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DETERMIN1NG IN-Sl'1'U STRESSES IN AN EARTH FORMATION The present invention
relates to a method of determining an in-situ stress of an earth formation,
the formation being subjected to an in-situ stress state with 0 a first, a
second and a third principal stress. The three 5 principal stresses are
generally referred to as the first, the second and the third in-situ
stress. In the technology of hydrocarbon production from an earth formation
it is often required to know the magnitudes and directions of the in-situ
stresses in the formation, or 10 at least to have an indication thereof.
Such knowledge is needed, for example, for the purpose of achieving
wellbore stability, conducting hydraulic fracturing of the formation,
geological modelling or preventing sand production. The direction of the
in-situ stresses can be 15 determined in several manners such as
differential strain analysis, various acoustic techniques, or so-called
minifrac tests. In this respect it is to be understood that one of the
in-situ stresses is generally in vertical direction and its magnitude is
determined from the weight 20 of the overburden. Therefore, in general only
the two ' horizontal in-situ stresses are subject of investigation with
respect to direction and magnitude. It has been tried to determine the
magnitudes of the horizontal insitu stresses by measuring strains and using
constitutive 25 properties of the rock to determine the stresses. However,
the constitutive properties of the rock are generally not accurately known.
It is therefore an object of the invention to determine more accurately the
magnitude of one or more of ` 30 the in-situ stresses in the earth
formation.  



f   - 5 December 2002 In accordance with the invention there is provided a
method of determining an in-situ stress of an earth formation subjected to
first, second and a third in-situ stresses, wherein a borehole has been
drilled into the 5 formation, the borehole containing a borehole fluid
inducing a selected pressure to the borehole wall so that in a region of
the formation the first in-situ stress is replaced by another stress
depending on said selected pressure induced to the borehole wall, the
method 10 comprising the steps of: - selecting a sample which has been
removed from said region, the sample having first, second and third
reference directions which coincide with the respective directions of the
first, second and third in-situ 15 stresses prior to removal of the sample
from the formation; and - conducting a plurality of tests on the sample
whereby in each test the sample is subjected to selected stresses in the
reference directions so as to determine a damage 20 envelope of the sample
and to determine from the damage envelope at least one of the second and
third in-situ stresses, wherein the magnitude of the selected stress in the
first reference direction is substantially equal to the magnitude of said
another stress. 25 It is to be understood that in the context of the
present invention the borehole wall includes both the cylindrical part of
the borehole wall and the bottom of the borehole. An important aspect of
the invention is that account is taken of the severest stress state to 30
which the sample material has been subjected in order to determine the
damage envelope. By `severest stress state' is meant the stress state at
which the sample material has undergone the largest amount of damage. For
example, if the sample is taken from the borehole bottom, the 35 severest
stress state is considered to occur just before   - 3 - 5 December 2002
removing the sample from the formation whereby themagnitude of the vertical
in-situ stress at the locationof the sample is replaced by a vertical
stress equal tothe borehole fluid pressure at the borehole bottom plus5the
weight of the rock material between the boreholebottom and the location of
the sample. If the rockmaterial contains pore fluid, the pore fluid
pressure isto be deduced from said vertical stress to find theeffective
vertical stress (which is the stress carried by10the rock grains).In such
severest stress state the ratio of thedifference between the horizontal
in-situ stresses andthe vertical stress, to the mean stress is at a
maximum.The damage envelope (also referred to as the damage15surface) is
formed by the points in three-dimensionalstress space at which the onset of
additional damageoccurs upon further loading of the sample material.
Thedamage surface can be accurately determined from acousticemission by the
sample material at the onset of20additional damage. Such acoustic emission
is generallyreferred to as the Kaiser effect as, for example,described in
"An acoustic emission study of damage.,development and stress-memory
effects in sandstone",B J Pestman et al, Int. J. Rock Mech. Min. Sci.
&25Geomech. Abstr., Vol. 33, No. 6, pp. 585-593, 1996.The invention will be
described hereinafter in moredetail and by way of example with reference to
theaccompanying drawings in whichFig. 1 schematically shows a cross-section
of a30borehole formed in an earth formation, as used in themethod of the
invention;=Fig. lA schematically shows the in-situ stressespresent in the
earth formation;Fig. 1B schematically shows a core sample taken from35the
earth formation; and  



