREAM
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| smigit S meEmm . | T
P
. RS " ( A TR J
o i | | STHPIETHES R
: %ﬁii@f 3 =R EEE
oy || erxwE | | mEen || s
GRESF) || (WSERE || MN-Q || Sh

\ : J
{
{ M T R R E AT P E S R J
(SafFsit, Weh, STRCH, S, MBRED)

IRIRIARE
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T L=6m

Embedded into rock for 5.35m

Plan view

I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I
N Mph-LO+034-1 '
—— Depth=0m |
- Depth=2m July 7, the .
B e e b
—— Depth=6 m excavation of PH |
o [=—Dbepth=10mj  Jayer Il finished !
:
|
A r
|
|
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 I. 1 " 1 " 1 " 1 "
3/1 3/15 4/1 4/15 5/1 5/15 6/1 6/15 7/1 7115 8/1 8/15 9/1 9/15

July 07, 2019, PH layer Il excavation finished,

July 21,2019, the extensometer of Mph-L0O+034-1was installed.
No excavation, deformation continue increase

The deformation is not only near the excavation surface, but

also in the deep.
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Excavation Layer Il of PH

7

R 2 j

o EHTEMITLIRSRREESRANIM S BERESFERSNOFH
o RIIHERIIRSSHEIRFIIMEE, MEBESRTFRINOTTS, BN IEF
® WA EtEEARERE
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3DEC _DP5.20

©2019 Itasca C_onsulting Group, Inc.

Step 3147
11/11/2019 4:07:23 PM

Block
Plane: active on front
Colorby: Block Group Slot: 5
bs
bs_strong
bs_strong_fol
bs_weak
bs_weak_fol
F16_1_left
F16_1_right
F16_left
B F16_right
Pyr9
Block
Colorby: Block Group Slot: 2
~ power_house
transformer_hall

Block
Plane: active on back
Colorby: Block Group Slot: 5
B bs_strong
bs_strong_fol
l bs_weak
bs_weak_fol
F16_1_left
F16_1_right
F16_left
F16_right
Pyr9

Fault material
(F16) s

Fault material (F16-1)

Vertical cross section
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SENEHENFE (SRRANEERCAIRE)

Basalt strong Strain softening 0.0 0.2 2.2(0.2) 46 (46) 0.1(0.1) 0.005 - - - -
ERLEELL SOIE clelglilols- 200 025 22(2.2) 46 (46) 0.1(0.1) ; 15/130  0.45 (0.45) 31 (31) 0 (0)
with UB Joint Model

Basalt weak Strain softening ~ 10.0  0.25 1.0 (0.1) 32 (32) 0.05(0.05)  0.005 - i i ;
\'?Vﬁf]agé"’eak }]Jot?irﬂ“&g‘ése'l 100 025 1.0 (1.0) 32 (32) 0.05 (0.05) i 15/130  0.45 (0.45) 31 (31) 0(0)
Fault Mohr-Coulomb 1.0 0.25 0.1(0.1) 23 (23) 0 (0) - - - - -

Pyroclastic Mohr-Coulomb 1.0 0.25 0 (0) 20 (20) 0(0) - - - - -
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- (5) {timia™EEIEiRE

3SDEC _DP35.20

©2019 Itasca Consulting Group, Inc.

Step 55635
11/12/2019 11:33:51 AM

Block
Colorby: Block Group Slot: 5
bs_strong
bs_strong_fol
bs_weak_fol
Pyr9
Velocity magnitude
Plane: active on
1.0000E-03
9.0000E-04
8.0000E-04
7.0000E-04
6.0000E-04
. 5.0000E-04
* 4.0000E-04
3.0000E-04
I 2.0000E-04

1.0000E-04
0.0000E+00

Velocity vectors
Maximum: 0.0478289
Scale: 200

4.7829E-02
4.7500E-02
4.5000E-02
4.2500E-02
4.0000E-02
3.7500E-02
3.5000E-02
3.2500E-02
3.0000E-02
. 2.7500E-02
l.' 2.5000E-02
2.2500E-02
2.0000E-02

