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PREFACE

In just the past few years the use of the hydraulic fracturing technique
for making in-situ stress measurements has become widespread around the
world. 1In convening the Workshop on Hydraulic Fracturing Stress Measurements,
it was our aim to bring together active investigators to comprehensively
discuss their experiences with the method. The workshop was held in December,
1981 in Monterey, California and attended by forty investigators from eight
counties.

The workshop proved to be a successful forum for discussion of case
histories, data interpretation techniques, technological advances, and overall
progress and prohlems with the method. A high point of the workshop was the
good comparison demonstrated in many cases between hydraulic fracturing stress
measurements and other methods. Hydraulic fracture orientations at the
wellbore seem to agree quite well with the Sy direction implied by geologic
data, earthquake focal mechanisms, and strain relief methods used at depth.
Moreover, several investigators reported that very similar stress magnitudes
were determined with hvdraulic fracturing and overcoring methods at several
locales.

In determining the maximum horizontal principal stress, Sy, several
investigators reported success in using fracture reopening pressures rather
than breakdown pressures. Although it is not always feasible to use the
fracture reopening method, and errors could be introduced if significant fluid
penetration into a fracture occurs before it reopens, the groups using the
method reported internallv consistent results and they were able to derive
values of tensile strength that agreed well with lahoratory values.

The most straightforward determination that can be made from hydraulic
fracturing is that of the minimum horizontal principal stress, S}. The
shut-in pressure is customarily used as a measure of Sy, and these
measurements are usually found to be quite consistent and reliable. At
shallow depth, where the least principal stress is often vertical, it is
sometimes possible to determine both Sy and the vertical stress, Sy,
because the hydraulic fracture "rolls-over” into a horizontal plane as it
propagates. Several investigators reported that in some cases the shut—in
pressure slightly decreases as the fracture propagates and it was generally
agreed that the minimum shut-in pressure should be used as a measure of Sy
as long as the fracture did not "roll-over,” intersect a pre—existing
fracture, or breakout around the packers. A few investigators pointed out
that picking accurate shut-in pressures is sometimes difficult and several
semi-log plotting techniques were proposed for increasing the accuracy of the
shut-in pressure determination. It was also proposed that pumping at very low
pumping rates and using the pumping pressure rather than the shut—-in pressure
is a good way to determine Sy if shut-in pressures are not distinct.

iv



We believe that the papers included in this report give the reader a
nearly comprehensive overview of the current research related to hydraulic
fracturing stress measurements., However, because of the rapidly expanding use
of the method, it was clearly recognized that the state-of-the-art is still
evolving. It was frequently suggested that workshops of this type should be
held every few vears,

We would 1like to thank William F, Brace, Charles Fairhurst, D. Ian Gough,
and Fritz Rummel for serving as session chairpersons. The meeting was
convened under the auspices of the U.S. Geological Survey and the
U.S. National Committee for Rock Mechanics. These reports will later appear
as a special publication of the USNC/RM. We would like to thank Jessie Reeves
and Barbara Charronat for their help in planning the excellent accommodations
for the meeting.

Mark D. Zoback

Bezalel C. Haimson
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TOPIC I

HYDRAULIC FRACTURING CASE HISTORIES AND

INTERPRETATION TECHNIQUES

MODERATOR - F. RUMMEL



Hydraulic Fracturing Stress Measurements along the Eastern Boundary
of the SW-German Block

F. Rummel, J. Baumgartner, H.J. Alheid*

Institute of Geophysics
Ruhr-University
4630 Bochum, FRG

now at: Bundesanstalt flr Geowissenschaften und Rohstoffe, Hannover, FRG

Abstract

During the last decade more than 50 in situ stress measurements have
been carried out in Central Europe by various researchers in Austria,
France, Italy, Switzerland and the Federal Republic of Germany.
Various stress measuring techniques have been applied. A Tist of re-
ferences and locations of all those measurements is presented.

Among these measurements are about 100 new hydraulic fracturing experi-
ments conducted in 19 boreholes at 15 locations situated along the
eastern boundary of the SW-German block. The depth of the measurements
ranges from about 40 to 450 m. The experiments were carried out with

a new wireline straddle packer system, which allows experiments in
boreholes to a maximum depth of about 1000 m. Technical details of this
system as well as the interpretation method used to derive crustal
stresses are described. For two locations, a deep borehole into sedi-
ments as well as a granite test site, the measurements are presented
with full details including hydraulic fracturing pressure plots and
stress data. All other stress data are summarized to obtain a general
stress-depth relation for the specific area around the eastern boun-
dary of the SW-German block. If the averaging method over such a large
area as well as an extrapolation to greater depth is acceptable, the
stress data would explain the present tectonic stability of this area
compared to the western block boundary.



1. Introduction

The SW-German block is considered as a major tectonic block unit in
Central Europe. Its southern boundary is given by the main thrust fault
of the Northern Alps, the western boundary consists of the Upper Rhine
graben structure and its northern continuation in the Hessian graben,
and the eastern boundary is formed by the NW-SE oriented Franconian
Tine and the Donau fault which separate the block from the outcropping
crystalline basement of the Bohemian and Thuringian massifs (Fig. 1).

Zﬁ?\‘ 5
\__’//\_"}\0'

RrRnenish

SW-German
Block

Gallic /
Block A

Alps
ura

Fig. 1: Tectonic units in Central Europe and major horizontal stress
direction derived from earthquake data.

Seismo-tectonic active are mainly regions within the SW corner of the
block (Swabian Alb and Hohenzollern Graben) and the Rhine graben system.
Latter consists of the Upper Rhine Valley in the South, and curves to

NW intersecting the Hercynian block of the Rhenish massif and following
the Lower Rhine embayment in the north. Earthquake fault plane solutions
for this regions indicate an approximately NNW-SSE direction of horizon-
tal compression (Ahorner 1975, Bonjer 1979), which explains sinistral
shear motion in the Upper Rhine graben parallel to the graben axis and
the extensional tectonic features in the Rhenish massif as well as
present rifting in the Lower Rhine embayment (I1lies and Greiner, 1979).
In comparison, the eastern boundary of the block is tectonically inac-
tive if we neglect the seismic activity further to the south in NE-Italy
and northern Yugoslavia.



To obtain further information on the presently active tectonic stress
field in and around the SW-German block, numerous direct in-situ stress
measurements have been conducted during the last decade. The geographi-
cal distribution of the relevant test sites are shown in Fig. 2, re-
ferences are given in Table 1. Most of the test sites are located along
the western block boundary. In most cases, the stress data are derived
from shallow overcoring doorstopper measurements, some from flat jack
measurements at the surface, the rest from hydraulic fracturing experi-
ments in deep boreholes. Although the scatter is considerable the data
indicate a N-S trend of the direction of maximum horizontal compres-
sion in Central Europe.

Here, we only focus on the results of hydraulic fracturing stress mea-
surements in 19 deep boreholes which are distributed in the eastern
part, along the eastern boundary and north of the SW-German block. The
measurements reach to a maximum depth of about 450 m allowing to specu-
late on the stress-depth relation*. In addition, we present specific
technical details of the hydrofrac system used as well as information
on pressure-data interpretation to derive principal stresses.

2. The Bochum Hydrofrac Stress Measuring Technique

2.1 Hydrofrac System

Starting in 1973 with hydraulic fracturing stress measurements in Ger-
many in shallow boreholes (Rummel and Jung, 1975), successively a new
wireline hydrofrac stress measuring system has been developed at the
Ruhr-University Bochum. The system at present permits to carry out
measurements in boreholes to a maximum depth of about 1000 m by univer-
sity staff, only. The system is easily portable with a mini-truck. No
drilling equipment such as drilling rods or a drill-tower are necces-
sary. A similar system is used for tests in dry boreholes in deep mines.
It was tested in a 3000 m deep Indian gold mine, where packer pressures
up to 1 kb were needed for hydraulic insulation of the injection inter-
val during breakdown operations.

A schematic view of the deep hydrofrac system is shown in Fig. 3.

It consists of the double straddle-packer, a heavy tripot, a motor-
driven winch mounted on a 1-ton trailer, a 7-conductor logging cable
and a high pressure steel reinforced rubber hose, an air-driven hydrau-
Tic high pressure pump and the pressure monitoring unit. A suitable _
air-compressor to activate the hydraulic pump (capacity 3 to 5 m® min )
usually 1is rented on-site.

