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Compressed air storage project

ADesign chamber V = 165,000 |
at depth ~600 m bgl i

- t" Closed-loop
!

ACavern pressure 5.8 MPa B T
. &
(approximately constant) r——c Pz o

. turbine generator
ATwo vertical shafts and reservi——

at surface T i~ J—
] ] system Heat storage o A .Rod(
AMajor requirement to the cavel = L
. Air shaft :
designg max leakage rate 1% ¢ l., s
the daily volume & ..
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Issues

Permeabillity of the host rocks Stability

Air/water loss or make during Design assumed 50 years life
construction and operation without re-entry!!

More accurate and dense Complex site geology required

measurements required detailed geotechnical investigations



Site Geology




Geotechnical investigations

Aln situ stresses APermeability

Why does it matter? Need for detailed

coverage by quality
Rock strength < min stress measurements

Cavern pressure > min
stress

Stresses vs joints
orientation

Stresses vs excavation
orientation
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ARock properties

Rock fabric
Anisotropy
Defectsc joints / faults
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How did we do I1t?

ARegional and local geology analysis
ATesting in vertical holes (drilled from surfacdBST2D in situ stress
AUnderground horizontal holes 460 m long testing:

A Logging of the core (oriented barrel)

A1ST3D in situ strese\ercoring

A Sonic and ATV logging

A Permeability using A 3 DET QIRO tool

A Specialisedore testingg modified point load, cyclic UCS & triaxial



Lithology of the host rocks
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Jointcharactersation (new holes)

ATV features

Core features
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Core features legend

ATV features legend

Major open fracture
Minor open fracture
Partly open fracture
Filled fracture/joint

Foliation




Rock stress measurement

Stress measuremen| No borehole | Borehole wall | Fractured rock
technique wall failure failure mass
Hydrofracture N/A
Hydrojacking N/A N/A
OvercoringisT2b, IST3 N/A N/A
Borehole breakout N/A N/A
N/A

Core ovality

Kaiser effect

Deformation rate
analysis

Anelastic strain
recovery

DUBIOUYS. &IINPIRECT

@ Best possible

Good Useful N/A Not applicable

Sigra

In practice it is reasonable
to combine expensive
accurate measurements
with cheaper less accurate
ones, e.g.:

A Overcoringt+ core ovality
A Hydrofracture+
breakout analysis
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Overcoringy I1ST2D (1/2)

STEP1 STEP 2 STEP 3 STEP 4 STEP 5 STEP 6 STEP 7 STEP 8
BREAKING LAST DRILLING THE DRILLING THE SETTINGTHE PULLING BACKTHE OVERCORING PULLING THE CORE EXTRACTING THE
CORE RUN COUNTERBORE PILOT HOLE TOOL RODS FOR A AND TOOL DATA
4 COMPASS READING

% N %
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—

DIAMETERAL .. |
MEASUREMENT

B

TRIPLE = o
WEDGE - | alE
SYSTEM




Sigia
Overcoringy IST2D (2/2)

C Thousands of measurements ~ I
over 30 years
£ | -
£ e
C Subvertical holes only . —ar
(vertical stress assumed to be overburden)s i
C PQ HQvariants available S
10:40:07 Date/Time 10:45:47 g ::: :':S: ::::
CLIENT:
HoL;#: Strain traces graph Stress interpretation
SEAM: . .
r , (best theoretical fit)

DEPTH:

RUN #:

IST2D tool out of core



Overcoringoy IST3D (1/2)

STEP 1 STEP 2 STEP 3 STEP 4
BREAKIMG LAST DRILLING THE DRILLING THE PILOT INSERTING THE TOOL
CORE RUM COUNTERSINK AND CONE HOLE IN THE PILOT HOLE
——— e — e
ey -
¥ . &

A Glued device

A Holes of any inclination, PQ, HQ, NQ variants available

(glue set timé ~hgs) |

TOOL BEING GLUED
TO THE ROCK

STEP 6

CORE BARREL
WITHDRAWN

2. L

Sigra

STEP 7 KRERS
EXTRACTING
OVERCORING Taey

<

=

A Maximum depths of successful tests: 1.6 km (subvertical holes) and 420 m (horizonta