*

~ Pyroclastic layer

Contour of velocity

Blocks with
BN velocitieggreater T
=L Athanp DL mise —

| e
A X

> 4

Rock mass behavior (moving, fos<1.0) at final stage of excavation
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O

ln.ﬁmlm o 1 _ﬁr
TR PR
IILA‘IIH ()

Support enhancement:

@ 4 tendons in north ending wall; Yy ¥ % %

@ tendons in sidewall of PT1 Y Yo & Schedule:
® pattern rebar bundles ) . ¢
@ concrete lining in PT1 * D->@—0—@— 06

(® grouting of rock mass ¢
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- (5) dtimtE™EEERE

EHERIMNELR 5 S

-

\ 1, I !
\ \ \ /
(On PT1 upstream side wall) \ /
Bar_anchor 190~ 19754 2x2m,L=44.9)m \
Seniice load=800KN \ \ \ /
8 pes \ / l
\ \ \
h /
PTI-2
7 PIL 0432309

-
~
-
-
-
~
~
> ~
-, _-
-~ —
- —
—
\\\\
3
de

Bor anchor,L=35.45(3)m, T=800kN

(On north unrin? ’
Bar anchor 210~ 212,L=T3 (3
Service load=B00KN
" \ pe
\
~ ‘

presiressing force=320kN, 4 pes

(On north ending wall)
Bar anchor 206~208,82m,L=35.45(3)m

Service load=BOOKN
4 pes

Bar anchor,84.5x3m,L=35.45(3)m
load=B00kN

Sarvice Powerhouse ___

Bar anchor,L=44.9(9)m, T=800kN
prestessing

(Length and orientation to be decided affer
receiving updated report from Dr. Branko)

~____ Bar anchor,@4.5x3m,=26(3)m
Service load=|

force=320kN, 4 pes

AN DTEZER. TAMDMEE, fehtR. ELSER
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e

137#-load cell

137855

1394
ph'L0+034-1 @

Y, e

138#-load cell 4?:'

/,‘ N

i, g 3
g 4 L Wl ({1404 -load cell

142%

loadeell SRR @ B
MphsL0+034-2(damaded)s* > - o

_a

e ) R

- (5) {timia™EEIEiRE

O sz

O M=

O 2R

O %555

O ML
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%ﬂ—iﬁ‘zifzi'l'

40 T T T T T T T T T
35 [ Mph 1_11+03_4__1________In_a_t@_l_l_ah9[1...1.9».!@.?_4’_2_@_1_9 _____________________________________________________ ]

—_r — Excavation: 19/06/2019

a0l Depth=0 m | =A¥avalbi. 120k

£ | Depth=2 m

g8 Depth=6m |~ p=f T

e o0 Depth=10 m| " ;-

8 L

T S e -

a L Current value: 35.62 mm

5 10 T g T = g ] et SLDSEARHAEE Recentweek: 0.01mmid
T .- <. -
D I 1 1 1 1 1 1 I

71 81 91 101 111 121 11 211 31 41 51 61 71 81 91 101

20 T+ T T T T
8L Mph-L0+034-2
16 —— Depth=0 m
€[ |——Depth=2m
EM¥[ |—— Depth=6 m
si2r Depth=10 m
E 10 [nstallation: 027120305 st T e 5
@ - Current value: 18.85 mm
Q L - 19/06/2010 - .~ T T T
3 2 F-Excavation: 10/062 Recent week: 0.01 mm/d
1) 5 O ]
o O et ]
2 P -
O 1 | 1 M aAsA Midasstessans tans B 1 1 1 1 1 1 1 1

[

De to the
disturbance of
anchors drilling

0/15 10/29 11/12 11/26 12/10 12/24 1/7 1/21 2/4 2/18 3/3 3/17 3/31 4/14 4/28

PLO+034.800

miz R EPElSTEE

EL.=252.075

Pilot Tunnel 1§

Pilat Tunnel 14

Mph-L34~1

Layer 1112
excavation of
PL17~PL24.5

20 ——

Mph-L0+034-5 Installation: 24/10/2019 ]
. —  Depth=0m| Excavation: 06/07/2019 S
E 19 | Dept=p | A e
N o cumentvalue: 18.41 mm
o Recent week: 0.04 mm!d
(1]
L - . ——
(]

