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About	me	
•  2006-2010	Na1onal	Central	Univ.	~PhD	
•  2008-2009	Stanford	Univ.	~	Visi1ng	Scholar	
•  2010-2010	Na1onal	Central	Univ.	~	Postdoc	
•  2010-2013	JAMSTEC	~	Postdoc	
•  2013-present	JAMSTEC	~	Researcher	

•  Working	for:	Logging	data	interpreta1on,	Geomechanism	
model,	stress	field	evalua1on,	rock	experiment,	geothermal	
measurements.	

•  Par1cipated	projects:	TCDP,	SAFDO,	NanTroSEIZE,	JFAST,	
NGHP-2,	SIP-2,	TGDP	



Outline	

•  NanTroSEIZE	drilling	project	(C9,	C2,	C11,	C4)	
•  Exp.337	Shimokita	(CPP)	
•  JFAST	
•  SIP2	Okinawa	
•  NGHP-2,	India	
•  Sobware	reviews	
•  Summary	



Anderson	Classifica1on	of	Rela1ve	Stress	Magnitude	

Zoback,	2007	



Zoback,	2007	



Estimation Stress Magnitudes by friction 
~Anderson’s faulting theory 

Hydrostatic Pp 
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Determine	Stress	in	the	homogenous	plane		

•  Stress	Orienta1on:	
				Breakout	azimuth,	tensile	fractures	
				Caliper	diameter	
		

•  Stress	Magnitude		
				

Stress	act	on	the	borehole	wall	
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Local stress field perturbed due to the borehole 
	



Hoop	Stress	around	Borehole	wall	

•  At the point of minimum compression around the wellbore (i.e, at θ = 
0, parallel to SHmax), Equations reduces to  

•  σθθmin	=		3Shmin	-	SHmax	-	2P0	-	ΔP	–	σΔT	
•  Whereas, at the point of maximum stress concentration around the 

wellbore (i.e, at θ = 90°, parallel to Shmin),  
•  σθθmax	=		3SHmax	-	Shmin	-	2P0	-	ΔP	-	σΔT					

•  σθθmax	-	σθθmin	=			4	(SHmax-	Shmin)		

•  In	general,	
				Pore	pressure	=	hydrosta1c	

				ΔP	measured	by	MDT	
			σθθ	?					Why	Rock	Strength?	

σθθ = Shmin + SHMAX − 2(SHMAX − Shmin )cos2θ − 2P0 −ΔP −σ
ΔT



Stress induced compressive failure　=　Breakout	

What is breakouts? 
Far field stress in horizontal plane   

Mud pressure
+PorePressure 

• Before drilling 
 • After drilling Stress state 

at borehole wall 

SHmax	

Shmin	

If σθ max>compressive strength, compressive failure occurs 	

σθ	

σr	



Geomechanical	model	
Stress	observa1on	from	borehole	failure	

Stress	Concentra,on	
At	Borehole	Wall	

Borehole	Structures	&	Stress	
(Ver1cal	Borehole)	

From		N.C.	Davatzes	



MDT	(Leak-off	tests)	

(aber	White	et	al.,	2002)	



Stress	
polygon	



Nankai	Trough	Seismogenic	Zone	Experiment	
(NanTroSEIZE)	

Introduc1on(research	area)		



C0001 C0004 C0002 

Chang	et	al,	2010	

LWD	IMAGES	in	NanTroSEIZE	



Borehole	Condi1on	~	caliper	

•  The	caliper	data	
show	the	well-round	
circle	fit	the	bit	
size(	No	failure)	

•  No	breakout	above		
depth	1285	mbsf		

•  FMI	Tool	is	free	
rotated	in	the	
borehole.(Well	
detected	the	
borehole	wall)		

•  No	anomaly	
observed	in	temp	
measurement.	σΔT=0	

	

Breakout	&	
Tensile	Fractures	
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Breakout	&	SVF	Azimuth	

•  Single	ver1cal	fracture	
(SVF)does	not	represent	
the	direc1on	of	SHMAX.	

•  No	pair,	180o-apart	tensile	
fractures	found	in	Site	
C0009.	



