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Abstract

In-situ stress is essential for Earth resource exploration and underground engineering
design, offering benefits for scientific disaster prevention and improved geological
engineering. The commonly used method in geosciences to determine regional-scale in-
situ stress orientations involves seismic source mechanism inversions, combined with
established rock strength parameters to estimate the in-situ stress tensor. However,
measurements obtained from hydraulic fracturing or overcoring are often affected by
heterogeneities in rock layers and geological structures, leading to discrepancies in stress
magnitudes and principal directions, which complicates the engineering-scale evaluation

of in-situ stress.

This study examines the area around the Chelungpu Fault, analyzing data spanning
from the Chi-Chi earthquake through 2000 to 2004. Following the International Society
for Rock Mechanics guidelines, the methodology is divided into four main models: Best
Estimate Stress Model (BESM), Stress Measurement Methods (SMM), Integrated Stress
Determination (ISD), and Final Rock Stress Method (FRSM).

The BESM uses stress inversion from seismic sources along with the Bootstrap
Method to estimate regional-scale principal stress directions and magnitudes with
associated uncertainties. The SMM utilizes the Displacement Potential Function to relate
surface displacement to internal crustal stresses, supported by two-dimensional finite
difference software to provide supplementary in-situ stress data. The ISD employs three-
dimensional finite difference software to develop numerical models, taking into account
the influence of topography, geology, and structural configurations. It integrates velocities
from GNSS observations to define boundary relative motion rates, using forward
modeling and iterative adjustments until surface displacement velocities closely match
those observed by GNSS, thereby calculating in-situ stresses within the crust. Finally, the
FRSM integrates these diverse scales of stress data, marks uncertainties, and incorporates

true stress data for mutual verification and adjustments of the previous models.

Keywords: In-situ stress, Focal mechanism, GNSS, Integrated Stress Determination,
Final Rock Stress Method
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10°m*  RLRV  Relief of Large Rock Volumes, 3D 2
10°'m®  HF  Hydraulic Fracturing, 2D, 0.5-50 m’ SH{}' (n
10'm? HTPF  Hydraulic Testing on Pre-Existing (1
Fractures, 3D, 1 to 10 m”*
10'm’ SR Surface Relief, 3D, 1 to 2 m’ 2
10'm*  FI Flat Jack, 3D, 0.5to 2 m’ -1- —I- (2)
10°m’  BBO  Borehole Breakouts, 2D, 0.01 to 100 m* shO (0

10°m*  BR Barehole Relief, 3D, 107 t0 107 m’
puE @

oc Overcoring, Under-, Multiple-, 2-3D
Core-Based Methods, 2-3D i
ASR Anelastic Strain Recovery
E n'Wa N
10°m®  DSA  Differential Strain Analysis O @ ©)
WVA  Wave Velocity Analysis

KE  Kaiser Effect. 3D @’VFAE 3)
i

10°m’ RS Single grain residual stress, 3D
Diffraction measurements @
Abb.= Abbreviation of method AE= Acoustic Emission M= Earthquake Magnitude

2.1.3 3’ Ij“ F /ﬁ/z‘

KRRBHIREF RS F AR RmImBL e L8k a6 » ok 87k 6 & 4 2
B3R /ﬁ’i‘ ¢ A4 7 Brgent % o VavrySuk (2014) ¢z Michael(1984) &
WM F FE g 2 ETE R REHEF T A R F AR
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%74 7 482 €9 & (Gephart & Forsyth > 1984 ) > w4 3¢ 7 fE 2 ¥tk o o
TEREFEFAFH UG > LB AR R A RS 2 AF HiEHE* Mohr-
Coulomb 3%k &R » T 4 (1) frr w B* (o) B A kg vk 4.7 €
FAFH ek P T 2 k4 A2 T d Mohr-Coulomb 2 B #7 € & cpe 4 >
PISTR AL S A2 e 5% (2.1) fost (22) 27 - 873 2 k-5 49k 07 48
o iz B2 U (1) £E8K T 7 4 fog 2l § B4 ant F @5k
F XA (23) foit (24) F P E @A dok [ 4 1o BIEE 7 & ¢