0
10-15 11-5 11-26 1217 17

1-28 218 3-10 3-31 421 512 62 6-23 7-14 84 825 9-15
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Kokhav Hayarden Pumped Storage Plant Project
Inclinometer PT1 - Impt 1-2 (Zero Reading 28.04.2020)

A- (Downstream) Deviation vs. OReading - A Axis (mm) A+ (Upstream) B- (South) Deviation vs. OReading - B Axis (mm) B+ (North)
B P e 84 32 4031 213 4 5 6 78 st T s ¥
0
1
2 2 T
P : !
: ‘ 3 ;
s ] Pyr ¢ ]
H ] 8
- 9
11 L rFann I
2 : Bottaohniofiayerit I
13 13 I
14 14 {!
15 15
i I b 1
18 [ bt |
’é‘lg
Z2 . .
FRE On 22t of May, the inclinometer were
B Accumulated
— Deviation 05.21 1l
RN HH damaged by anchor 169# drilling hole
25 1 —
] ey 2
L I I ] 2 | A, t Vap of Beviaton ()
f g; 11 T T ) O B 27 1 T 6
1 | 28
gg ] 0521 ‘( (I Orientation of Inclinometer u 29 1 Devation G521 )‘ :
30 +— -
2; H r‘ !J w00 H ii ] | 2 .
Nl . — -2
33 1 — L {1
3 1] ——omiion 0520 oo + w M 81 —oevaionos20 1 4
=0 f = 5
37 Joapr-2 I )80 — 37
¥ 26-Apr-20 I | AN 20apr-20
ol H e us [ o )
G T i
Kokhav Hayarden Pumped Storage Plant Project
Inclinometer PT1 - Impt 1-1 (Zero Reading 25.05.2020)
A+ (Upstream) Deviation vs. OReading - A Axis (mm) A- (Downstream) B+ (North) Deviation vs. OReading - B Axis (mm) B- (South)
10 8 6 4 2 0 2 -4 6 8 10 10 8 6 4 2 0 -2 -4 -6 -8 -10

00 [Gipurd E
\
|

——
o

Accuulated Deviation 09.25

H3

—a— Accuulated Deviation 09.18

<
L]

40 Deviation 09.25

Accuulated Deviation 09.25

Deviation 09.18
—a— Accuulated Deviation 09.18

il e
T
-

Baseline 05.25

Deviation 09.25

I
s SN OSs

—— Deviation 09.18

@
2
Depth (m)
o~

@

| | ——Baseline 0525 70 \ 7

1 I H— 8
Orientation of Inclinometer 80 Map of Deviation (mm)
| 5 z|
North
L oo 3 9
8o . N
B 1
u/s Aot 200 0/s | 100 3 T 0
o s "
i I M 800) 5 3 1 1 3 5 u
' N 1 1o us Dis [
South
— —— 25.5ep20 —— 18:5Sep-20

Depth (m)
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Young's Cohesion | Friction | Tensile Dilation Y A WS/t THEE// | TTEEA
i i . e ah-L0+034~ ph-L0+034- 7
Lithology | COMSttUve | Tyoq © |y | (residualy | angle | strength | Critical | angle e £=0.008 | £=0.014
model GPal [MPa] (residual) | (residual) strain (residual) 0.4
: [1 | mea [ N
Basalt Strain 0.06 0.008 - E 0.008 137 53 55 53
strong softening 73 025 | 27(01) 47 (47) (0.06) 0.014 5(5) E DOB T2
Basalt 27(0.1) | 47(47) (g'gg) 0608134- 55) ;31004 TR ST e
strong with Subi 7.5 0.25 UEé:é)é% UE;131 UB 0.0 | UB:0.008 | UB:5(5) g = S 138 51 56 56
UB (0.05) (1) (0.0 -0.014 .
Basalt Strain 0.03 0.008 — 0 2 4 6 8 10 12
weak softening 4.75 0.25 2.05(0.1) 41(41) (0.03) 0.014 5(5) Distance from the face of the north wall (m) 139 53 53 49
Mohr- 04
Faults Coulomb 1.2 0.25 | 0.1(0.1) 23 (23) 0(0) - 5(5) .
T Wohr g orees
Pyroclastic Coulomb 1.2 0.25 | 0.7(0.7) 20 (20) 0 (0) - 5(5) % 005 suan 140 60 49 48
Basalt Mohr- 0.76 g NN
Class V/ Coulomb 0.65 0.25 0.76) 23 (23) 0 - 5(5) §004 o T':-_.._:‘ —_—
8 ooz S 141 59 55 55
Cohesion Friction Tensile Dilation o
Constitutive Kn Ks (residual) angle strength angle o 2 4 6 8 10 12
Contact model [GPa/m] [GPa/m] MPa (residual) (residual) (residual) Distance from the face of the north wall (m) 142 49 51 50
[ [MPa] [
Faults Coulomb slip 10.0 5.0 0.1(0) 23 (23) 0(0) 5(5)
Expiich 143 50.5 52 49
joints Coulomb slip 50.0 250 0.45(0) 31(31) 0(0) 5(5)
Pyroclastic |~ iombsiip | 10.0 5.0 0.7(0) | 20(20) 0(0) 5 (5)
contacts I 3 Localized