The results from underground hydrofrac measurements carried out in
two deep mines (800 m) NE of the block are presently neglected, since
they seem to be considerably affected by the mine structure (Rummel
and Heuser 1981, Rummel 1981).



54

—r 'm q
o
R , GOR
0
BERLIN
HANNOVER )
AMSTERDAM %
o~
XA e}
8x I7 KAgSEH LEOIPZIG
%13 ‘/
- 1821 16 X
FRANK- N LT
"Z‘F?JR# 33 NATS26 Y
N\ TGB | 2
28 Main~ _ ;*l\
*32 J 29-31 y CSSR
S B FRG
PARIS FRANCE -1/ %35 e
36 Donay. \,
. sTRAsBouRGe] J
Se\f\ v 37 ;
41 38% MUNCHEN Ll
%42 x 39/L0 © ©
Ll XL Y salz-|
L8% M)2\ L3%eLy a e O BURG
LI AR ‘%59
© 01N ,/ N - AUSTRIA
/ *Lg - < e meens -ty
77 SWITZERLAND / Y7 b/ o
I 5!( x50 :"-:z e
ﬁ P f‘"- >
! N 4 IR
S3x AGENF P 52‘-({% Slicg ©
57 %" {'. <
Rhéne ~ ﬂ 4
N MILANO
i VENEZIA
‘-: JWN
5,9 ."l GEMONA ITALY
T -
~
QY] ~ w e} 9 r: ~

Fig. 2: Locations of stress measurements in Central Europe until
1982 (see Table 1 for details).



6, LI 20 Ll o8 2 09 (944) Aewf|LA 61
6/ "1I 20 €l o8 192 00§ (944) nelaquiM gy
08 "wneg 20 /G o9 1 2€ 50§ (944) yorusplay /|
08 " 13 20 18€ 8 €€ 506 (944) J4e(z3aMm 9}
28 '™ G/4H 1°0E o6 168 0§ (944) Z3LlYss gl
08 "wyss 20 /8l 09 9% 0§ (944) udLuassauyg |
28 "ny 8/4H 870G o6 €795 o0G  (9¥4) II pueibuag *ssay  ¢|
vl e 20 /G0 o6 2l ol§ (944) ®ospleMm 21
28 '™ ¥/ 4H 19°6€ o6 2721 01§ (9Y4) I pue|busg -ssay L
28 "1 25/20 €0 ol Gl olG (944) deusog 0l
28 "l1 /20 L€ o8 €2 ol§ (944) uo[Ldg 6
28 "I £5/20 €2 o8 192 61§ (944) uLaysdeMm g
28 "1 26/20 2 o8 182 61§ (944) Lejua@3sna ¢
28 'y 6/4H 12791 .01 19°0S ol§ (94d4) II z4eH 9
Jaded sLy3 2/3H AR AN ' 2°€G ol§ (9¥4) I zdey S
sa|oysuaoq ¢ ul
28 "ny G/4H 176E o8 €715 ol§ (944) Plajalatg ¢
28 "y 0L/4H G €S o6 G 028 (944) 11 widysapltH ¢
28 "Ny 0l/4H 19725 o6 LTl 026 (DY4) I wLdYsapltH 2
28 "l1I v¥/20 WARRY 6 026 (944) ussbep|3 l
$3S93 JO ‘ON 3 apn3Lbuo] N apn3tieq
ERIENEIEN| poyasy S83ReuULpPU00) uoL3eso *ON

(2 bL4 @3s) 2861

LL3un 3do4n3 [BA3US) UL SIUSWDJUNSeIW SS343S 4O SUOLIEeD0T :| 3|qel



8L "9 10

08 "44 14
6/ 097 20
SL "Ny €/4H
8L *49 20
8L *49 0
08 "Wyss 30
6L “U3S 30
8L 49 30
8L 49 30
8L 49 30
8L °49 30
8 "My L/4H
28 "Ny v/4H
08°NC/28 *My*loysa40q ¢ ut 9i/4H
8L 49 20
08 "wyss 30
28 "My 01/4H
23 "My 6/4H
28 "My 6/4H
8 "y L/3H
08 "uneg a0
08 “wyss 30
08 “wyss 30

LY
¢ 01
1
1 G0
150
10
02
Gl
LE
10
€2
16€
18791
¢ L
el
T4
9P
0P
97 0¥
STy
1 970¢€
AP
70
7S

obl
ob
09
o8
ol

1G9
979
60
01
0l
L
L2
X4
10
€l
L€
Y
19°6Y
6767
971§
A
WAS
2

2
6°L
2l
vl
61l
24

ol¥
o8P
087
o8V

(944) LLamydss|og
(4) saubLoy)
(944) Lynasdastey
II "

087 (9¥4)1 uaqedbuua||0zusayoy

o8
o8
o8Y
obt
obt
ob¥
ob¥
ob¥
Y
obt
obt
ob¥
00§
00§
009
00§
009
009
00§

(944) uabulijawgsug
(9d4) 3pejsuapnady
(944) uapeg-uapeg
(944) usbulssom
(94d) 43| LaMsJaq|y
(944) BuLuuay

(944) yoeguany

(944)
II "SSew jLuedy

1 buaquay|e4

(9y¥4) wiayuaddg

(944) B43quosss

(944) III1 34essads
(9d4) 11 34essads
*ssewssiauy baaqyounp
(944) 1 34essadg
(944) wiad

(944) ua3l3RISuUyey
(9d4) uaburyoey

(97
A%
37
0v
6€
8¢
LE
9€
G¢
123
€e
2€
I€
0€
6¢
8¢
L2
9¢
S¢
144
£
24
¥
0¢

| @Lqel "3uod



*0861 bunp gg np

“G/6l Bunp pue [awuny G/ Ny “G/6l 48b63pLayds pue Yooy AONAg G/ N4G 0861 IILWYDIS 08 WYIS /6]
ABWALYIS 64 YOS €286l 4dujapbuneg g [Suwny 28 Ny “6/61 LIISULIBW B Lydeqly 6/ LY |86l ulnbeq |3 e4
“6/61 3PpL0d0od7 6/ 097 “Z/6l QOUY B PRISUAY LURAOY 2/ O “4/6) S493DQT ‘yosbep yz ep “g/6| 42uULdJg

B SOLLLI 6/ LI 2861 uueuneg g SALLLI 28 LI ‘€461 3SPH €/ BH °G/61 L3SAY G/ A9 8/6| 43ulddy 8/ 49

‘0861 uelL4nog g uLnbed “xneasproaq 08 44 086l SSpueyow|3 08 [I 2861 I2U40) 28 0) (08l uUeWNeg (8 WNEY :SIOUSLI4AY

S

18
18
6L
6L
6.
8
6L
8L
A
S.
08
574
08
23
08

‘nag

“ ey
“eq
‘LY
"Ly
Ty
- 09
T LY
- 4
-0y
- f9
‘4
- g
“aq
-0
-4

*Ale3] [ “Auewusy +day *paq 9yq ©9d0UBA4 { PUB[UDZILMS U) “BLJUISNY Y :UOLILI0T
*3537 el el 4 “BuLaodudno )0 “BuLranioeuat dL|nedpAy 4H :poyasn

S9|0Ya40q £ ulL

J0

8/20
8/20
20
20
20
0L/4H
20
20
20
20
4
J0
4
§/4H
14

L0
161
161
0§
Y
6F
9P
112
61l
1 G€
Ll
19°LS
1 2€
127¢El
1 L7028
AN

o€l
ot
09
ob
o8
b
of
o8
o8
o8
o8
of
ol
ot
ol
ot

1 §°€¢
1 L2
€5
€0
170
1 70
1l
L
Ve
' G€
70

8°LE
VLY

1¢7EY

Y
125

olV
ot¥
0GP
o9v
09V
097
o9t
09P
o 9P
o9v
olt
ol¥
ol¥
olt
olt
ol¥

(¢) 4Lssey-bLugxnyd0y
(4) sumeqeq

(4) ouelg Juop

(1) euedoLq °S

(1) spueub|eroduoy
(1) oLop3

aubeijuol 3ap 32Aey 37
(1) obe|Lpald

(Ud) LaswLa)