A Tool has 21 strain gauges (axial, circumferential and diagonal)
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Pilot hole bit (left)

IST3D tool assembly
with glue (right)

A IST3D provides principal stresses| =HII [T ol
A Stress interpretation requires e
specific rock laboratory testing [ f— T T —

(UCS & triaxial cyclic) ;
OW;; B.uf? F{H ) -:“‘ N -

Diagonal strain gauges recording
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Hydrofracturing Hydrojacking

{ A 3 Nd@rddracture/
hydrojackingtool Hydrofractureinterpretation theory ATV image preand posthydrojack

Well head seal B
— RS SUTE

—=— [njection rate 194.60

194.80

40 MPa Frac pump
| ’ l , | | | FRA 4 195.00

® ] i -

Pseudo-Linear Flow me:t
— a— — 195.60

Flow meter and pressure gauge

CHD drill string

Flow control valves

o
i 1 195.80
196.00

Pseudo-Radial Flow 196.20
Top zone packer |

196.40

” | 196.60

196.80

kh/ i, P, 197.00
: “ 197.20

Shut n Period

Fracturing zone

Downhole memory pressure gauge T

Bottom zone packer

Time




AcousticTeleviwerlmage of Borehole Breakout

383.2

383.6

384.0

384.4

Siltstone

& Metasiltstone B
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CoreOvalityg Stress Difference Estimate

Diameter Change (um)

Core Ovality Test
40 - 1 'S 1
—e— Test 1
+— Test 2
30 4 —=— Test3 ° o
—e— Test5 I
/ -\ L -
o Test6 /A \ &/ \\
201 e Mean Values : / 77
= Sin Fit Curve
10 -
0 L
Y / J ‘
-10 - \ 3 R
0.._\_\ 4
-20 - L
0 100 200 300

Angles (°)

Run 0036.043.log
Average Diameter (mm):
60.95

Young Modulus:
17214.0

Poisson Ratio:

0.23

Crest (um):

19.946

Trough (um):
-5.185

Sig2-Sig3 (MPa):

-

Stress Dev (MPa):
2.885

Angle to Trough (°):
35.721

Angle to Crest (°):
125.721

Error:

9.695%
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Stress measurements Iin vertical holes (IST2D) ’

Assumption: Minimum stress is assumed to be vertical and equal to overbgldBOVED WRONG BY IST3|

H1
Proposed

cavern | 1 measurement (in red below) showe
H2 rotation of max stress by almost 90

Reasorg complex geology!!!!

Horizontal Pri“cipal Stresses . o
o, MPa Horizontal Prlpjapal Stresses

V2

100 m
1




Stress measurement in horizontal holes (IST3D) _ﬁ??;
COMPRESSED AIR STORAGE AT BROKEN HILL

A High variability of stresses at 150 m distance along the holes T too long a spacing
A Minimum stress important with respect storage pressure

ination 90 deg ——
N 60

H1
Proposed

cavern




Risks of slabbing

Most stress measurementspointio M AY 9 b 93X GgKAOK A4
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A Digression Into rock stress at
otherlocatons



Layered Sedimentary Strata with Varying Stiffnesses

Depth, m

-525

-530

-535

-540

-545

-550

-555

‘ = Major Tectonic Strain p€ *10-2 Minor Tectonic Strain p€ *10-2 =——Major Stress MPa ===Minor Stress MPa

Siltstone
E=3.5 Gpa
V=0.15

Siltstone

E=15.6 Gpa
V=0.23

Carb Shale
E=5.6 Gpa
V=0.27

0 2 4 6 8 10 12

Major and Minor Stress (MPa) and Tectonic Strain Through a Typical Sedimentary Sequence

14
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Sedimentary with
strike slip and reverse
faulting




Bedding planes >

Metasediments
with reverse

faulting

Tectonic strains >




Metasediments with reverse faulting
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ISTID-0014.129