mechanismof
movementin the
north wall

AR PR 2B M4 BB RIS/

0.008
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Ultirmate force DRI SG A SRR AATERIEIA I 1900k N, $8Z
cap_acity = 1800 kN Q 3@@]1 Ocm ’ Ezfiitgﬁﬁf,%

Force (kN)

Allowable working force for

tendons = 900 kN
Allowable warking force far
AN Residual force o (EIEHZ/ BN
e | capacity=750 kN z =
® XRERIFEFHRIA

| ' Axial displacement(m)

»
Elastic elongation of Elongation tolerance
tendons/bar anchars for25  measured at the cable
m of unbonded cable = head =0.4m

0.13-0.15m
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EeEMTZER

AF1.3

- (5) {timia™EEIEiRE

3DEC DP5.20

22019 Itasca Gansulting Group, e
Slep 474577
IR0 114118 AM
Cable axial force {Tension -
0.0000E+00
-1.0000E+Q5
-2 OOOE 35
-3.0O00E+Q5
-4 DOOOE+05
5 DOODE 4016
6 DOO0E+05
-7.COO0E+QS
-8.0O00E+Q5
8. 0O00E+Q5
-1.0000E+08
-1 A000E+05
-1.Z000E+08
1 A000E+05
-1.4000E+06

+1.5O00E+08
-1 .BO00E+06
-1.7TDO0E+0S

1.B000E+05

Critical
strain =
0.008

3IDEC_DP5.20

a0 18 hasca Consating G, o
Stap 4TEAY]
RO 121450 PW

Cable sxial foree | Tensing -
0C002E+IE

Critical
strain =
0.008

IDEC DP5.20

S2019 | nsca Consuling Group. |

Siep 474517

BIZEA020 114044 AW

Cahle l|hﬂ£\!mﬂ1 magnkiud
ATEN0E-DT

3 IEC0E-D1
3 OCOE-01

1.7E0E-M

1. DOCOE-D1
7.B000E-Z
5 DOGOE -k

LIGE-I2
O 0OSOE+30

Critical
strain =
0.008

3DEC_DP3.20

£20018 |tpeca ConeLling G40, Inc
Siep 7987

BZIR0 121518 PM

Cahle displacement magnitude

3 DOCOE-07
2TEE-DT
#SO00E-07
22BE0E-DT
# DOCOE-01
1.7EE0E-DT

1 0080E-B1
7. BIGE-DZ
5 00ME-02

2 HGE-Z
QO0ME+0

Critical
strain =
0.008

(FoS=1.3)

(FoS=1.5)
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Maximum Span (m)

0 10 20 30 40 50 60 70
S IO T A et e
: RGN o
500 O © e
N ﬂ»{* BRI
— ~  _—
E 1000 ht .
z ] o, |HERET
= RN .
2 . Alto M
2 1500 | .. tg Maipa .
8 2000 —004 .
es%_z&ug;K‘ o
2500 o
_ ® ] L S
3000 - BRI FCIOE (518)
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