(4d) p4eyzlo9

(42) u4azn]
(4) sibueuey
(94d) swayuaLly
(4) sauatAey
(4) asnoyLny
(4) Aayoo0u33

65
89
LS
95
G5
7S
€5
25
1§
0§
6t
8t
LY
9%
G
14

| algel "3uod



steel cable ) counter
enclosing electrical lines motor winch
mounted on trailor

tripod electri-
cal pressure
transducer
pressure -
Rydr. in | control @ s
i 7 pump unit ~
high pressure out /

air compressor hose _— ] flowmeter

D> X-T <
electrical pressure trans- recorder

ducer and amplifier ~— T

|_-release pressure recording unit

packer/interval- a l
switch valve \; { vaive differen-

L—{>—l tial

amplifier

]
tape l
D recorder
interval packer elements

F‘ig: 3:
hydraulic fracturing equipment
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The straddle-packer consists of two 1 m long nylon reinforced rubber
packers (Schmidt-Kranz Company, 3421 Zorge/FRG), which shorten about

10 percent axially at 20 percent radial extension under unconfined con-
ditions, and the injection unit between. It is in most of our applica-
tions about 70 cm long and contains the injection pipe and the packer
pressure transmission line. Schematic cross-sections of the tool are
given in Fig. 4, both for packer pressurization and injection into the
frac-interval. The unit is based on a unitized construction principle
which allows fast assembly as well as the use of different size packers,
presently for boreholes with diameters of 76 to 80, 95 to 100 and 118
to 125 mm.

Generally, only one pressure line is used in the borehole. To switch

from packer pressurization to injection of the frac interval and vice
versa, a push-pull valve on top of the straddle packer tool is activa-
ted by releasing or applying tension to the borehole cable. Schematic
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cross-sections of the valve are given in Fig. 5 which demonstrate both
injection positions. To permit deflation of the packers after the test
in partly dry boreholes, a pressure release valve is mounted on top of
the push-pull valve in the packer pressure line. It closes during high
pumping rate packer inflation and opens as soon as an adjustable mini-
mum packer pressure after venting the packer line on the surface is
reached. A schematic cross-sectional view of the release valve is pre-
sented in Fig. 6 both, during packer inflation and deflation.

packer

L

from pump

packer o 4
90° disglaced displaced

N

packer x packer displaced

90° displaced

Fig. 4: Double straddle packer unit, system Ruhr University Bochum.
a) fluid flow for packer pressurization
b) fluid flow for injection into the test interval.

pressure -
transducer

to

from pump



The pressure is measured down-hole by a integrated amplifier fluid-
pressure gauge (Burster Precision Technique, Typ 821.8), which is lo-
cated within the cable head on top of the push-pull valve (Fig. 7).

pressure

compensation g%\\g =

interval

release ———

opening

POSITION 1: PACKER

transducer

N\

to pressure- ; from pump

( f—- to release valve
_.?7723733 ,i gaf;¥¥j7”’ spring

| to packer

POSITION 2: INTERVAL

to pressure-
transducer

lrfrom pump

| spring

— to interval

Fig. 5: Push-pull valve at the top of the straddle packer for both packer

pressurization (a) and injection (b).

The 12 mm 0.D/8 mm I.D. high pressure hose (Argus, Typ 1st) is connected
to the 7-conductor borehole cable (9.5 mm 0.D, USS Amergraph No. 7-H-37-
SB, strength 5.7 tons) at intervals of about 25 m in order to avoid too
much tension in the hose by its own weight.

Pressurization is achieved by a double-acting air-pressure-driven hy-
draulic pump with a maximum pressure of 1 kb and,a pumping rate of

5 1-min~ ' at an air-pressure supply of 5 m®.min~' (Schmidt and Kranz
Company, type HD-GW 100). The fluid injection rate is measured on sur-
face by a flow meter (0 to 2 GPM, 3500 psi, model TMRA, Euromatic Ma-
chine and 0i1 Comp., London, U.K.).

Pressure and flow rate data are monitored on a strip-chart recorder
(paper speed 20 mm-min~1) and stored on tape (Teac RG 1 tape recorder).

Frac-orientations are obtained using an impression packer (same packer
as described above, Fig. 8)in connection with a magnetic single shot
unit. In general, the impression packer is pressurized with 100 to 200
bars over a period of 30 to 60 minutes.
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Fig. 6: Pressure release valve for deflation of packers in ‘'dry'’

boreholes.
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waterproof .
] : pressure transducer and connection
steal cable encluding CO;”eCt1°” , amplifier to push-pull
7 electrical wires i q valve

N S %
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water pressure

Fig. 7: Cable head including the fluid pressure transducer with
amplifier,
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2.2 Testing Procedure

As far as possible intact borehole sections without macroscopic joints
are selected as test intervals by core inspection and analysis of
available logging data. Packers are set to a pressure of 100 to 250
bars depending on depth and wall rock quality. Then, to examine the
test interval for open joints, the interval pressure is increased by

10 to 30 bars instantaneously. The following pressure drop is observed
for about 5 minutes, which allows to estimate the rock mass 'permeabi-
T1ity' in the test interval.

The fracturing operation starts after the pore pressure has reached

its original value, with maximum pumping rate. Immediately after frac
generation (break-down) fluid injection is interupted (shut-in) and

the pressure decrease is observed. After venting the interval, the frac
is extended during several refrac tests at maximum pumping rate. In
general, a total water volume of about 10 to 20 liters is injected.
Injected volumes and back flow after venting are carefully monitored.
Finally, the interval pressure is increased either at constant pressuri-
zation rate (p = constant) and observing the flow rate g, or at constant
intermediate flow rate (q = const.) and observing the pressure increase,
or step-wise in 10 bar intervals and observing the pressure drop (per-
meability test). Either of these tests may yield a good additional
measure for the shut-in pressure equivalent to the normal stress acting
across the frac-plane.

2.3 Data Analysis

In general, principal stresses in this study are derived from hydraulic
fracturing pressure data using the classical concept first suggested

by Hubbert and Willis (1957). The tensile strength T in the standard
equation is assumed to be equivalent to the in-situ hydraulic fractu-
ring tensile strength, which is given by the difference between the
breakdown pressure and the final refrac pressure to re-open the induced
fracture, P. - PR. In sediments the pore pressure Py is assumed to
correspond to the pressure given by the natural water column in the
borehole (Pg = 0.1 * (z - z4); Pg in bars, z, zg in m). In crystalline
rock (eclogite, granite) the pore pressure in the rock at depth is
neglected. Otherwise pressure data interpretation leads to erroneous
and unmeaningful results. In all cases, the overburden pressure is ta-
ken as the principal vertical stress, S, = pgz. At shallow depths

(z < 50 m) fracture propagation generale occurred horizontally, al-
though in most cases vertical fractures were induced, so that two shut-
in pressure values could be used to calculate the horizontal stresses
as well as to check the overburden stress (first suggested by Rummel
and Jung, 1975).

In cases, where pre-existing vertical joints not aligned with the major
horizontal principal stress Sy were re-opened, the principal horizontal
stresses were estimated following a suggestion by Cornet (1979):

P = (SH + Sh) - 2(5H - Sh) cos 2(90 - 8) .
Pes = 1/2(S + ;) = 1/2(Sy, - ;) cos 2(8 - 8)
(90 - 8) is the angle between the direction of SH and the frac plane,

12



and Sp is the minor horizontal stress. The three unknowns Sy, S;, and
the direction of Sy may be estimated if joints of different azimuths
can be tested.

If laboratory fracture mechanical data on rock cores were available

a fracture mechanics approach was used for in-situ pressure data inter-
pretation. A first quantitative simple application is given by Rummel
and Winter (1982), which yields the following relation for the exten-
sion of vertical fractures:

o LIE s s g (2)
*

C h fR H h

Here, Ki. is the fracture toughness of the rock derived from laboratory
studies, R is the borehole radius and h*, f* and g* are dimensionless
functions only depending on the normalized fracture length a/R. They
are given in Fig. 8 assuming that the fluid pressure is constant within
the fracture and is equal to the pressure in the injection interval.
Then, for zero external stresses the term

K1¢
T = (3)

h* VR
corresponds to the hydraulic fracturing tensile strength. Thus, the
major principal horizontal stress Sy is given by the relation

S, = -1 (p + I s (4)
H™ % R " h* °h

assuming Sy, to correspond to the shut-in pressure. The appropriate
values for h*, g* and f* can be estimated from the observed in-situ
strength data and fracture mechanics tests on the core material (frac-
ture toughness and laboratory hydrofrac data from mini-cores tested
undeg various confining pressures (for details see Rummel and Winter,
1982).