- 4 - 5 December 2002 Fig. 2 schematically shows an in-situ stress diagram
used in an embodiment of the method of the invention. In the detailed
description below it is assumed that the earth formation contains no pore
fluid, hence the 5 stresses referred to are effective stresses carried by
the rock grains. Fig. I shows a borehole 1 formed in an earth formation 3.
The undisturbed formation 3 is subjected to in-situ stresses in vertical
and horizontal direction, i.e. a vertical compressive stress al and two 10
horizontal compressive stresses a2, a3 as shown in Fig. IA in relation to a
cube-shaped element 5 of the formation 3. The borehole 1 is filled with a
drilling fluid 7 of selected specific weight such that a vertical pressure
P is exerted by the drilling fluid 7 on the 15 borehole bottom 11. Below
the borehole bottom 11 is a region 14 of the formation 3 in which the
vertical insitu stress al at a specific point is replaced by a stress o1
equal to the vertical pressure P from the drilling mud 7 plus the weight of
the rock material 20 between the borehole bottom 11 and the specific point.
The horizontal in-situ stresses 62, 63 in region 14 are not (or only very
little) affected by the presence of the borrhole. A coring tool (not shown)
is lowered through the 25 borehole 1 to take a cylindrical core sample 16
(Fig. 1B) from region 14 of the formation 3. In Fig. 1 the core sample 16
is indicated in dotted lines to show the location of the rock material of
the core sample 16 prior to taking the sample 16 from the formation 3. The
core 30 sample 16 has a first reference direction 18, a second reference
direction 20 and a third reference direction 22, which reference directions
correspond to the respective in-situ stress directions prior to removal of



5 December 2002- 5 -the sample 16 from the formation 3. Thus, prior
toremoval of the sample 16 from the formation 3, referencedirection 18
corresponds to vertical, reference direction0 20 corresponds to the
direction of in-situ stress 62 and5reference direction 20 corresponds to
the direction ofin-situ stress a3. During and after removal of the
coresample 16 from the formation 3 the compressive stressesacting in the
reference directions are altered when thecore sample 16 is stored in a
container (not shown)10containing a fluid at a moderate hydrostatic
pressure.In a next step a series of pressure tests are carriedout on the
core sample 16 whereby the sample is subjectedto compressive stresses S1,
S2, S3 in respectivereference directions 18, 20, 22. The purpose of the
tests15is to determine the amount of damage which the materialof the core
sample 16 has undergone prior to removal fromthe earth formation 3 and to
estimate the horizontal in-situ stresses therefrom. The amount of damage
can berepresented by a damage envelope in three-dimensional20stress space
(S1, S2, S3). Considering that the amount ofdamage of the sample material
is determined by theseverest stress state to which the sample material
hasbeen subjected (i.e. the stress state causing the largestamount of
damage) it is an important aspect of the25invention that it is taken into
account that the severeststress state of the sample material occurred in
thepresence of the borehole 1 and prior to removing thesample 16 from the
formation. Therefore in the severesta stress state the principal stresses
are o1 in reference30direction 18, a2 in reference direction 20 and a3
inreference direction 22.With reference to Fig. 2, the profile of the
damageenvelope for S1 = al~ is then determined in a series of   - 6 - 5
December 2002 tests to estimate the magnitudes of horizontal in-situ
stresses a2 and a3. During the tests the compressive stress S1 is kept
equal o1 while stresses S2 and S3 are varied until the onset of additional
damage occurs. In 5 the example diagram of Fig. 2 the sample 16 is loaded
along stress path 24 to point A at which the onset of additional damage
occurs. Such onset of additional damage is determined by measuring acoustic
emission from the material, based on the Kaiser effect. Next the stresses
10 S2 and S3 are changed along stress paths 26, 28 to point B, along stress
paths 28, 30, 32 to point C, along stress paths 32, 34, 36 to point D, and
along stress paths 36, 38, 40 to point E, whereby the points B, C, D, E are
determined by the onset of additional damage in 15 accordance with the
Kaiser effect. The curve formed by points A, B, C, D, E make up the profile
of the damage surface for S1 = a1'' In conducting the tests, care is to be
taken that the severest stress state of the sample material is not exceeded
to a significant extent in order 20 to ensure that the damage profile as
determined from the tests accurately represents the severest stress state
which occurred before the sample 16 was removed from the formation 3. 



The damage profile in the Sl, S2 diagram (for S1 = 25 o1 forms a set of
points (S1, S2) of which each point could, in principle, represent the
in-situ stress state (61, a2, a3). A selection is made in a known manner to
determine from these points the real in-situ stress state, for example by
taking a vertex point in the 30 profile as being representative for the
real in-situ stresses state. In case the rock material contains pore fluid,
the total stress at a specific point in the formation is the   5 December
2002 sum of the effective stress (carried by the rock grains) and the pore
fluid pressure. The above method then can be applied in a similar manner
for the effective in-situ stresses ales ate and a3e. The vertical effective
in-situ 5 stress ale at a specific point is replaced by a stress ale equal
to the vertical pressure P from the drilling mud 7 plus the weight of the
rock material between the borehole bottom 11 and the specific point minus
the pore fluid pressure. The magnitudes of the horizontal 10 effective
in-situ stresses ate and a3e are then determined in a similar manner as
described above with reference to a2 and a3.  



