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Unlined headrace
pressure tunnels

NORSTRESS

e Utilizing the rock mass to bear the pressurized water —
without concrete or steel lining.

e Significant cost and time reduction with this solution.

 For this solution, the minimal principal stress (063) needs to
be higher than the internal water pressure

* Thus, rock stress measurements are performed (mostly
close to the penstock cone or other crucial parts of the
tunnel)
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Fig. 1. Trends in the developments of the general layout of
hydropower plants in Norway [Broch, 19821].




Rock Stress measurements since 1964

ORSTRESS

* 3D overcoring cell developed together with the HEP
industry in the 1970s

e Own developed Hydraulic Fracturing Method

* Since then testing in over 120 HEP projects




Test arrangement
3D overcoring

Strain gauge based 3D test cell -7
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3D overcoring

Measurements performed outside the influenced zone of the ™ T =
tunnel in a sub-horizontal borehole (1.5x diameter) R oy
Strain measurements logged during overcoring

e 7 —10 successive smgle measurements in a sub-horizontal
borehole #:"-‘4‘“’-’ s
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“Recorded strains from 3D cell and biaxial testing
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Calculating the stresses in DISO
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(HF)
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* Active method that measures the
minimal principal stress directly
(Correct oriented borehole)

* Testing performed in drillholes in
tunnel or from surface

e Testing performed outside influenced
zone of tunnel (min. 1.5xD)

* One test location performed in 1 day
(24 test sections)

Hydraulic fracturing *‘-j_; =
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To pump flowmeter
pressure transducers

Hydraulic fracturing (HF) To pump .

High-pressure
~ tubing

High-pressure
hoses

NORSTRESS

* Pump water into a test section in the drill hole isolated

by inflatable double packers. Pressure
transducer
* |ncrease water pressure until a new fracture is created housing
in @ non-fractured section of the drill hole. A A I':
I
Flowmeter o !
CRS H e
11 [Pume) )4 Fracture \\, Straddle
) Ll interval ~0.9m I B / packer
Inflatable /
T packer A
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1 packer
A Straddle packer arrangement
Fracture initiation OH
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Hydraulic fracturing stress calculations

Hydraulic Fracturing Test - Lab-test Spring valve - Test 2: "50 bars" - Depth

. . . o —— Packer pressure (bar) —Pressure filtered (bar) —Flow (I/min)
* Minor principal stress calculated by o0 {
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HEP Project example
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e Hydraulic fracturing is the preferred method for determining the minimal principal
stress (03)

* To obtain a reliable interpretation of the shut-in pressure, the stress situation must
not be disturbed by shear stresses when the fracture opens and closes. Therefore,
the orientation of the drill hole must be parallel to the orientation of one of the three

principal rock stresses.

* To orient the HF drill holes correctly with the orientations of principal stresses, there
are few options can be used, such as:
— (a) empirical knowledge of how the stress situation is influenced by the topography in the area
— (b) knowledge of the stress situation based on earlier measurements nearby
— (c) the most appropriate method is to carry out a 3D stress measurement.




3D overcoring at Penstock cone —
Correct orientation of HF drill hole

NORSTRESS

555 meter waterfall =
| 5,55 MPa water pressure
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3D overcoring at Penstock cone —
Correct orientation of HF drill hole
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STATISTICAL RESULTS OF IN-5ITU STRESSES
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MEAN AVERAGE DEVIATION STANDARD DEVIATICN TREND PLUNGE *

SIGMAL 17.95 0.32 0.41 2€3.6 T1.6 |
SIGMAZ 16.089 1.67 1.80 163.3 3.9 p
S IGMA3 .38 0.80 0.95 T2.2 2.0 F
IN-5ITU STRESSES IN VERTICAL AND HORIZONTAL DIRECTIONS ®

STRESS MAGNITUDE CRIENTATICN R

VERTICAL STRESS 17.16 X

MINIMUM HORIZONTAL STRESS 10.21 71.8 n
MAXTMUM HORIZONTAL STRESS 16.10 161.8 R
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Orientation of HF drill holes at penstock cone
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* Oriented parallel to
major principal stress |
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Hydraulic Fracturing Test - Lgkjelsvatn kraftverk H4-Test 18 - Depth 22.2 m
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Test results Summary
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e Minimal principal stress (03) measured by 3D
tobe9.4+1.0 MPa

e Average shut-in pressure (03) from successful
tests in H4 to be 8.2 £ 0.6 MPa

° Minimum shut-in pressure (03) from successful
test in H4 to be 7.3 MPa

* Water pressure in tunnel is calculated to be
5,55 MPa at the Penstock Cone, this gives a
safety factor of 1.32




Future work in
NoRSTRESS

NORSTRESS

AE sensor straddle packer for full
fracture propagation during test for
better control of measurements
quality, dip and strike.

Guideline for stress measurements in
HEP projects.

aydd



Thanks for your
attention!
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