A-

Fig. 8: Dimensionless functions f*, g* and h* for a fracture mechanics
analysis of hydraulic fracture propagation (see eq. (2),(3),(4).
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3. Stress Field at the Eastern Boundary of the SW-German Block

Since 1978 more than 100 successful hydraulic fracturing experiments
have been carried out in 19 boreholes located in the eastern part of
the SW-German block, on its eastern boundary and north of the block
(No. 2, 3, 4, 5, 6, 11, 13, 15, 23, 24, 25, 26, 29-31, in Fig. 2 and
Table 1). Most of the locations are distributed along a NS profil of
about 200 km from Hannover in the north to Wirzburg in the south. The
depths of the boreholes range from about 100 m to about 800 m. The
boreholes intersect mesozoic and paleozoic sediments (cretaceous lime-
stones, triassic and permian sandstones and siltstones), except the
boreholes WeiBenstein (No. 24) and Falkenberg (No. 29-31) in the east,
which are drilled into an eclogite body and into granite. The depths
of the test intervals range from about 40 m to a maximum depth of about
450 m.

As representative examples, in the following the details of measure-
ments at only two locations are presented. A complete summary of all
hydrofrac stress measurements is given elsewhere (Rummel et al., 1982).

3.1 Stress Measurements Spessart I

The borehole Spessart I (No. 23 in Table 1) is located on the northern
boundary of the Spessart mountains. Drilling was terminated at a depth
of 607 m. The upper part of 348 m was cased. The open-hole section had
a borehole diameter of 96 mm. Due to borehole collapse at about 450 m,
fracturing experiments were only possible within the depth-interval
from 350 to 450 m. At this depth the borehole intersects fairly intact
and uniform permian sandstones and siltstones (Zechsteinformation).
The natural water level was at 135 m below surface.

Within this interval 7 fracs were induced. Breakdown pressures ranged
between 131 and 191 bars, the final refrac pressures between 93 and 108
bars, indicating an in-situ hydrofrac tensile strength T = P. - Pp
between 38 and 97 bars (Table 2). The shut-in pressures were almost
constant at about 90 bars (79 to 93 bars). Typical pressure-time plots
from two experiments are given in Fig. 9. They indicate extremely low
permeability of the wall rock in the test interval prior to fracturing
(P-test), a sharp pressure drop after breakdown and immediate shut-in
(F-test), as well as distinct shut-in pressures after repeated pumping.
After venting the test interval, the pressure immediately increases
again if venting is interrupted, due to fluid back-flow from the in-
duced fracture. Generally, 80 percent of the injected water was re-
covered. The final test with slow constant pumping rate clearly de-
monstrates the critical pressure to reopen the frac and to keep it
open against the acting normal stress across the frac plane.

The evaluation of the pressure data yields average horizontal princi-
pal stresses of Sy = 125 bar and S, = 84 bar, compared to an assumed _
vertical stress 0¢ Sy = 104 bar at a mean depth of 425 m (p = 2.5 g-cm °).
The stress data are given in Table 2 and in Fig. 10. According to the
frac orientation obtained from the impression packer measurements,
maximum horizontal compression (Sy) is acting N 156° (Fig. 11, Table 2).
This average value does not inc]uge the azimuth of a vertical fracture
oriented N 31° E, which was observed during test No. 1 at a depth of
370.6 m. The relatively low breakdown pressure value (P. = 149 bar)

and the relatively high shut-in pressure (Pg; = 93 bar) suggest that
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. 5 (427.2 m) a plane of weakness (bedding plane/
and a dip angle of 68° was opened.

-existent closed vertical joint was reopened. Simi-
joint) with a strike of N 168°

in this case a pre
larly, during test No

*213R3S04PpAY dA0Qe
amwxzmmmga 4R SIN[BA 3UNSSAUJ 1S9 DRULDIA 4y €259 deU4 4 ©1S93 A3L|iqedwduad perjiul
I 3J4essadg 9|0ya4oq uL (g 9[qel) 9 pue p °"ON $3S93 2RUJ04PAY Butanp >301d awry-aunssadd :6 *Htd

15

utw/3 s v € 14 Lo

0
(3593 bButdund-moys) °° — 3
1341 79 e~y <
(49) €9 05 a
(7]
wn
<
SL ~
[0}
oot o
o
)

m~4

w9
W /°CSyy - Spp LBAASIUL 8L 7T yolbing
utw/g s e T v 0
M o
Al SZ 4
d) 7

buLdwnd s 1
(3593 burdwnd-Mo|S) .
(38177 w
(34) €9 . m
S
[0
8 -
o
[e7}
S

£143

HIy

W /gLy - €1y LBA4DJUL "L zz vofbing

'



*SLXR 9|0Yyadoq dy3 03 393dsad YILM UOLIPUL[DUL Jedy

3 .8 N wmmz_mm:u utL jnuwtLze Jeul

MI

(¢
(2

wi.6 G2 = d ¢zbo = >m A—.

aue|d-oed) JO uoOLj3eUL[DOUL © ‘YnwirzZe dedy g “S3SSAU3S |edLoutud |ejuozidoy Joutw pue uofeu :m ,Im

€3unssadd usapunquaAo >m ‘aunssadd adod oa ‘aunssaud utL-3nys

LS

d ‘adnssadd deagau 94 “aunssaud umopyesuq g

06 ad} €8 A 0Ll € €3 g6 L8l AR 1AY L
- - 6L 6Ll G 801 1€ L6 L8 781 ARNAY 9
89~ €91 €8 L2) G101 6¢ €8 €6 Lel YANKAY ]
06 191 98 2l G 101 3¢ 98 96 161 vely 14
06 LYl 98 GZl G°v6 G2 98 801 €Ll #°G8¢E €
68 €91 98 8€l 26 ve 98 96 - ARTAS Z
06 2 - (wit) 16 ve €6 801 6wl 9°0LE |
2aubap  93ubap Jdeq Jdeq Aeq Aeq Aeq Jaeq Aeq m
Y H A 0 LE Y 2 da $31 40 0
Amé Amm S S (1 S d d d d Yyidsp  3s9l N

I 14esS9dS 9[0Yya40q UL SIUBWLUAXD DRUS WOAS $35SBUYS |edioutdd pue ejep adnssaud Bulunidedy oL|nedpAy :z a|qe;

16



n8t

‘K13AL3Dadsau <H

8st

act a6 as

1

eeubep ° y)131 INNIZV

‘1 34essadg ajoysdoq ut
S uoLssaudwod [ejuozLaoy
WnuiLxew jO UOL}IDIULP pue UOLIRIUSLAO-DeUd |} °*BLj

asy-

Seh-

2Bv-

SLE-

ase-

‘* H1d30

§°¢ =
pue ABVI

ast

!

st

»memwam 3|oyadoq ui (. wo-b
d) 7S SS8U3S |edtydan vcmmwov;m
S S9SS3U4S [rjuoziaoy [edidutuad g} ‘Bi4

(-OJ

* S3SS341S VJIININd

asy-

aar-

w * Hid30

17



3.2 Stress Measurements in the Falkenberg Granite Massif, NE Bavaria

In the Falkenberg Granite massif, NE Bavaria, hydraulic fracturing
experiments were carried out in 5 boreholes to a depth of 300 m. Three
of the boreholes (No. 29 in Table 1) were drilled for a hot-dry-rock
geothermal experiment on one test site, two additional older drill
holes (No. 30 and 31 in Table 1) were available from uranium ore
prospection. The diameters of the fully core-drilled boreholes were
76, 96 and 132 mm, respectively. From the core material, geophysical
logs and televiewer inspection full information was available on the
existing joint pattern. To a depth of 150 m horizontal joints dominate
due to stress relief by isostatic uplift and subsequent erosion. The
vertical joints at greater depth belong to 4 joint systems, which also
can be observed in numerous surface outcrops over the entire region.
The rock itself is a coarse-grained granite with large potassium feld-
spar phenocrysts predominantly oriented horizontally within a medium-
grained groundmass of quartz, plagioclas and mica. In the two ore
prospection boreholes the granite is partly altered.