ol @At AEETPEHATI=1 AR EEZI A 0 2 AT ER A

o ST E 51 AR 1 oWl 2.2 4T

Fault instability: definition

z- A
’/
,f
>
ag
Bl 2.2 3 F ¢ %4 7 # T2 & Vavrycuk (2014)
/= 7 — p(o —01) @.1)
— u(o — 01)
o, =100 =1—2R,0; = -1 (2.2)
1 [0
S S (2.3)
CoJirpf V1+u?
—u(o-1
[ = T u(a ) (2.4)
w1+ pu?
A ¥
o=n?+(1-2R)nZ—n (2.5)
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T= \/nf + (1 -2R)?nf +nf —[n?+ (1 —2R)n5 —n3 (2.9

B NERASEERT F T RERPOL 2 F A SR G R 0 2

Michael (1984)¢1= j% o fié % 7 1 & fiud = b foaj kil 2 15 » Bt @Ak " K2R

-

R PR PTG 9 R AR B R LNE LG e LE 5

fAREETE G e e A% X P 4R kE R % Michael(1984)507 2 o £ 45
TBEAE 0 B PR R E el R EE -

A HEBEARBAE FEASIRY o AR S e s B ERIAL S
A

e At (B8 2. )eR A o R R R L > T i § BRERA S

SREH 0 4o 2.3 7o o

Michael method

Stress direction error

Shape ratio error

: w20 [°] 30 [%]
15
20
=z 10
10
5
10 20 30 0 40 20 30 0
Fault/slip deviation [*] Fault/slip deviation [°]
Iterative method
Strs direction error u 20 [°] Shape ratio error 30 [%]
50 50
15
20
> 100 10 100 _
150 | 5 150 &= 10
20000 20 a0 0 N0 20 80 0

Fault/slip deviation [°] Fault/slip deviation [°]

Bl 2.3 Sp ik 2138 (R F ik omg gt (B Vavryeuk » 2014)

22 XA RIE BXAETRS A

YRS By A RS RSAT BRI RE B 24 42748 ROk
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SR SRR RIS KRR T RR 8 AR A B S bR o
T RMEATHERBA RE S REEZTABERE LA RE-B 2547 4%
A RS BA SR RRSAIF FOET Y : C (B A1k 2w f 25

B)ED B(dxig? 2wl f 40R)-

25

24

23

22 4

®

B 24 % %> %+ % &+ B (Heidbach et al., 2022)

Stress map displays the orientation of maximum horizontal compressional stress S,,...

hydro. fractures

Method Quality Stress Regime
, focal mecharism A~ Stmaxis within +15° O Norma fautting
/ borehole breakouts B ——  Shmay is within £20° @) Strike-slip faulting
/z/ drill. induced frac. c - Stimay is within £25° @ Thrust faulting
/ overcoring D - Shmax is within 407 ' Unknown regime
s
4

geol. indicators

Data depth range
0-40 km

é -

thrust faulting regime
SHmax > Shmin > Sy

normal faulting regime
Sy > SHmax > Shmin

strike-slip regime
StHmax > Sy > Shmin

W5M WORLD S5TRESS MAP

B 2.5+ % &4 BB &3P (Heidbach et al., 2022)

Bppplies B4 ka2 245 - R8Oz FRC 2404 A 2258
B R FEeORR o BB ANHY POk KRB FF o Zang and
Stephansson(2009)#% 2! A%tz - » R F R ERZ v RALE GRS B EH
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7] (Best Estimate Stress Model * BESM) » BESM &% 4 7 & 4 By > » 7