- g - 5 December 2002 C L A I M S 1. A method of determining an in-situ
stress of an earth formation subjected to first, second and a third in-situ
stresses, wherein a borehole has been drilled into the formation, the
borehole containing a borehole fluid 5 inducing a selected pressure to the
borehole wall so that in a region of the formation the first in-situ stress
is replaced by another stress depending on said selected pressure induced
to the borehole wall, the method comprising the steps of: 10 - selecting a
sample which has been removed from said region, the sample having first,
second and third reference directions which coincide with the respective
directions of the first, second and third in-situ stresses prior to removal
of the sample from the 15 formations and - conducting a plurality of tests
on the sample whereby in each test the sample is subjected to selected
stresses in the reference directions so as to determine a damage envelope
of the sample and to determine from the damage 20 envelope at least one of
the second and third in-situ stresses, wherein the magnitude of the
selected stress in the first reference direction is substantially equal to
the magnitude of said another stress. 2. The method of claim 1, wherein the
direction of the 25 first in-situ stress is substantially vertical, and the
directions of the second and third in-situ stresses are substantially
horizontal. 3. The method of claim 2, wherein said region is below the
borehole bottom and said primary stress is defined by 30 the weight of the
fluid column in the borehole and the weight of the part of the earth
formation between the   - 5 December 2002 borehole bottom and the location
where the sample is removed from the formation. 4. The method of any one of
claims 1-3, wherein said sample has been removed from the bottom region of
the 5 borehole. 5. The method of any one of claims 1-9, wherein in each
test a point of the damage envelope is determined from acoustic emission
from the sample. 6. The method substantially as described hereinbefore 10
with reference to the drawing. 
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1 1. A method of determining an in-situ stress of an earth formation
subjected to first, second and a third in-situ stresses, wherein a borehole
has been drilled into the formation, the borehole containing a borehole
fluid 5 inducing a selected pressure to the borehole wall so that in a
region of the formation the first in-situ stress is replaced by another
stress depending on said selected pressure induced to the borehole wall,
the method comprising the steps of: 10 - selecting a sample which has been
removed from said region, the sample having first, second and third
reference directions which coincide with the respective directions of the
first, second and third in-situ stresses prior to removal of the sample
from the 15 formation; and - conducting a plurality of tests on the sample
whereby in each test the sample is subjected to selected stresses in the
reference directions so as to determine a damage envelope of the sample and
to determine from the damage 20 envelope at least one of the second and
third in-situ stresses, characterised in that the magnitude of the selected
stress in the first reference direction is substantially equal to the
magnitude of said another stress. 25 2. The method of claim 1, wherein the
direction of the first in-situ stress is substantially vertical, and the
directions of the second and third in-situ stresses are substantially
horizontal. 3. The method of claim 2, wherein said region is below 30 the
borehole bottom and said primary stress is defined by 
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weight of the fluid column in the borehole and the weight of the part of
the earth formation between the MJC2/TS6109PCT AMENDED SHEET
.AF,.A3lr.A_.A{.A.A&ll.Al9'.A`e.AYY .AFi .A3n3  "a=O, G*%S     



zupkfa\W]ca]ca]ca]ca]ca]ca]ca]cRa]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]caU]c a]ca]ca]caU]ca]ca]caU]ca!
+,OP$%6<BL"[7r{vqlgb]X]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca
U]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!MNklcd?@./&&&&.'0'())Y***
+t+++|wrmhc^Y]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!++++%,\,,,->-z--I.J.m.../////0000%
0000000+1{vqlgb]X]]ca]ca]ca]ca]ca]ca]ca]c^a]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!+1,11155(6)6o6666E7F78
868:8J8W8i8u8899B9D9X9Y999*:+:A:|wrmhc^Y]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!A:r;
;T<.>8>9>k>|>>>>>>>?*?8?899B9D9X9Y999*:+:A:|wrmhc^Y]]]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca"a=xY7!c$10%}=}=&'()-uS 10%b&'()-!K (10%bb&'()-
!@m%10%33&'()-!m%10%.b.b&'()- F-10%bb&'()-O, G}^?!cF $S 10%b&'()-3
!10%*&'()-S!f3%10%&'()-@ @10%b&'()-@3%10%b&'()-!@%10%bb&'()-G*%SwU3!;
f5(10%bb&'()-@! S3$10%bb&'()-!y,3%10%EE&'()-!y,3%10%&'()-!;
f)&10%bb&'()-z!yf&3%10%bb&'()-S
~\:!!l33(10%99&'()-4!Y]33(10%&&&'()-4!Xl10%%%&'()- 10b 10b
10bL?&10%b&'()-M&$S;10%b&'()-
yW5~\:!!K33(10%eCeC&'()-4!833(10%ii&'()-4!`33(10%``&'()-4!333(10%eFeF&'()-4
!33(10%M[M[&'()-4 33(10%H&'()-4
$%XrX9!!3(10%4|&'()-343(10%4|&'()-3410%4|&'()-3 10 