Totally 27 frac experiments were conducted. Three typical pressure-
time plots are presented in Fig. 12. They demonstrate a distinct break-
down, but at low pumping rates (Fig. 12 a, b) only poorly defined
shut-in pressures. In comparison, the shut-in pressure at a high pum-
ping rate (190 Titers per minute) is clearly defined (Fig. 12 ¢). This
result is in perfect agreement to other tests performed in crystalline
rocks (e.g. WeiBenstein, Minchberger Gneiss mass, No. 24 in Table 1).

A Tist of the pressure data observed is given in Table 3. Generally,
the breakdown occurs at pressures between 110 and 160 bars. The excep-
tionally high breakdown pressure of 203 bars in test 16 certainly is
due to the high pumping rate of 190 liters per minute (Jung, 1980).

The refrac pressures vary between 50 and 120 bars yielding a hydraulic
fracturing in-situ tensile strength between 60 and 80 bars. Lower ten-
sile strength data indicate the existence of latent joints which could
not be detected by televiewer observation or from core inspection.
Shut-in pressures in average ranged from 40 to 50 bars with only Tittle
increase with depth. As mentioned above they were usually poorly de-
fined. Pressure data in the two ore prospection boreholes were general-
ly slightly less due to the alteration of the granite. Particularly,
this is true for the breakdown pressure and refrac pressure data.

For the estimation of the principal stress field data the pore pres-
sure in the granite is neglected. Assuming the pore pressure to be
equivalent to the pressure of the water column above depth, as done
for boreholes in sediments, leads to unmeaningful results. A similar
result is obtained for other tests in crystalline rocks (e.g. borehole
Nr. 24, Table 1). The principal stress data are summarized in Table 4
and presented graphically in Fig. 13. ghe data indicate that the cal-
culated vertical stress (g = 2.65 g-cm is the least principal stress
to a depth of about 150 m. Th1s result would explain the preferred
existence of horizontal stress relief joints at shallow depth above
150 m. At greater depth the minor principal horizontal stresses syste-
matically are below the overburden stress, while the major horizontal
principal stresses generally are above the vertical stress. At a depth
of 300 m the major horizontal principal stress is nearly equal to the
vertical stress.
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Most of the induced fractures initiated as vertical fractures in
average oriented N 115° (Fig. 14). Deviations from this average orien-
tation are considered in the stress estimation using the formulae sug-
gested by Cornet (1979). A detailed analysis is given by Rummel and
Alheid (1979). This average frac orientation corresponds to orienta-
tion of the induced macro-frac in borehole HB4a (Test No. 16 in Table
3, 253.5 m), which was located by acoustic emissions during frac exten-
sion (Leydecker, 1981) and confirmed by intersecting the frac-plane

by drilling and subsequent fluid circulation experiments (Jung 1980).
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Table 3: Pressure data during hydraulic fracturing tests in boreholes
in the Falkenberg Granit massif (No. NB1, NB3 and HB4 corres-
pond to No, 29, No. LII 16 and LV 17 correspond to No. 30 and
31 in Table 1).

No. Depth p p P .
m bar bar ‘bar

Falkenberg NB 1

1 80.6 118 51 46
2 119.6 132 63 58
3 160.6 146 87 44
4 165.6 141 74 47
5 225.0 110 108 46
6 255.3 154 76 41
7 279.0 163 82 44
Falkenberg NB3
8 150.2 136 78 40
9 175.2 146 85 44
10 198.0 163 95 54
1" 210.2 137 76 42
12 230.0 158 92 53
13 242.9 159 84 49
14 262.2 122 63 46
15 282.7 134 96 71
Falkenberg HB4a
16 253.5 203 115 46
Lengenfeld LII 16
17 104.5 83 50.7 34
18 106.5 94 50 32
19 110.4 134 53.5 35
20 115.3 153 47 47
Lengenfeld LV 17
21 122.0 118 56 45
22 126.6 104 63 37
23 136.3 117.5 93 46
24 147.2 155 38 32
25 149.7 141 45 37
26 152.6 149.5 1407 -
27 156.0 85 77 49




Table 4: Principal stresses S, S, and S, (o = 2.65 g-cm-3) in-situ

tensile strength T, and strike (8) and dip angle (a) of the

induced fracs.

Q o
No. Depth SV SH Sh T 8 a
m bar bar bar bar

Falkenberg NB1

1 80.6 21 46 - 67 33 90
2 119.6 31 60 - 69 35 90
3 160.6 42 457 447 59 160 90
4 165.6 43 677 477 84 75 90
5 225.0 58.5 - 46 2! 86 90
6 255.3 66.5 47 41 78 110 90
7 279.0 72.5 50 44 81 116 90
Falkenberg NE3

8 150.2 39 42 40 58 112 90
9 175.2 46.5 47 44 61 97 82
10 198.0 51.5 677 547 68 75 90
" 210.2 54.5 50 42 61 83 81
12 230.0 60 67 53 66 114 90
13 242.9 63 637 497 75 72 90
14 262.2 68 75 46 59 116 90
15 287.7 75 - 717 38! 85 83
Falkenberg HB4a

16 253.5 66 - 46 - 107 90
Lengenfeld LII 16

17 104.5 27 51. 34 32.5 161 79
18 106.5 27.5 46 32 ~44 122 82
19 110.4 28.5 51. 35 80.5 72 89
20 115.3 30 47 - 106 47 85
Lengenfeld LV 17
21 122.0 31.5 45 - 62 - -
22 126.6 33 48 37 41 93 72
23 136.3 35.5 46 - 24! - -
24 147.2 38 58 32 117 105 47
25 149.7 39 60. 37 96 163 42
26 152.6 39.5 - - 9.5! 110 65
27 156.0 40.5 49 - 8! 3 69
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3.3 Horizontal Stresses as a Function of Depth

Although the borehole Tocations are distributed over a large geographi-
cal area with different geological units, and the fracturing experi-
ments were carried out in various rock formations, an attempt is made
to derive a general depth relation for the active stress field at the
eastern boundary of the SW-German block. For this purpose all hori-
zontal principal stress date so far measured in 19 boreholes are plot-
ted versus depth. The results are presented in Fig. 15, 16, 17 and 18.

If we only neglect the stress values obtained in borehole Spessart III
(No. 26, borehole was located on the steep slope towards the Main river
valley) the minor horizontal stresses S, (Fig. 15) follow an approxi-
mately linear depth relation of the form

dSh
Sh *Sho Y@t 2 (5)
with S, = 9 bars at the surface and a gradient of 0.21 bar - m .

The correlation coefficient for this relation is k = 0.9. This indi-
cates that Sy is slightly greater than the vertical stress at shallow
depth and becomes the least principal stress at a depth of about 200 m.
This general result agrees perfectly with the results obtained for any
single location where continuous data over the total depth range exist,
such as in the Falkenberg case.

The values of the major principal stresses Sy (Fig. 16) generally
show a considerable scatter, however, in most cases Sy is above the
corresponding value of the vertical stress Sy. Again neglecting the
Spessart III data and assuming a linear depth relation we obtain the
equation

dSH
H™ % *dz - 2 (6)
with Sy, = 8 bars at the surface and a gradient of 0.34 bar - o
The correlation coefficient is 0.7.

