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LVDT-METHOD

LVDT-CELL METHOD P o

* FROM EXISTING EXCAVATIONS OR SHAFTS /

¢ WE FOCUS ON QUAL]TY AND KNOWN Measurement niche
VARIABILITY
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LVDT-METHOD

THE CELL

e 2D-CELL, WHICH MEASURES FOUR
DIAMETRIC DEFORMATIONS WITH EIGHT
LVDT-SENSORS

* PILOTHOLE DIAMETER 126 MM




LVDT-METHOD

ONE CROWN MEASUREMENT GIVES
HORIZONTAL STRESS MAGNITUDES AND
ORIENTATIONS

PH1, LVDT: 84 cm
0C: 81/114 cm




LVDT-METHOD

FOUR TO FIVE MEASUREMENTS AROUND
EXCAVATION PROFILE GIVES FULL 3D

STRESS TENSOR




INVERSE SOLUTION METHOD ENABLES

PARTIAL STRESS REALEASE - BOTH
OVERCORING OR SIDECORING
TECHNIQUES CAN BE USED

PILOT HOLE, PH PH3

FIRST SIDECORING, SC1

SECOND S/DECORING, SC2

PH1

LVDT-METHOD

PHS




Depth [mvd]

WHY LVDT-METHOD
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WHY LVDT-METHOD
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PosivA OY’s ONKALO FACILITY, FINLAND



SIZE

Convergence (micrometer)

STRAING GAUGE STUDY ->

WHY LVDT-METHOD

BIG 126 MM PILOT GIVES MORE TO
MEASURE AND IS LESS SENSITIVE FOR

HETEROGENEITY
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WHY LVDT-METHOD

SIZE

e THE SAME APPLIES FOR DEFINITION OF
ELASTIC PARAMETERS NEEDED FOR
STRESS SOLUTION

* NOTE THAT MODULUS DEFINES PRINCIPAL
STRESS MAGNITUDES IN RATIO 1:1

0.35

 EFFECT OF POISSON’S RATION . .o
IS REVERSED AND 40% . -
COMPARED TO. IT HAS
BIGGEST EFFECT ON MINOR

PRINCIPAL STRESS
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WHY LVDT-METHOD

Epoxy curing time

GLUE

e GLUE RELATED PROBLEMS, SPECIALLY
IN LOW ROCK TEMPERATURES ~>

 LVDT-CELL IS MECHANICALLY
MOUNTED ~>

« NO HARDENING TIME, NO DRIFT

08:09 0824 0838 2 1023 1035 1046 1058 26 1040 10:55 1 0824 08:38 085 5 17:45 18:04 1823 184
Time Time fime Time

L ——

,' —— F. LAHAIE ET AL. 2010
- = CSIRO-HI CELL
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WHY LVDT-METHOD

CORE DAMAGE

* OVERCORING DOESN’T WORK IN HIGH
STRESS-STRENGTH RATIO -> CORE DISKING
e SIDECORING WORKS,
AS FAR AS PILOT IS STABLE

PHOTOS FROM LKAB MALMBERGET MINE, SWEDEN



WHY LVDT-METHOD

COMPACT DRILL RIG

 MEASUREMENTS CAN BE DONE FROM
LIMITED SPACES LIKE SHAFT
 TWO OR MORE DRILLS CAN BE USED AT

THE SAME TIME

LVDT’s 10 cm
C:0cm /47 ¢

O
LVDT’s 10 em -5
OC:0cm /48 cm . ey
RS R6
/
7 R4
LVDT’'s8cm ¥/

OC: 0 cm/ 45 cm

# r3 RAISE BORED
\ SHAFT, ¢3.5M

LVDT's 8 cm |
OC: 0 cm /45 em

i R2 I_'
Y=North

wors10em . R1

OC:0cm /48 cm
LVDT’s 8 cm . LVDT installation hole, @ 126 mm

OC:0cm /45 cm




VYERIFICATION

VERIFICATION IN AsP® HRL., SWEDEN
~-WELL KNOWN STRESS STATE AT 450 M DEPTH

]