Empirical	Func1on	for	Sandstone	
Eq. No. UCS, MPa Region Where 

Developed General Comments Reference 
1 0.035 Vp – 31.5 Thuringia, Germany - (Freyburg 1972) 
2 1200 exp(-0.036Δt) Bowen Basin, Australia 

Fine grained, both 
consolidated and 
unconsolidated sandstones 
with wide porosity range 

(McNally 1987) 

3 1.4138×107 Δt-3 Gulf Coast Weak and unconsolidated 
sandstones  Unpublished 

4 3.3×10-20 ρ2Vp
4 [(1+ν)/(1-ν)]2(1-2ν) [1+ 

0.78Vclay]
Gulf Coast Applicable to sandstones 

with UCS >30 MPa (Fjaer, Holt et al. 1992) 
5 1.745×10-9 ρVp

2  - 21 Cook Inlet, Alaska Coarse grained sands and 
conglomerates (Moos, Zoback et al. 1999) 

6 42.1 exp(1.9×10-11 ρVp
2) Australia Consolidated sandstones 

with 0.05<φ<0.12 and 
UCS>80MPa

Unpublished 

7 3.87 exp(1.14×10-10 ρVp
2) Gulf of Mexico - Unpublished 

8 46.2 exp(0.000027E) - - Unpublished 
9 A (1-Bφ)2 Sedimentary basins 

worldwide 
Very clean, well 
consolidated sandstones 
with φ<0.30

(Vernik, Bruno et al. 1993) 

10 277 exp(-10φ) - Sandstones with 
2<UCS<360MPa and 
0.002<φ<0.33

Unpublished 

Units	used:	Vp	(m/s),	Δt	(µs/b),	ρ	(kg/m3),	Vclay	(frac1on),	E	(MPa),	φ	
(frac1on)	

Chang	and	Zoback,	2006	

Rock	Strength	Es1ma1on	

Chang	and	Zoback,	2006	



Es1mated	Rock	strength			

•  P-wave	and	S-Wave	
veloci1es	are	slightly	
increasing	with	depth.	

•  P-wave	velocity	is	sharp	
decreasing	in	the	Gas	zones.	

•  The	high	veloci1es	below	
1285	mbsf	present	the	high	
rock	strength	in	
accre1onary		prism.	

•  The	strength	of	rock	is	
between	20Mpa	to	60Mpa.	



Site	C2	

•  Drilling,	and	Target	
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LWD	images	in	C2	A,F	and	P	

•  C2A	image	showed	the	
consistent	borehole	breakout	
azimuth.	No	tensile	fractures	
recorded.	

•  C2F	images	indicated	the	no	
failure	borehole	state	during	
the	drilling.	However,	the	drill	
difficul1es	took	place	in	the	
booom	of	this	borehole	
(3.5km).	

•  C2P	drilled	in	the	very	cri1cal	
state.	Few	breakouts	showed	
in	the	top	of	images.	The	drill	
difficul1es	happened	in		the	
booom	(5kmbsl)	Exp:319	 Exp:338	

Exp:348	



Stress	Profile	



X337	C0020A	Site	Map	
•  Drilling	depth:	
1252~2461.4mbsf	

•  Focal	mechanism	indicated	
that	the	main	stress	direc1on	
is	driven	by	the	plate	
movement.	

•  World	stress	map(2008)	
showed	the	SHMAX	would	vary	
in	some	events.	

•  However,	the	events	near	
the	drill	site	show	the	same	
trend	of	stress	mechanism	
from	1999~2015.	



Logging	data	&	borehole	condi1ons	

1.Logging	of	DEVI	and	
HAZI,	P1AZ	displayed	the	
good	rota1on	of	the	tool	
and	full	cover	of	the	
borehole	wall	.	
2.	Caliper	data	shows	
enlargement	in	the	
borehole	in	all	sec1on	
but	booom	of	the	hole.	
3.Density,	resis1vity,	
velocity	and	GR-ray	are	
corresponded	to	each	
other	well	during	
1900~2100mbsf			

x337	postcruise	mee1ng@Kaohsiung	
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Breakout	forming	

•  It	is	an	amazing	example	to	show	the	evolu1on	of	breakout	forming.	B.O	is	forming	
from	crack	with	shear	fracturing,	deepening	fractures	and	collapsing.		

•  It	may	be	the	first	1me	to	find	the	evidence	of	breakout	forming	processes.		

1758-1760mbsf	 1802-1804mbsf	

2041-2045mbsf	

(a)	 (b)	

(c)	
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Hoop Stress
Breakout

Vertical Shear stress

Tensile fracturing
differential pore pressure

Sv=44.2MPa
Pp=37.4MPa
dp=1MPa
SHMAX=47.5MPa
Shmin=41.1MPa

Hoop	stress	around	the	borehole	



Seismogenic Zone 
Challenges ~ JFAST 
 

•  What governs subduction zone 
seismogenic fault locking vs 
stable slip and/or transitional fault 
behavior? 