S

Thus, for transcurrent vertical faults oriented with an angle B8 with
respect to the major principal stress Sy, for a depth greater than
200 m the active normal and shear stresses may be estimated by the
relations

og=9+ (0.275 + 0.065 - cos 2B8) * z (7)
/t/ = 0.065 « z - sin 28 (8)

Together with an appropriate instability criterium (e.g. friction)
for strike-slip faulting along a favourably oriented fault plane

(B = 65°, p = 0.85, p static friction coefficient) this result would
explain the absence of recent tectonic activity in this region, if we
assume a natural pore pressure gradient of about 0.1 ° z (pressure
in bar, z in m). It is recognized that the extrapolation of the re-
sults to greater depths as well as the averaging process applied may
be questionable until more data from greater depth are available.
However, a similar treatment of stress data has been successfully
applied to other crustal plates such as the Canadian shield or South
Africa (McGarr and Gay, 1978; Rummel, 1978).
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Finally, we consider the distribution of the direction of maximum
horizontal compression as derived from the frac orientations in 19
boreholes under consideration of the pressure data. As shown in Fig.
17 the scatter of the frac orientations is significant, particularly
at shallow crustal depths. However, if Cornet's suggestion (eq. (1))
is applied the observed frac orientations lead to a rather consistent
stress field orientation (Fig. 18). The data demonstrate that the
orientation of maximum horizontal compression is about N 150° for all
Tocations within the SW German block, and is N 110° to N 120° for lo-
cations situated on its eastern boundary or in the north. The first
value is in good agreement with the stress orientation derived from
overcoring stress measurements in the western part of the block (I1-
lies and Greiner, 1979; Baumann, 1981) as well as with the result of
a first hydrofrac experiment in the Hohenzollern graben, SW Germany
(Rummel and Jung, 1975) and with seismic data from the tectonically
active western block boundary. The same orientation was obtained from
flat-jack stress measurements in the eastern part of the Gallic block
(Froidevaux et al., 1980) suggesting the existence of a large regional
homogeneous stress field in Central and Western Europe, which originates
from active plate tectonics in the Alps. In contrast, the slight change
in the orientation of the stress field at the eastern boundary of the
SW-German block could be explained by alpine orogenetic tectonics 1in
the Karpathian region.
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Appendi x

Summary of hydrofrac stress data

A1l stress data are stored in a central data bank at the Ruhr-University,
including all data from references given in Table 1. Computer print-
outs as well as plots can be ordered.

Numbers of locations in the following table correspond to numbers given
in Table 1. Borehole signatures correspond to computer data files.
Azimut angles are only given for vertical fractures as obtained from
impression packer tests, including pre-existing vertical joints. Re-
sults from tests on horizontal or significantly inclined fractures

are not included.
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IN SITU STRESS MEASUREMENTS BY MEANS OF
THE HYDRAULIC FRACTURING TECHNIQUE

IN THE KANTO-TOKAI AREA, JAPAN

Hiroaki TSUKAHARA

National Reseach Center for Disaster Prevention

Tennodail, Sakuramura, Niiharigun,
Ibarakiken 305, Japan

Abstract

In situ stresses were obtained by the hydraulic fracturing technique
in the Kanto-Tokai area, which has been designated an "area of intensified
observation" by the Coordinating Committee for Earthquake Prediction in
Japan. From a plate tectonics perspective, this area is one of complex
interactive motion between the Pacific, Philippine Sea, and Eurasian
plates. Eight wells (two 100 m deep and six 450 m deep) were drilled for
stress measurements. About 60 hydrofracturing tests in total were conducted
in these wells.

The results about the magnitude of stress show that (1) both the
minimum and maximum horizontal compressive stresses increase steadily with
depth, (2) at each site the minimum horizontal stresses are greater than
vertical stresses (calculated from density) at every depth, (3) the
differential stress between the maximum horizontal stress and the vertical
stress varies widely from site to site (from 4 to 10 MPa at 400 m depth),
(4) the difference between the minimum horizontal stress and the vertical
stress is typically rather small (< 2.5 MPa at 400 m depth), (5) the
gradient of the minimum stress increase with depth is closely equal to
that of vertical stress increase with depth (except for one site), and (6)
two sites, Okabe and Nishiizu, located on either side of the Suruga trough
have relatively high differential stresses, approximately 10 MPa. The
phenomenon of (6) may be related to the high potential of crustal activity
around the Suruga trough, where the rupture zone of an impending great
Tokai earthquake is presumed to be.
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Distribution of directions of the maximum compressive stress in the
area is summarized by using results from various methods; in situ stress
measurements by the hydrofracturing technique and the overcoring method,
focal mechanisms of shallow earthquakes, geological survey of active
faults, Quaternary cinder cone alignments, and Quaternary dike trends.

The different types of data are mostly consistent with each other.
Distribution of these stress directions indicates that the Kanto-Tokai
area could be divided into some "stress provinces" where stress directions
appear almost uniform. Stress directions in most of the stress provinces
are well explained in terms of interactive motion of the three plates.

The maximum compressive stress direction in the northern part of the Kanto
district is ENE-WSW, which is attributed to the interaction of the Eura-
sian plate and the Pacific plate. The stress direction in the southern
part of the Kanto district and the west-side of Suruga bay (southeastern
part of the Tokai district) is NW-SE, which is mainly ruled by interaction
of the Eurasian plate and the Philippine Sea plate. The direction in the
east-side of Suruga bay, that is, the western part of the Izu Peninsula,
is N-S, which is explained by downward bending of the Philippine Sea
prlate.

The maximum compregsive stresgs directions are compared with the
maximum compressive strain directions determined from geodetic survey over
the last 50-80 years. The stress provinces with high seismic activity in
the upper crust show good agreement between compression directions deter-
mined geodetically and the maximum compressive in gitu stress directions.
The stress provinces where these two directions do not agree well are
seismically inactive. These phenomena are explained by considering stress
increase with increasing strain accumulation. When two directions do not
agree well, the increase in strain does not work effectively to increase
the differential stress. In the extreme case, if the angle between two
directions is larger than 45°, the differential stress decreases even if
strain is increasing. Therefore, it is important for earthquake predic-
tion to detect the orientation difference between the maximum in situ
stress and maximum strain rate.

1. Introduction

Hydraulic fracturing as a method of in situ stress measurement has
been developed in the last 10 years. Now, it offers one of the best
opportunities to determine both the orientation and magnitude of stress to
depths exceeding a few kilometers. As is well-known, earthquakes occur
when rocks cannot sustain the increasing stress. Therefore, stress data
at depth is one of the most important items of information for earthquake
prediction research.

The first project on in situ stress measurements for earthquake
prediction using the hydraulic fracturing technique in Japan was begun in
1976 at the National Research Center for Disaster Prevention. Some ten
measurements were planned in the Kanto-Tokai area, which is the "area of
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intensified observation" designated by the Coordinating Committee for
Earthguake Prediction in Japan. The first successful stress measurements
were made in two 100 m deep wells in 1978 (Tsukahara et al., 1978a, b).
Subsequently, measurements in several boreholes of a depth of 450 m have
been made (Tsukahara et al., 1980, 81, and Ikeda and Takahashi, 1981).
After the stress measurements, seismometers were installed at the bottom
of some of the wells so that they could be used as observation wells for
microearthquakes.

This report presents the results obtained from two 100 m deep wells
and six 450 m deep wells in the Kanto-Tokai area and also presents some
interpretations about the magnitude of stress, differential stress,
stress direction and some relations between in situ stress and seismic
activity.

2. Experimental sites and geological setting

The locations of the wells are shown in a geologic and tectonic map
(Fig.1l), which shows the complicated geological setting of this area. The
Kanto-Tokai area stands at the junction of three plates; the Philippine
Sea, Pacific, and Eurasian plates, which is illustrated in Fig. 1 (insert).
The Philippine Sea plate is considered to be moving northwestward and
subducting at the Suruga and Sagami troughs under the Eurasian plate, and
the Pacific plate is moving westward and subducting at the Japan trench.

Some faults active during Quaternary time are distributed in the
Miura Peninsula and the Boso Peninsula, and particularly in the Izu
Peninsula. In the Izu Peninsula high seismic activity and abnormal
uplift have been observed for several decades. In the Kanto plains
around Tokyo, only a small number of active faults have been detected. It
is thought that many faults could be covered by thick accumulations.

Fig. 2 shows vertical cross sections through the experimental sites.
The azimuth of each cross section was chosen to indicate maximum topog-
raphic relief. This figure shows that the effect of topographic reliefs
on the stress distribution at the measurement sites of Yokosuka (Y),
Choshi (C) and Nakaminato (NA) are negligible. The stresses measured at
the Okabe (M, K and OK), Nishiizu (N) and Futtsu (F) wells may be affected
in some degree by the topographic reliefs. In this paper, we basically
neglect the topographic effect. That is, we assume one principal stress
is vertical and it is only due to the weight of the immediate overburden.

Okabe wells (M, K and OK)

Three wells were drilled into mudstone and sandstone with some altered
clayey beds of Paleogene age (the Setogawa Group); two 100 m deep wells (K
and M) and a 450 m deep well (OK). Measurements were made in sandstone
beds. Stress measurements in the K and M wells were made in 1978 and in
the OK well, in 1981. These three wells are situated in a valley trending
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north-south, and are located about 35 km west of the Suruga trough (Fig.
1), which may soon be the site of a large earthquake (M 8) based on the
recurrence time and geodetic survey data, and about 10 km west of the
Itoigawa-Shizuoka Tectonic Line (Fig. 1) which is one of the major tectonic
lines in the Japanese Islands. The OK well is located 10 m and 4 km south
of K and M, respectively.

