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Compressed air storage project

ÅDesign chamber V = 165,000 m3 
at depth ~600 m bgl

ÅCavern pressure 5.8 MPa 
(approximately constant)

ÅTwo vertical shafts and reservoir 
at surface

ÅMajor requirement to the cavern 
design ςmax leakage rate 1% of 
the daily volume



Issues

Permeability of the host rocks

Air/water loss or make during 
construction and operation

More accurate and dense 
measurements required

Stability

Design assumed 50 years life 
without re-entry!!

Complex site geology required 
detailed geotechnical investigations



Site Geology



Geotechnical investigations

ÅIn situ stresses

Why does it matter?

Rock strength < min stress

Cavern pressure > min 
stress

Stresses vs joints 
orientation

Stresses vs excavation 
orientation

ÅPermeability

Need for detailed 
coverage by quality 
measurements

ÅRock properties

Rock fabric

Anisotropy

Defects ς joints / faults



How did we do it?

ÅRegional and local geology analysis

ÅTesting in vertical holes (drilled from surface) ς IST2D in situ stress

ÅUnderground horizontal holes 460 m long testing:

ÅLogging of the core (oriented barrel)

ÅIST3D in situ stress (overcoring)

ÅSonic and ATV logging

ÅPermeability using {ƛƎǊŀΩǎ DST / IFO tool

ÅSpecialised core testing ς modified point load, cyclic UCS & triaxial



Lithology of the host rocks
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Joint characterisation (new holes)
Core features ATV features

Core features legend

ATV features legend

Joints dip direction



Rock stress measurement
Stress measurement 

technique
No borehole 
wall failure

Borehole wall 
failure

Fractured rock 
mass

Hydrofracture N/A

Hydrojacking N/A N/A

Overcoring (IST2D, IST3D) N/A N/A

Borehole breakout N/A N/A

Core ovality N/A        

Kaiser effect

Deformation rate 
analysis

Anelastic strain 
recovery

N/ABest possible Good Useful Not applicable

DUBIOUS & INDIRECT

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

ÅOvercoring + core ovality 
ÅHydrofracture + 

breakout analysis



Overcoring by IST2D (1/2)



Overcoring by IST2D (2/2)

IST2D tool out of core

Strain traces graph Stress interpretation 
(best theoretical fit)

Ç Thousands of measurements 
      over 30 years

Ç Subvertical holes only 
(vertical stress assumed to be overburden)

Ç PQ, HQ variants available



Overcoring by IST3D (1/2)

ÅGlued device (glue set time ~12 hrs)

ÅHoles of any inclination, PQ, HQ, NQ variants available

ÅMaximum depths of successful tests: 1.6 km (subvertical holes) and 420 m (horizontal holes)

ÅTool has 21 strain gauges (axial, circumferential and diagonal)



Overcoring by IST3D (2/2)

Pilot hole bit (left)

IST3D tool assembly 
with glue (right)

IST3D overcore tool

Diagonal strain gauges recording Principal stresses stereoplot

Å IST3D provides principal stresses

ÅStress interpretation requires 
specific rock laboratory testing 
(UCS & triaxial cyclic)



Hydrofracturing - Hydrojacking

ATV image pre- and post-hydrojack
{ƛƎǊŀΩǎ hydrofracture / 

hydrojacking tool Hydrofracture interpretation theory



Borehole Breakout 
in siltstone

Acoustic scan from 0ę to 
360ę in borehole 

Siltstone Metasiltstone

Acoustic Televiwer Image of Borehole Breakout



Core Ovality ς Stress Difference Estimate



Stress measurements in vertical holes (IST2D)

100 m

Proposed 
cavern 

V1

V2

H1

H2

Assumption: Minimum stress is assumed to be vertical and equal to overburden ς PROVED WRONG BY IST3D

1 measurement (in red below) showed 
rotation of max stress by almost 900

Reason ς complex geology!!!!



100 m

Proposed 
cavern 

V1

V2

H1

H2

ÅHigh variability of stresses at 150 m distance along the holes ҭ too long a spacing

ÅMinimum stress important  with respect storage pressure 

Stress measurement in horizontal holes (IST3D)

COMPRESSED AIR STORAGE AT BROKEN HILL



Risks of slabbing

Most stress measurements point to ̀м ƛƴ 9b9Σ ǿƘƛŎƘ ƛǎ μμ ŜȄŎŀǾŀǘƛƻƴ ŘƛǊŜŎǘƛƻƴ ŀƴŘ Ƴƻǎǘ Ƨƻƛƴǘ ǎŜǘǎ



A Digression into rock stress at 
other locatons



Siltstone 
E=3.5 Gpa

V=0.15

Siltstone 
E=15.6 Gpa

V=0.23

Coal 
E=3.0 Gpa

V=0.31

Carb Shale
E=5.6 Gpa

V=0.27

Layered Sedimentary Strata with Varying  Stiffnesses



Sediment
-ary with 
uniform 
tectonic 
strain



Sedimentary with 
strike slip and reverse 
faulting 



Bedding planes >

Metasediments 
with reverse 
faulting 

Tectonic strains >



Metasediments with reverse faulting 



Igneous 
case ς 
below 
an 
ancient 
volcano



Igneous ς old and 
newer followed by 
1500 m of erosion.

Importance for a 
dam foundation.

16 holes x 2 tests 
in each 
350 x 250 m 
investigation



Examining the stress situation

ÅTectonic strain concept useful in layered sedimentary

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

ÅCooling is extremely important.

ÅIt is possible to have tensile stress in rock masses.

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

ÅNeed to develop a conceptual stress-strain model taking time into account.

ÅJust 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



Rock properties ς modified point load test (1/2)
ÅPLT methodology adapted to increase number of valid tests

Invalid test
(Ulsay & Hudson, 

2007)

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

ὈὩ= 2
ὃ

“
 Ὅί(50) = ὊὍί 



Rock properties ς modified point load test (2/2)
ÅPLT methodology adapted to test stronger anisotropic (foliated) rocks

Two diametral test directions 

in strong anisotropic rock

Testing weak anisotropic rock

(in concordance with Ulsay & Hudson, 2007)

Outcomes:

Anisotropy ratio 
for axial loading

Anisotropy ratio 
for transverse loading



Rock properties ς cyclic uniaxial testing
UCS test conducted by cyclic loading & unloading to resemble overcoring conditions

Permanent offset is measured at 
the end of each cycle and included 
in calculation ς plastic behaviour

Modulus 
dependency 
on stress



Rock properties ς 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 non-linear.
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