(Stress Measurement Methods * SMM) » 7
X R
PR

B {6 H-

ol L S

VZ oA

Bl 2.6 5 ks

PR 4 ;I*#—'“rf_ﬂv

R

| Z_#-37" (Integrated Stress Determination > ISD) # > i % iE & |

LI o Mm it A Y TS
ZkiE~F
BRRSHIR AR TS  BE A R RO RN

FTHELIETFT AT IER LT RS HA(F 2.6)-

23 PR R4 MY

oAy

P

MR SN T Sy = (L F i
ERCEE Ay P ER L

2R

VB g%

11

Best Estimate Stress Integrated Final Rock
Stress Model Measurement Stress Stress Model
Methods Determination
BESM SMM ISD FRSM
s Estimation of © » Hydraulic fracturing |SD Model
g% classes of stress O HTPF
& g .5 £ Sleeve fracturing ﬁ;ﬂrguhc fracturing
QL World Stress Map 5 @ Borehole relief
4j Database @ E Borehole breakout = 9verconng
focal mechanism
_g fault slip analysis
Morphology 0 R, others
Topography 88 Dwva WA DIF
Glacial effects 8L Core Diski
£ Uplift R ST ECn Numerical
S subsidence S g KaiserEffect Modeling
5 rock mechanic
i} Lithology see Table 7.1 parameters
'g) rock types boundary congitions
° extension geometny
©  boundaries | software (BEM, DEM,
O anisotropy QO _FEM, etc.)
= &
8 5
® Stress Decoupling e}'b
o QQ~
<]
Geological &
'5 Structures :§
O faults 2y
2 yeins
dykes
fracture zone
Joints
Borehole Data
stability
T8 breakout
E g fault slip analysis
o rock quality
S groundwater
£ 0
oL
8 3 Core Data
core disking
fault slip analysis
Existing Integrated Final
Stress Data (2) New stress Data ‘© Stress Data ‘® Stress Data

&% £ 72 R4 3 Bl Zang and Stephansson(2009)

S EER 51994 BT ARIRA 0 T

B & N ER GG L N4 BRI

<l

VURE I ARERFBI A o A S A E

27

3

AR RS $ R R (F PR
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1994) : B 5 s AR P AL BT » S8 H %2 K % A& S8 1ED
HEIECRREE T - EIRE RS BRI IR(SHET A 2P 5 2019)0

AL 1999 E fEE B RHRS A 2 pw R E GNSS BB RR R LA R
BLo A G BB B2 % 22000 # 3 2002 £ 2002 & 3 2004 £ (B 2.7)ie - K

STH A AT o

Chi-Chi Earthquake GPS Relaxation Time
1999/09/2] —— 2002 — 2004 >
Stress Relaxation Time
Bl 27 P71 REBEAFHERE

231 4 2w wih

Wu et al. (2008) 7 * Zimts4]fas~ 7 1991 & 3 2007 & & 4+ % u+ H8 1
FrrP RINEEF RHYWRS 2 A4 P A%t > » B2 BEREL LIRS 2
o PER RS 20 & 0 B F) 2001 £ WP RAF G e o HB HREE FBA LAY

32 BBACR 28T 0 BRBFIAS LT ETE TR C AFETEZ B 0 B P
dBLE T o ZRIETABCZBRBAESREF FHEE 235 = £

FIA R &2 T EREFRPNZFLRE? dhor~orfros e
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R=025 Sh=1|i

s
+ Normal |
« Normal
+ Thrust
+ Thrust )
«  Strike-slip (S)tl;ke-sllp |
+ Others thers

1 " " " " "
120 121 122 120 121 122

W 2.8 & 45 %k A F =% Wuetal.(2008)

2F

fn

B 29 2W210A%%* A-B2 CReiFmRABHIRAS F w35
e R AT L RERIPY D2 LR dhoicoafrose ZAE A AR ¥
o3 EFAAE BREDR Y ARSI EED o #9 BREPORS S ek
W bl o  FRATEBEF R - A A RFLEEF E2 05 AX2

4 2 polgpE g 30°5 2003 £ 3 2007 A4 e A 130° B RS AR L

30° 2B %A ARV A HATI0° » BB X A B4 2w i pFA g 100

(2001 3 2002 & BRI RTH 2 oo b CRADZ AL LS » 9 4 (A 120°

o

ERANE S ST P SRS
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45

§5
s =

60 L i N
991 1993 1995 1997 1999 2001 2003 2005 2007

Bl 210B %3 9 BREH I REF F
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A

1991 ~ 19939

1993.9~ 1996.8

1996.8 ~ 1999.7

1999.8 ~ 2000.1

L
s
l

20016 ~20036

g s

80 L L
1991 1993 1995

Bl 211C %3 29 BRI s 52 F T

2.3.2 GNSS £t3 P ¥

1997 1999 2001

Time

2003 2005 2007

Rt3¢ P [ (relaxation time) 234 3m s A7 o dpds Bw e L R T Rk i o

R BB REL P kA R M RS AR R NE s 0 B R AT e 5

PR E RPN SRR s RHBA RN N E BRSO BRRE

PEFAARPFR RE RADETRE R R F 2 2 B2 83 4§45

FHEARY R IR ER TR B K ¢ Bt 2 (F212) HHN 4

KT g 2R A A B Bl pERY o
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S0mm+/-25 150 mm +/-15
150 - i—),:

