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Unlined headrace
pressure tunnels

• Utilizing the rock mass to bear the pressurized water –
without concrete or steel lining.

• Significant cost and time reduction with this solution.

• For this solution, the minimal principal stress (σ3) 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)



Rock Stress measurements since 1964

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

• Own developed Hydraulic Fracturing Method

• Since then testing in over 120 HEP projects



Test arrangement
3D overcoring

• Strain gauge based 3D test cell
• Calculations based on Hooks law
• Testing performed in core drilled boreholes from exciting tunnels
• One test locations performed in 3-4 days
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3D overcoring
• Measurements performed outside the influenced zone of the 

tunnel in a sub-horizontal borehole (1.5x diameter)
• Strain measurements logged during overcoring
• 7 – 10 successive single measurements in a sub-horizontal 

borehole



Recorded strains from 3D cell and biaxial testing

Start Overcoring End Biaxial testing



Calculating the stresses in DISO

σ3

σ2

σ1



Hydraulic fracturing
(HF)

• Active method that measures the 
minimal principal stress directly 
(Correct oriented borehole)

• Testing performed in drillholes in 
tunnel or from surface

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

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



.



Hydraulic fracturing (HF)

• Pump water into a test section in the drill hole isolated 
by inflatable double packers. 

• Increase water pressure until a new fracture is created 
in a non-fractured section of the drill hole. 



Typical HF Test 

Fracture pressure

Re-opening pressure

Shut-in pressure



Hydraulic fracturing stress calculations

• Minor principal stress calculated by 
readout of "shut-in" pressure from test 
graphs.

• SINTEF uses own direct methods of 
interpretation of "shut-in" pressure 
(Zero flow and water hammer) Zero flow

Waterhammer



HEP Project example

• Hydraulic fracturing is the preferred method for determining the minimal principal 
stress (σ3) 

• 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

555 meter waterfall ≈ 
5,55 MPa water pressure



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



Orientation of HF drill holes at penstock cone

• Oriented parallel to 
major principal stress 
(σ1)

• 6 drill holes à 30 m



TEST BOREHULL TESTDYBDE SPLITTETRYKK GJENÅPNINGSTRYKK KOMMENTAR
NR  PF PRE

[strøk/fall] [m] [MPa] [MPa] 1. SYKLUS 2. SYKLUS 3. SYKLUS
1 H1 N150/+5 28,2 23,3 Gjennåpning
2 H1 N150/+5 25,2 23,2 18,0 11,1 10,6 10,6
3 H1 N150/+5 22,2 19,5 15,0 10,9 10,6 9,9
4 H1 N150/+5 19,2 23,0 18,5 13,1 14,9 13,4
5 H1 N150/+5 16,2 20,6 18,0 13,3 12,1 11,9
6 H1 N150/+5 13,2 21,1 14,6 11,4 11,4 11,4
7 H2 N150/+5 28,2 21,6 Gjennåpning
8 H2 N150/+5 25,2 23,9 Gjennåpning
9 H2 N150/+5 22,2 24,9 Gjennåpning
10 H2 N150/+5 19,2 25,6 Gjennåpning
11 H2 N150/+5 16,2 28,8 Ikke flow
12 H2 N150/+5 13,2 15,8 Gjennåpning.
13 H3 N150/+5 28,2 26,7 22,0 11,4 14,1 17,3
14 H3 N150/+5 25,2 23,1 Gjennåpning. Pakker ble s i ttende igjen
15 3D N150/+5 17,5 31,9 Pakker sprakk (hul l  er 76 mm diameter)
16 H4 N150/+5 28,2 18,9 15,3 8,4 8,1 8,3
17 H4 N150/+5 25,2 21,5 10,0 8,1 7,6 7,3
18 H4 N150/+5 22,2 17,2 12,0 8,1 8,0 8,1
19 H4 N150/+5 19,2 21,8 21,8 7,7 8,8 9,7
20 H4 N150/+5 16,2 19,2 Gjennåpning
21 H4 N150/+5 13,2 25,8 18,0 13,2 12,8 11,7

H5 N150/+5 Ikke mul ig å  sette inn pakkere i  hul let
H6 N150/+5 Ikke mul ig å  sette inn pakkere i  hul let

LUKKETRYKK 
PISI [MPa]

BOREHULL 
ORIENTERING

HF Test results



Test results Summary

• Minimal principal stress (σ3) measured by 3D 
to be 9.4 ± 1.0  MPa

• Average shut-in pressure (σ3) from successful
tests in H4 to be 8.2 ± 0.6 MPa

• Minimum shut-in pressure (σ3) 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

• 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.
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Thanks for your
attention!
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