Nishiizu well (N)

A 450 m deep well was drilled into indurated tuffaceous sandstone of
Miocene age (the Nishina Formation in the Yugashima Group), which contains
some altered clayey beds. All measurements were made in consolidated
tuffaceous sandstone. The Izu Peninsula has been one of the most vigorous
districts in crustal activity in Japan since 1974 (M=6.9, the Izu-Hanto-
Oki Earthguake). The well is located 15 km north of the fault of the 1974
earthquake and 20 km east of the Suruga trough. The nearest active fault
(left-lateral strike-slip) to the site is located 5 km southeast of the
well. The well is located in a valley trending southwest-northeast.

Yokosuka well (Y)

A 450 m deep well was drilled into mudstone of Early Miocene age (the
Morito Formation in the Hayama Group). The mudstone had many pre-existing
fractures. However, hydrofracturing data were obtained at three depths in
competent but highly jointed rock. The site is approximately 35 km north-
east of the Sagami trough, which contains the hypocenter of the Kanto
Earthquake, 1923 (M=7.9), and 400 m northeast of the nearest active fault
which is a right-lateral strike-slip fault (see Fig. 2).

Futtsu well (F)

A 450 m deep well was drilled into sandstone of Late Miocene age (the
Amatsu Formation in the Miura Group). The rocks had few pre-existing
fractures. The site is 4 km south of the nearest active fault, which is a
dip-slip with right-lateral fault.

Choshi well (C)

A 450 m deep well was drilled into shale containing interbedded
clayey rocks. Lower Cretaceous rocks crop out on the surface around this
site, which is composed mainly of well-cemented sandstone. However, the
rocks in the well were composed of shale and clayey beds and contained
many Jjoints. Therefore, we could not detect any new cracks originated by
hydraulic fracturing. Rocks of this age in this area are bordered on the
west by an extinct fault and are narrowly distributed along the coastline.
Exposures of the rocks are confined to such a small area that they cannot
be shown in Fig. 1. Although the rocks crop out narrowly on the land,
they are estimated to extend largely from the coast to the sea floor.
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Nakaminato well (NA)

A 450 m deep well was drilled into sandstone of Late Cretaceous age
(the Hiraiso Formation in the Nakaminato Group). Rocks were composed of
well-cemented sandstone. Rocks of this age in this area are also bordered
on the west by an another extinct fault and exposures of these rocks are
confined to a narrow area. Although they are not shown in Fig. 1, they
are estimated to extend to the sea floor.

3. Field operations

Our field equipment is schematically illustrated in Fig. 3. The
straddled interval subjected to high pressure for hydraulic fracturing was
2.2 m long. Fracturing was carried out by pumping water into the strad-
dled interval between two inflated packers at constant rates which varied
between 5 and 100 1/min. The pressure and flow rate of the fluid was
measured simultaneously in the hydraulic line on the surface, and in some
experiments a downhole pressure transducer with logging cable was also
used for pressure measurement. All of the data were recorded by both a
multipen chart recorder and a magnetic tape recorder.

The azimuth of the hydraulic fracture (which indicates the direction
of the maximum horizontal compressive stress, Hubbert and Willis, 1957)
was detected by an ultrasonic borehole televiewer (Zemanek et al., 1969)
and/or an impression packer (Anderson and Stahl, 1967).

4, Field data and stress calculations

A total of about 60 hydrofracturing tests were conducted in the 8
wells. The number of measurements attempted in each well was limited by
the well wall condition estimated from various logging data and from a
borehole televiewer picture.

The following relationships were used in calculating the principal
horizontal stresses (Bredehoeft et al., 1976, Zoback et al., 1977, and
Haimson, 1978).

Hmin Ps . (1)

= 3P - - 2

Symax s Py Pp (2)
where S and S ip are the maximum and minimum horizontal compressive

stressesm?éompre551on is positive), respectively, and P, , P and P  are
the reopening pressure of the hydraulic fracture, the instanfaneousPshut
in pressure (the pressure necessary merely to keep the fracture open), and
the normally existing pore pressure in the rock, respectively. We take
the value of P_ as hydrostatic pressure because the water table was near
the surface at all the sites.

A typical pressure-time record (hydrofracture at 248 m in the Naka-
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minato well) is given in Fig. 4. Pumping was started at point A and was
continued at a constant rate. Pumping was stopped at point B, and the
well was shut in to obtain the instantaneous shut in pressure P . Fogr
pressurization cycles are shown, which yielded reopening pressures P as
well as repeated P values. Instantaneous shut in pressures and reopening
pressures were 51mply determined from inflection points in pressure-time
records. In cases where multiple pressurizations of a zone produce multi-
ple values of the instantaneous shut in pressure and/or the reopening
pressure, an averaged value was taken after omitting greatly deviating
values from other data.

The horizontal stresses (S and S__ . ) were calculated based on
the relationships (1) and (2) by gélng P and P_° values. The vertical
compressive stress (lithostatic pressure? was calculated based on rock
density (taken from logging data and/or core) of each well;

s, = 9.8x10 °D-h (3)

. . . . . . 3
where S is the vertical stress in MPa, D is the density in g/cm” and h
is the gepth in m.

Typical pictures of created cracks observed by the televiewer and
obtained by the impression packer are shown in Figs. 5 and 6. Fig. 5
shows a borehole televiewer record cf clear hydraulic fractures from a
depth of 263 m in the Nishiizu well. Fig. 6 shows an impression packer
with clear hydraulic fractures from 225 m in the Okabe well. The orienta-
tion of the impression packer was measured by using a compass in non-
magnetic drillpipe, which is placed just above the upper packer. We have
not succeeded in detecting the same fracture by both techniques.

Calculated stresses (S and S ), and S directions are
summarized in Table 1 and presenteg 18 Fig. 7. The da%a which indicate
small values of tensile strength (=P ), showing reopening of a pre-

existing fracture, are also plotted all gogether. However, the data which
show a greatly different azimuth of the fracture from the average value
obtained from the same well are not plotted in the figure. In the case of
N343, N423 and N436, hydraulic fractures were made by holding constant
high water pressure in the straddled interval. Therefore, we did not
measure the prevailing breakdown pressure. The prevailing breakdown
pressure is somewhat greater than the holding pressure due to decrease of
strength with increase of the pore pressure in gocks. However, we do not
need to evaluate the decreage (a, b and ¢ in P column of N343, N423 and
N436 in Table 1) because P is not used for calculation for stress values.
In Fig. 7 solid straight lines fitting the S and S__ . data were
determined by the least squares method, excep@ ¥or Yokosuﬁa. As there are
only three scattered data in the case of the Yokosuka site, the least
squares method was applied to the data under the condition of the straight
line with the same gradient as the lithostatic pressure.
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5. Discussion of results
(1) Magnitude of stress

As shown in Fig. 7 both the minimum and maximum horizontal stresses
generally increase with depth, which is the same phenomenon as those
reported in many other stress measurements.

Differential stresses of SHmax and S from lithostatic pressure(S )
as a function of depth are given in Fig. B The left-hand figure reveals
that the minimum horizontal stresses are greater than lithostatic pressure
at every depth at each site. However, the difference between the minimum
horizontal stress and lithostatic pressure is rather small (4 2.5 MPa at a
depth of 400 m for all measurements except for Yokosuka) and the difference
is almost constant regardless of the depth (except for Nishiizu).

The differential stress between the maximum horizontal stress and the
lithostatic pressure varies widely from site to site, which is shown in
the right-hand figure in Fig. 8. Because lithostatic pressures (vertical
stresses) are the minimum stress for all depths and sites, this figure
represents the variations of the maximum differential stresses with depth.
The figure shows that Okabe, Nakaminato and Nishiizu have relatively large
differential stresses; around 10 MPa at 400 m. The Okabe and Nishiizu
sites are located near the Suruga trough, which is supposed as mentioned
in a previous section to be one of the most critical areas for a next
great earthquake. The relatively high differential stress level at these
two sites may suggest high potential for crustal activity around the
Suruga trough area.