EECEH

relaxation time (yr)

100 1 Eurasian Plate

50 1

-50 1

Bl 212 B 2+ R 10 & Sen R A A 5 5 pF A (Rousset et al., 2012)

B 2.13 % 7 %17 B & ¢ SUNI #4eid 347 FLNM =k GPS BERF B 7] (2.6 )
ARRRR(EI ) PRI ) RB(HI)ZFTERI (RN BARA kD

KT g pERE < AR R e §_FLNM spérigis p5 P §_SUNI #en7 &2 o
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A. near-field GPS station (SUN1) - short postseismic transient B. far-field GPS station (FLNM) - longer postseismic transient

——— characteristic relaxation time 3 [R—
50 T 200 T
| I .
£ | o0 | ek
E 0T
= ! W
£ I o
E -50F |
E ! —ia0
& 100 ||
&- L
% | —200
L I
Ty [ -300
|
1 l
100 T
E [
E [
=
c |
8 -
E o sor b | .
5 gl o
= | Hl
- &l il
£ 2 |
e 0 I 8|
£
| |
| |
|
1 | l
300 ™ 50 T T
- | |
E 250 | 1
E
= 200 |
o
E | ——— ]
£ 150 |
£l
- 50
& 108 I I
= | | L
i [ | I
; 50 4
E | interseismic | —1oo I
[ T |
| | |
" | L L L | L L 1. M " M " i
-50 150
1998 2000 2002 2004 2006 2008 1938 2000 2002 2004 2006 2008 2010

time (years) time (years)

B 2.13 i7 31 SUNI #{rig 31 FLNM k0 GPS pFF 5 7] (Rousset et al.,2012)
24 BEEE R AT
F 22 BBy 4 A B R % 5] > & J5 Zang and Stephansson(2009) %>t
FRBEMETRA BRI 2F TR0 ARG e B BESM)Y & % 2 R
PR ¥ FRIZ 2 A& GPS T 5 My 4 BRI L (SMM)F B RHET R B &
fed Rl THG(ISD)i * BB fifpc e 2 A 2 By 4 TR HE BB ET
Bod HAI(FRSM)A B4 913 54 = b2 A FERME KT it B EERERSN -

a4 BEIA WP P AR Em e
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222 ERENEY RSB FRS ISR

ISRM 3£ 2% i 4% B E A | R4 R
5L B4 ipl 2(ISD) B¥E T 4 A (FRSM) FEE
ESTER S [;J% (BESM) i# (SMM)

SE AR AR R ERE ANR | ® TR #3UHE 4t | {1% GOCAD™z % 7 #42 | At 2w B R RE BRTHBL
pra RSB SIRELH S R | MR EFE A TR X | kT A S BEARR R B3 e A Bt = e
(Reiter and Heidbach, 2014) # 7 Gps T Wz~ k4B | =~ Abaqus 2 * = il 03 AREAGRE L 2w

B a2 WG Bt TR HREELIRLS AR

Ea
FHB R L s KPS R 2 @ % Abaqus = @3] | W3] & & GPS FR & 4R ER M = AR
(Lietal., 2022) Gps ¥ # =4 v$HE 4 vt 5 Regime Stress o dfd 2w e R B | FRF AR e EE
20 ) Ratio, RSR RARARE O RTAES BEM | EARTE AERP
AR
N R R A N R A - @ % Abaqus # = = M@ 3] | L k4 2w A 28 e~ AR
7 (Rajabi et al.,2017) ¥ iR v 4 v & Regime Stress AA e BY RREARES | GRS AR el E
Ratio, RSR Ripk o At FRgE R I LRI AR VERP
AR TR £k R # RABAIEEF RS F R Y | A R4 D e FiE 2 BEHR > R R
(Garzén et al., 2020) R P4 W% GPS i Ao A e Y RS B ES | hARA G2 B AR
Gps R (E%5) RApR > 4t FREIFR R L gp
PR R LR 4 A4 L RE4 E SRR ok % Abaqus i > = MEERT | ARSI EL R A B E AR | BER AT MEET Y
(Clavijo et al., 2023) Gps 51 3k 4 A SR PR e &R AP E B R
18