TASS TBM
~ BEARING 218°, PLUNGE 0.6° (UP) ~ BEARING 248°, PLUNGE 8°
~ DRILL AND BLAST

TOP



VYERIFICATION

ASPO -~ IN SITUSTRESS ORIENTATION

TASS — IN EDZ AND DEEPER TBM — CLOSE TO SURFACE

SC 90 cm SC40 cm
4 -12 cm
-66cm

SC40cm

SC75cm _
-46 cm 10em SC50cm \ -12 cm
-15 cm -24 cm

SC 80 cm 0OC35cm
-10 cm -6cm
-50cm
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oC
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OC35cm
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SC50cm
-24 cm




YERIFICATION

ASPO -~ IN SITUSTRESS ORIENTATION

TASS — IN EDZ AND DEEPER

SURFACE
- OPEN SIGNALS
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VYERIFICATION

ASPO -~ IN SITUSTRESS MAGNITUDE

NOTE, VERTICAL BARS ARE FOR S;;, S,;, AND S,, ACCORDING TO CHRISTIANSSON & JANSSON (2003)

TASS — IN EDZ AND DEEPER TBM — CLOSE TO SURFACE
0 10 20 30 0 10 20 30

EmSigmal @Sigma2 ®Sigma3

ESigmal @Sigma2 ®Sigma3

24.6

DEEP,
FINAL VALUES
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DEEP,
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FINAL VALUES,
CONSTRAINED

SURFACE, TOBEH/V

FINAL VALUES

SURFACE,
OC sSTOP VALUES

OC STOP VALUES

PRINCIPAL STRESS (MPA) PRINCIPAL STRESS (MPA)



CASE 1 — @ 200 M DEPTH

~HORIZONTAL STRESS FROM ONE CROW MEASUREMENT VS FULL 3D-STRESS

CASES

TENSOR FROM FIVE MEASUREMENTS AT THE SAME LOCATION

- NOTE THE EFFECT OF ESTIMATED MODULUS (60 GPA) AND MEASURED (46 GPA)
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OC: 103/166 cm —
ALL

PH3, LVDT 127 c
0C: 121/171 cm
PH2, LVDT 90 cm
0OC: 81/122 cm
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CASES

CASE 2 — @420 M DEPTH,

~-MEASUREMENTS IN THREE TUNNELS NEARBY WITH DIFFERENT ORIENTATIONS

North
Trend 0°
mpz MBI MP1
A r 3
MP2
¢)
Q P1
MP2 East
60° 30° 0° Trend 90 MEAN OF
\ PREVIOUS
N MEASUREMENTS

‘ BSigma1 BSigma2 ®Sigma3
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Principal stress ( MPa )

MP3 UNDER WORK

CASE FROM PosIVA OY’s ONKALO FACILITY, FINLAND



CASES

CASE 3, ROCK COVER 'l 6 M MP1 Pohjoinen mittapaikka 1

. TUNNELS EXCAVATED 40 YEARS AGO
. EFFECTS OF UNKNOWN BRITTLE FAULT ZONES
THROUGH MP 1

PH6, Mittaus

MP2

CASE FROM HELSINKI, FINLAND
HAKANIEMI METRO STATION




CASES

CASE 3

. EFFECTS OF UNKNOWN BRITTLE FAULT ZONES
THROUGH MP1
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RELIABILITY

RELIABILITY

BEFORE FURTHER USE FOLLOWING FOUR ELEMENTS OF EACH MEASUREMENT ARE
RELIABILITY RANKED:

1) FIELD MEASUREMENT DATA

2) UNIAXIAL TEST RESULTS OF PILOT CORES
3) ERROR OF THE SOLUTION

4) GEOLOGY AT THE MEASUREMENT LOCATION

IN GENERAL, THE OVERALL RELIABILITY CAN’ BE BETTER THAN FOR
FIELD MEASUREMENT OR ELASTIC PARAMETERS



RELIABILITY

RANKING OF FIELD DATA

3 2 -1 0
good moderate rejected N/A
1) Calibration, before
Deviation from 1000 um calibration value, which indicates sensor reading linearity, normally a <40 <50u <100u >100u

measurement is not started if it is not below 40 pm.

2) Stability before drilling
Relative amount of unreturnable or uncorrectable shift in micrometers per 15 minutes. Weighting is

<5u/15' | <10p/15' | <20p/15' | >20u/15'
minor as drilling is not started if the cell is unstable. b/ W/ W/ W

3) Stability during drilling, LVDT's passed by 15 cm

<10% <20% >20%

. . PP . <5% <5
Relative amount of unreturnable or uncorrectable shift. Weighting is high as the majority of 6 <5um| 10um A 4B

convergences take place when the LVDT-section is passed by 15 cm.