•  Does fault state evolve during 
interseismic and pre-seismic 
period? If so, how? 

•  What governs tsunami generation 
characteristics for a given great 
earthquake? 

Stress analysis conceived to 
address these questions 

Shao and Ji, UCSB



Slip	Model	for	311	Tohoku	
earthquake	

•  The	stress	drop	from	slip	model	is	
~100Mpa	(+eq.)	

•  On-site	stress	state	observa1on	is	
necessary				



Exp.	343	logging	data	and	LWD	images	

•  The	borehole	breakout	distribu1on	can	be	
recognized	from	LWD	images.	(Lin	et	al.,	2012)	

•  The	different	lithology	including	plate	
boundary)	can	be	found	in	this	drilling.	
However,	the	stress	varia1on	is	unknown.	

•  Density,	velocity,	fric1on,	and	rock	strength	
hardly	detected	in	exp.	343.		



•  Stress	direc1ons	seem	inconsistent	above	500mbsf.	
•  Less	constrain	for	the	overburden	weight	(Sv).		

Lin	et	al.,	Science	2012	



Re-evaluate	the	breakout	azimuth	in	
shallow	por1on	



•  The	stress	state	aber	earthquake	is	in	Normal-fault	stress	regime(fric1on=0.4;0.6	
and	0.8)	

•  Rock	strength	should	be	in	~10Mpa	or	the	normal-faul1ng	slip	occurs	aber	the	
mainshock.	

•  Ver1cal	stress	equals	to	90Mpa	if	the	density	1.8g/cm^3	applied	at	720mbsf.	



Geomechanical	model	for	C0019B		

?	

?	?	



Optimal	Oriented	Plane	model	
•  Constrain	by	the	borehole	stress	state	
•  Assume	the	fault	patch	in	reasonable	parameters	
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OOP	model	for	site	C0019B	
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GMI-	SFIB	



GMI-Breakout	Simula1on	



GMI-Breakout	tendency	



GMI-Breakout	rota1on	



GMI-Borehole	stability	



Techlog-	Well	bore	Imaging	

•  Data	Quality	
•  Extrac1ng	infomra1on	from	loggings	
•  Share	between	disciplines	
•  Data	accessibility	over	life1me	of	asset	









Jewel	Suites-	Geomechanics	
Advantages	of	sta1c	3D	geomechanical	model		
•  Masters	1D	depth	stretching	problems;	Honors	structural	constraints	

•  Use	of	exis1ng	techniques/subsurface	models	

•  Integrates	mul1ple	data	sources	(wells,	seismic	horizons	and	volumes)	

•  Fast	and	cost	efficient	3D	model	

•  High	resolu1on	model	for	WBS	(~1m)	

•  Model	build	in	an	integrated	environment	(mul1ple	user	input)	

•  WBS	analyses	of	arbitrary	well	trajectories	possible	



3D	Geomechanical	model	–	Well	
based	method	
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Stress-induced anisotropy 
Highly disordered system  

§  Preferential closure of 
   fractures in response to SHmax 

§  Stress parallel fast direction 
§  Decreasing anisotropy with 
   depth as stress increases. 2012-08-01	KCC	Expedi1on	Training	Course	



SHmax	Direc2on	in	Pilot	Hole	from	
Breakouts	and	Tensile	Cracks	(Hickman	

and	Zoback,	2004)	

    Bedded ss/shales 

FMI	Log	
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But	How	Do	Stress	Orienta1ons	Change	as	Fault	is	
Approached	at	Depth?	

Fast	Shear	Wave	Polariza2on	
Direc2on	in	SAFOD	from	Cross-

Dipole	Sonic	Logs	(Boness	and	Zoback,	
2006)	

2012-08-01	KCC	Expedi1on	Training	Course	



Future	Work	

Borehole Breakout

Tensile fractures
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SDM	for	Nankai	Stress	Field	
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Summary	

•  No	maoer	what	sobware	you	use,	you	s1ll	
need	to	do	your	research	BY	YOURSELF.	

•  3D	model	of	stress	magnitudes	over	interval	spanned	
by	borehole	1ed	to	hard	measurements,	we	need	to	
collected	the	borehole	condic1onsm	visible	
behaviors	in	imgaes	logs	and	model	of	rock	strength.	

•  Discrete	measurements	of	sta1c	principal	stress	
magnitudes	and	3D	model	of	their	varia1on	with	
depth	help	us	map	magnitude	of	stress	rota1ons	
within	the	total	stress	field.	(see	beyond	the	images)	

	



THANK	YOU	