do0i:10.6342/NTU202403114




B~

etal. > 1997 ; Emmermann and

_«3—_/7“

Lauterjung > 1997 ; Brudy etal. »
1997 ; Ito and Zoback » 2000 ; GFZ >
2016)

2+ 4 KTB ¥4 (Mouller

L ]
# R

HF ~ 46 355 A0~ £ 4
BEBB T EEEHR
PR R REL -
BTN

BERKRED FIFERELE R
REAEES

HF b ik i 247 ~ 482 A A
KT H4 A4 = w N160°£10°E

—(FERFHF(1982-
1994)FRSM %4 & & #&
a0

KTB $ab B i fE LT 8 -
BR AP HIES kT L
LR AU e

SEE EY RN TR
TREERG AR

547 Olkiluoto e HLp AR A 3 |# (S s A 40382 e im 2ot~ M pmiieie f i - 8 | — (KB i & FRSM i@**éiﬂé%ﬁﬁ
(Andersson et al. » 2007) i) HF ~ g8 3w 2z § 5ok %@F?%Q& g W Add) 2GR HIRF
YRR B Vo W R RS BB LR
- R}

4 Forsmark %3 (Martin » 2007 ;|3 FWI(3 g4 | £ 462 x72 AEFWIDEC T ot A WP |1k 2w L
Martin and Follin > 2008 : Matti etal. » | ) HFX9 (£ & 6939 m) WA R E RS R kTS RERER | GRS
2019) 2Rt F HTPF PREEAREME RS ALE (R0 AR RLERGAR

AL EIS E mRE TR
FERL L3 0isHh e % (Changet | FRI(Z A | E402 x4 FRACOD #3573 kT i 54 W iE |14 =% Sl B =5
al. » 2010 : Kim etal. » 2017) W) HFx15 T IREF AR kT Y REERE +

£ Rk &4 B 482 F 4 A x5 E- 0 At e B R EE AR
4 £ itmp
MR 2 24 =5 (Ahlers | £ 7 &4 F fI* GOCAD™#& % % b 12 | 24 2 we B4 | RS ARHKEERE

et al., 2022 ; Ziegler and Heidbach,
2020)

R [CR T
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KA B4 T
B

é%t—dﬂ
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#

BB AL A SR T
Abaqus ¥ g5 E % Bl R T Ay
AR AR

45

B s« Ak

it REEFR R
PR AT A B A EE
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R ARG I A
i 2 TG FALE T
ERREE RE G
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SHBERY NI B R ITEN Bk S EF RS A AP 2
Zang and Stephansson (2009)#7# 1228 > W G 25 ~ B Fer g B4 T E R
E UG FRRAEBREA DAL EE L A R BUREEE &
HEF RS A IS -

AFTREEERS AT AP RA & D g eTh T A2 5
Bt R ARG RE A A Gy TG s 2 BAIE R A
BRS A (R30) E42 H S @30 km P H > 5 REk 4 28 4
R RS> - FE L T0km 2 AR 0 FEEEERE G 25° B 32 5 4
PR R M ET S BRSSP R RN R 2 4 (CLPE) > W g 2

f Rl engE * %7K (STF) 22 & i) ey 1 %7k (CHF) o

Taiwan Tectonic Setting

119°E 120E 121°E 122°E 123E
[ o —— T

KUANYIN

25'N

24N

Bl 30§ #BARSE 4 & a1 4R A G
(% #:& 1 p Yang and Johnson, 2020)
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120°00'E 120°15'E 120°30'E 120°45'E 121°00'E 121°15'E

B 324 % 5

3.1 &% 5 R4 B8 (BESM)