(2) Fault type and stress condition around the sites

Nishiizu site

Focal mechanisms of shallow (<15 km) earthquakes and active faults
near the site are strike-slip type faults. Therefore, relative magnitude
of the stresses should be S >:S > S . We can estimate the stress
magnitude at depth from extrapolatlon o? measured data to deeper parts.
As shown in Fig. 7, the relative magnitude of S in to Sv at Nishiizu well
changes at about 600 m, and that of S ax to SV seems also change at a
depth of several kilometers. Therefore, at depths between 600 m and
several kilometers, the relative magnitude of the stresses is consistent
with that estimated from the shallow earthquakes and active faults men-
tioned above. However, the relative magnitude is inconsistent in the
crust deeper than several kilometers. This disagreement indicates that
the straight line on the data of S can not be used for extrapolation

. Hmax
deeper than several kilometers.
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Yokosuka and Futtsu sites

Although there is no data on the focal mechanism of a shallow earth-
quake in the vicinity of these two sites, there are some active faults
near these sites as mentioned in a previous section.

Active faults near the Yokosuka well are right-lateral strike-slip

faults. Therefore, the stress condition should be S »S >S . The
relative magnitude of S Hin to S is different from Eﬁe measureg éata,

S >S

Hmin

Active faults near the Futtsu well are complicated; dip-slip (both
normal and reverse movements can be traced but current movement is not
detectable) with right-lateral strike-slip faults. Therefore, we cannot
discuss stress condition in connection with fault analysis.

Other sites
There is no data to be compared with our data now.

(3) Stress orientation: Local stress orientations estimated from
various methods

Fig. 9 shows the maximum compressive stress directions measured by
various methods; active fault analyses, Quaternary cinder cone alignments
(Nakamura, 1975), Quaternary dike trends (Nakano et al., 1980), focal
mechanism solutions of shallow (in the upper crust) earthquakes (Abe,
1974, Japan. Meteor. Agen., 1978, and Ishibashi, 1980), in situ stress
measurements on the surface by the overcoring method (Geol. Surv. Japan,
1980 and Koide et al., 1981), and the hydraulic fracturing data. It is
demonstrated that the stress directions measured by various methods are
compatible with each other locally, but the stress direction is not
entirely uniform through the Kanto-Tokai area.

The stress directions estimated from the dike trends, focal mech-
anisms of earthquakes, and cinder cone alignments indicate the near
surface stress condition in the crust. Dike trends and cinder cone
alignments have formed for about a million year, while earthquake mech-
anisms and the in situ stress measurement data show the current stress
state. It is noteworthy that most data on stress direction are compatible
even though they are for different periods within the Quaternary and the
methods sample different depths in the crust.

(4) Stress orientation: Relation to the plate tectonic model
The distribution of measured stress direction seems to be complex for
such a small area. However, the stress state is rather understandable

when the relative motion of the Pacific, Philippine Sea, and Eurasian
plates is taken into account. We interpret the observed stress direction
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in terms of the interaction among the plates in the following discussion.

Our view of current stress orientations in the upper crust is il-
lustrated in Fig. 10 (the central figure) by dashed lines. We divided
this area into 6 "stress provinces", where stress directions appear almost
uniform, as proposed by Zoback and Zoback (1980). Basically, we believe
that stress in the southern part of this area is controlled by the north-
westward movement of the Philippine Sea plate, and that in the northern
part is controlled by the westward movement of the Pacific plate relative
to the Eurasian plate (see upper left-hand corner of Fig. 10).

We describe each stress province as follows. The stress state in
area R is ruled directly by the NW movement of the Philippine Sea plate,
and all of the directions measured in this area are compatible with the NW
movement. The stress directions in areas Q and U are quite different from
that in area R although areas Q and U adjoin R. As proposed by Nakamura
(1980) to explain the stress direction variation in the Izu Peninsula,
downward bending of the Philippine Sea plate at the Suruga trough seems to
be the most probable process for giving rise to area Q with its different
stress direction. This process is illustrated schematically in Fig. 10,
lower left. The magnitude of the NW component of the stress decreases
with the downward bending near the Suruga trough, and the maximum stress
direction becomes parallel to the Suruga trough in area Q. This process
cannot explain the stress directions in area U unless the plate extends
beneath the land area.

The upper crust of area P has enough distance not disturbed by the
downward bending, and the stress in this area is dominated by the EW
compression by the Philippine Sea plate. Area S will stand on equal
ground with area P from the tectonic viewpoint as shown in Fig. 10, lower
right. That is, the upper crust of area S should be compressed in a N45°W
direction like that of area P. The direction at the Futtsu well shows
good agreement with this interpretation, but that at the Yokosuka well
does not show good agreement. As explained later, this discrepancy may be
due to local stress disturbance by an active fault near the measurement
site (distance of only 400 m).

The stress state in area T is mainly controlled by the westward
motion of the Pacific plate.

(5) Relation among in situ stress, geodetic strain and seismic activity

The maximum compressive strain directions observed by geodetic survey
are_illustrated in Fig. 11 by dotted lines (accumulated strain more than
10~ of the maximum shear strain, Nakane and Fujii, 1979 and Dambara,
1980) with the maximum compressive stress directions. The periods of
strain accumulation are shown in the same figure (insert). We adopt
results calculated by using the data over as long a period as possible.
However, in the case of areas B and E, in order to avoid the local strain
disturbance accompanying large earthquakes, we indicate the results cal-
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culated by using the data surveyed immediately after two large earthguakes
(the 1923 Kanto earthquake, M=7.9, and the 1930 Kita-Izu earthguake,
M=7.0) in each site.

X . -5 .
Areas C and D show strain accumulation less than 10 of maximum
shear strain and show no systematic preferred orientation of strain.

It is clearly shown in Fig. 11 that the stress direction and accu-
mulated strain direction do not always agree. Close agreement in stress
provinces P and R, and disagreement in U and S are shown.

We attribute the disagreement in areas U and S to a long-term after-
effect of the 1923 Kanto earthquake which occurred along the Sagami trough
(near the intersection of the trough and the coastline). The area suf-
fering from crustal deformation in the earthquake (Matsuda et al., 1978)
corresponds to areas U and S. Although the geodetic strain measurement is
made on the surface, the strain will distribute almost uniformly to depths
of several hundreds of meters where our stress measurements have been
made._. The amount of the maximum shear strain in U and S is less than
4x10 ~, and this is equivalent to maximum sgear stress of 0.6 MPa under
the conditions of Young's modulus of 1.6x10 MPa (rocks from 150 m depth
of the Futtsu well) and elastic deformation only. This stress is small
relative to the measured maximum differential stresses. The small magni-
tude of stress estimated from the strain also suggests that strain accu-
mulation started. in 1923 as a long-term after-effect of the earthquake has
hardly affected the in situ stress direction yet.

In the case of Yokosuka, the site is located at a distance of only
400 m from an active fault. Stress accumulated in remote ages has been
released gradually with plastic deformation around the fault. Therefore,
it is supposed that stress around this site has been accumulated, concen-
trated and amplified for a short period, and the stress direction measured
near the fault is closer to the compressive strain direction. On the
other hand, stress direction estimated from the active faults near Yoko-
suka seems to represent the stress direction in the upper crust because of
their large dimensions. Therefore, the direction estimated from the
faults is reasonably compatible with the NW movement of the Philippine Sea
plate. From the facts described above, the current maximum stress direc-
tion is concluded to be N45°W in the upper crust in areas S and U regard-
less of the different maximum compressive strain direction.

Areas P, Q and R show high seismic activity, and areas S, T and U are
seismically inactive in the upper crust. 1In areas P and R, the strain
accumulation is continued in the same direction as the maximum stress,
while in areas S and U the compressive strain direction is different from
the in situ stress direction. That is, the region where the strain accu-
mulation goes in the same direction as that of in situ stress is seis-
mically active because the in situ differential stress increases with
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strain accumulation. On the other hand, the region where the current
strain accumulation direction disagrees with the in situ stress direction
is seismically inactive in the upper crust because the strain accumulation
does not work efficiently to increase the in situ differential stress. If
the angle between the direction of the maximum compressive in situ stress
and that of accumulating strain is larger than 45°, the in situ differ-
ential stress will even decrease as strain increases. It is important for
earthquake prediction to detect the orientation difference between the in
situ stress and currently accumulating strain.
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