Feisic Oyke ¢
(et ‘uv.
. =
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y
1ST3D-0018.129
/' Feisk dyke
|
IST3D-0020.129
Rhyolite
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ICross Hatching - Massive Sulphude Copper
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Outside - Chiorite Host (Rhyolte)
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Sigma 1 (MAJOR) Caseq

Sigma 1 (MINOR) ) b e I OW
al

’ o 196m S3=9 MPa

( o 101m S1=9.6 MPA reisicdiie | an C I e nt
w, Rhyolite 02mS1=16 MPa G 745m S1=12 MPa -

o 48m S1=11 MPa
lenses o 250m S3=2.5 MPa
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\ between

° 250m S1=9 MPa

Felsic dyke below orebody

o 302m S3=5 MPa
o 101m S3=2.5 MPa

s
o 48mM S3=4 MPa

o
0 145m S3=5 MPa
s



lgneous; old and
newer followed by

1500 m of erosion.

Importance for a
dam foundation.

16 holes x 2 tests
INn each

350 x 250 m
Investigation

Sigra
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Examining the stress situation

ATectonic strain concept useful in layered sedimentary

AMore generally need to look at both state of stress and state of strain
required to achieve the current state.

ACooling is extremely important.
Alt is possible to have tensile stress in rock masses.

ALook at ancient markers such as the emplacement of dykes and sills as
stress indicators at a time.

ANeed to develop a conceptual strestsain model taking time into account.

AJdust because you want a simple stress situation to fit in a numerical model
does not mean that is what really exists!



Continuation of main
presentation
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Rock propertieg modified point load test (1/2)

APLT methodology adapted to increase number of valid tests

Correction could be applied using elliptical failure concept and area of failed surface

W = estimated average width to estimate area of
Failure plane Where Estimated area=LX W,
Note for full ellipse and ellipse truncated at one
end the area can be calculated from L, D and
calculated value of C (where C = L for full ellipse).

Invalid test
(Ulsay& Hudson,
2007)

. . De , 0 -
Qso) = O F = (5)0'45‘*09: 2 - A=LW

View in plane of failure

Estimated area
for failure
surface
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Rock propertieg modified point load test (2/2)

APLT methodology adapted to test stronger anisotropic (foliated) rocks

TRANSVERSE

ACROSS THE

FOLIATION

IN LINE
WITH THE
FOLIATION

Outcomes:

Anisotropy ratio
for axial loading

Isa(s0)

1 aA(50) — [

Anisotropy ratio
for transverse loading

Two diametral test directions

In strong anisotropic r

ock

I _ Lsrs0)
Testing weak anisotropic rock aT(50) ™ Igs0)
(in concordance withllsay & Hudson, 2007)
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Rock propertieg cyclic uniaxial testing

UCS test conducted by cyclic loading & unloading to reseaveliecoringconditions

3 o D
1 B
Tangent
—— Secant_Loading
Secant_Unloading
4 2 A C E €
Modulus vs Stress 0003.107
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10000 - Unload secant -
Unload secant fit ——
0 ‘ ‘ ‘ ‘ Cal tangent —=
0 10 20 30 40 50 60 70 80
Stress (MPa)

Permanent offset strain(micro)

4.
Photo 6: 0003.107 before UCS test

¥

/A i -
Photo 7: 0003.107 after UCS test

Test0003.107-Permanent offset strain
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Permanent offset is measured at
the end of each cycle and included
In calculationg plasticbehaviour
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Rock propertieg cyclic triaxial testing

Triaxial under the range
of axial and confining
pressures. Cyclic testing
Is focused on measuring
elastic properties.

In this project some
rocks were reasonably
Isotropic and E and
fairly constant.

There were others that
were highly anisotropic
and nonlinear.

Stress, strain

25000

20000

15000

5000

1

1

1

1

1

0002.000 Triaxial + Biot's test

4000

5000 6000

+1.486466€9



Modulus (MPa)
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Poissons ratio
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