AETHY BRI AR F R LRI PR Y S o A
FREEF RTER BB R RGBS AT R AR DR 2777 % Wu
etal. (2008) B RS R T AN HEBNER 0 2L T 15 22 11} chE R
$1i2 > RHRPEFA (R 2D EAE U b8k B HHRRA G o B 33 18 3.5 4
W48 B B2 9 (1900-1999 £) ~ 2000-2002 £ ~ 2002-2004 & AR A G 0 dr d
IR A G ETR BRI Y AN R A D TR BRSO B sk AR
B RIRYS] c AT MY 33 IMIS e RR R B HR Uk T4
(BI3.62R38): A p FEERMBFIFLATER? b I A gt > w0
B0 Bs DSk BRI B By ERECK BRI IE 24 B L B U ROk

FIiE > %GBS B R ER STa Y o

AT - e Vavryduk (2014)4% Hehid 8 F S 2 0 R F 213 &9 5

Weni B4 R EIE 22 0 Y p B4 B4k2 (Bootstrap Method) k3857 3 ¥ 3

PEcA? ek R L2 0 4 RESE T EF(R 3.9 BEXARS 5 0

PR TEDERT o N RRPFIROTIER AL WE MR L
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HRHPFRRPFHRA  ZEAFF AR 2w 2 LB AU FIHRELZECRA

GRS W ATE Y R S

23°30'N
120°00'E 120°15'E 120°30'E 120°45'E 121°00'E 121°15'E

Bl 33 % B ¥ 29 (1900-1999 )2 R 4172(£ % 5 i Wuetal, 2008)

23°30'N
120°00'E 120°15'E 120°30'E 120°45'E 121°00'E 121°15'E

B 3.4 & & 2122000 & 3 2002 & 2iRisdlfE(£ 5 W p Wuetal, 2008)
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B 3.5 & F 2122002 %3 2004 & ZiRisdlf2(£5 A p Wuetal, 2008)
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l

[The most unstable plane is the}

-

Stress Inversion

R

L fault plane
All of Optimal friction coefficient & |
Strike Dip Rake Optimal stress tensor
Bootstrap Method { The magnltude of
the principle stress
[ Principle { Sigma 1 + Sigma 2 - Sigma 3
Strike Dip Rake (Azimuth and Plunge)

i Select .
Friction Coefficient { Solve Equation

Bl 3.9 e SR ik E A Y naz

3.2 BE 4 BRI 2 (SMM)R i+ T
BB BRI B A AETIN L RBEFEC MR L A SRR

4N 5% GNSS £ BRI £ B T R BB 0 i A RS B R

R

3.2.1 GNSS ¥ % =# Z Bl 74

B 3.10 2 B] 3.12 & ~#7 7 # B GNSS & H LRl & & =48 - (kxR 2.7 75| /&
Boo A wllg f B E 2% (1990-1999) ~ 2000-2002 # ~ 2002-2004 # fF -k T 4w
£ WY XA R IES 7K (STF) ~ 2 4 i %7k (CLPF) ~ 45 1 %74 (CHF) 5 %
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Azimuth Similarity by Station(1996-2000)
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Density(kg/m®) | Cohesion(Pa) | Friction(degree) | Bulk(Pa) | Shear(Pa) | Viscosity(Pa-s)
Upper 3e+03 3e+08 30 5.5e+14 | 5.5¢+14 NA
Fault 3e+03 3e+07 25 3.0e+11 | 8.0e+11 NA
Bottom 3.2e+03 NA NA 5.5et+14 | 5.5¢+14 1.0e+22
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Magnitude Similarity (2002-2004)
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Density(kg/m®) | Cohesion(Pa) | Friction(degree) | Bulk(Pa) | Shear(Pa) | Viscosity(Pa-s)
Upper 2.6e+03 3e+08 30 5.5e+14 | 5.5¢+14 NA
Fault 2.6e+03 3e+07 25 8.0e+10 | 8.0e+10 NA
Peikang
2.75e+03 3e+08 32 8e+14 8e+14 NA
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Bottom 2.7e+03 NA NA 5.15e+14 | 5.15e+14 1.0e+22
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