4) Stability during drilling breaks
<5% or | <10% or | <20% or | >20% or

Relative amount of unreturnable or uncorrectable shift. Weighting is high because this indicates <Spum /15| <10pm | <15pm | >15pm
damage in the pilot hole wall and if encountered, normally leads to the rejection of the measurement. min /15min | /15min | /15 min

5) Stable final readings

Change in value during the last 2.5 cm of coring compared to the final value or relative amount of
unreturnable or uncorrectable shift. Ranking cannot be better than ranking according to criterion 3). <5% <5um <10% <20% >20%
Weighting is high as this defines the final reliability of the values used in the inverse calculation, but if <10pm | <15um | >15um

the readings are not fully stable, more stable values that were obtained earlier can be used instead.

6) Overcoring length after LVDT-section
The majority of the convergence takes place when coring has passed the LVDT section by 15 cm and

>25cm >20cm >15cm <15cm
stable values should observed after 30 cm, high weighting.
7) Order of convergence magnitudes
. . . . . , . ok not ok
Pilot hole deformation should always be elliptical or circular --> result either accepted or disqualified
8) Temperature change at calculation readings
magn/tude error of approximately 3 MPa. The effect of an even higher temperature increase can be <C <10C <©0C 520C
estimated at an acceptable accuracy.
9) Calibration, after
and weighting is higher than criterion 1) as this affects the stress calculation and cannot be traced and <40y <60y <1004 1004

fixed.




Diametric deformation (micrometer)

RELIABILITY

RANK]NG OF FIELD DATA Time Observation

16:30 sidecoring started
16:46 cell stable, ok for measurement, SC1 advance 23 cm
17:25-17:26 coring advance recording
17:27-17:38 drill bit full, core removal
17:40-17:57 8 * coring advance recording
17:58-18:16 drill bit full, core removal
125 30 18:07-18:12 2 * coring advance recording
o o zzi:i ;:2 18:13 SC1 finished, coring stopped
: : : JDT : : I SC-PHI: 347 18:15 logging stopped and restarted for data copying
100 | | : :#Lssini : ! - 28 22:213 ::8 +1d 10:50 logging stopped
: - JI-""""__.““}“-JI-’—:_--'--_-:-1-;(]!—__—_—___—__ — .- — OC_End: 140 cm
i ——”——’ ® \Values for calc.
5 " F 26 — — T, Probe 15 26 3-7 48
i S — - —T, Rock 1) Calibration, before
P ~ O Breaks 2) Stability before drilling
50 1 ' - 24 % 3) Stability during the drilling, LVDT's passed by 15 cm
! 3 2 1| g 4) Stability during the drilling breaks
: g 5 LZ 5) Stable final readings, can't be better than 3)
25 1 i F22 & /L\6 6) Overcoring length after LVDT-section
i = ¢ 7) Order of convergence magnitudes
i g o duonel 20 8) Temperature change at calculation readings
0 : 20 9) Calibration, after
: Convergense weighted grading
> : 18 LVDT-Measurement weighted grading for accepted 30
| Start: 23 cm values
-50 16

1630 17.00 17.30 18.00 18.30 19.00 LVDT-Measurement quality | good |




RELIABILITY

RELIABILITY

MEANING OF INTERNAL ERROR OF STRESS SOLUTION

Calculated convergence
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VARIOUS
INVERSION
MODELLING
APPROACHES

BEM
- EXAMINE3D

OTHERS
~-MIDAS GTS NX

RELIABILITY

BEM

FEM — BRITTLE FAULT ZONE

FEM

FEM-EDZ

iy

57
VAV,

FEM — TRANSVERSELY
ISOTROPIC




VARIOUS

INVERSION

MODELLING
APPROACHES Trend 0°

50

RELIABILITY

@ Sigma_1
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EFFECT OF BFZ BELOW FLOOR

EDZ, Erp,/E=0.8,R=0.25 M

HETEROGENEITY, E =31-68 GPA



LVDT
MEASUREMENTS
2009 - 2015
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THANK YOU FOR YOUR ATTENTION

STRESS
MEASUREMENT

COMPANY OY
MATTI.HAKALA@SMCOY.FI