10
10!33(10%&'()-4!K33(10%}}&'()-4XYZ}^F9!!3s(3(10%4|&'()-343(10%4|&'()-34s(3(
10%4|&'()-343(10%4|&'()-34s(
?@Au]C9!!3(10%4|&'()-34s(&3(10%4|&'()-34)3(10%4|&'()-34s(&3(10%4|&'()-34)3(
10%4|&'()-34Atuvx^?9!!3(10%4|&'()-343(10%4|&'()-34s(3(10%4|&'()-343(10%4|&'
()-34s(3(10%4|&'()-34!"%78}^F9!!s(3(10%4|&'()-343(10%4|&'()-34s(3(10%4|&'()
-343(10%4|&'()-34s(89hiju]C9!!3(10%4|&'()-34s(&3(10%4|&'()-34)3(10%4|&'()-3
4s(&3(10%4|&'()-34)3(10%4|&'()-34Lx^?9!!3(10%4|&'()-343(10%4|&'()-34s(3(10%
4|&'()-343(10%4|&'()-34s(3(10%4|&'()-34LMN}^F9!!s(3(10%4|&'()-343(10%4|&'()
-34s(3(10%4|&'()-343(10%4|&'()-34s(+,/u]C9!!3(10%4|&'()-34s(&3(10%4|&'()-34
)3(10%4|&'()-34s(&3(10%4|&'()-34)3(10%4|&'()-34/fghx^?9!!3(10%4|&'()-343(10
%4|&'()-34s(3(10%4|&'()-343(10%4|&'()-34s(3(10%4|&'()-34
<=}^F9!!s(3(10%4|&'()-343(10%4|&'()-34s(3(10%4|&'()-343(10%4|&'()-34s(=@tuv
u]C9!!3(10%4|&'()-34s(&3(10%4|&'()-34)3(10%4|&'()-34s(&3(10%4|&'()-34)3(10%
4|&'()-342x^?9!!3(10%4|&'()-343(10%4|&'()-34s(3(10%4|&'()-343(10%4|&'()-34s
(3(10%4|&'()-34236lmn}^F9!!s(3(10%4|&'()-343(10%4|&'()-34s(3(10%4|&'()-343(
10%4|&'()-34s(u]C9!!3(10%4|&'()-34s(&3(10%4|&'()-34)3(10%4|&'()-34s(&3(10%4
|&'()-34)3(10%4|&'()-34123456x_TI>! 104| 104|
104|3(10%4|&'()-34s(3(10%4|&'()-343(10%4|&'()-34s(3(10%4|&'()-346L"[|[:_TI>
! yyZ10% # &'()-@ 3#10% # &'()- yf'10% # &'()-  z10% # &'()- Ny10% # &'()-S
S10% # &'()-7rG|[:_TI>! d$10% ! &'()-O d$10%#&'()-O 010% # &'()- #10% #
&'()- y 10% # &'()- y10% # &'()-R9P+,-.|[NA4>10!!!10!!!10!!!
*sF%10%!!!&'()-  sF%10%#&'()- sF%10%D D&'()- 3sF%10%#&'()-
sF%10%!&'()-./?@AGHIpX<4>10!y)10%!!!&'()-96!x)y)10%!!!&'()-96y)10%!!!&'()-9
6x)y)10%!!!&'()-96y)10%!!!&'()-96I|}~sW74>1y)10%!!!&'()-96y)10%!!!&'()-96x)
y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'()-960 1 3 j
x\<4>1y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()-96y)10%!!
!&'()-96x)j k l
xX@4>1x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()-96x)
!!!N!O!R!pX<4>1y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'(
)-96y)10%!!!&'()-96R!!!!!!!!sW74>1y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&
'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96!!!0"1"2"l"m"xX@4>1x)y)10%!!!&'()-96y
)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()-96x)m"p"""""""pX<4>1y)10%!!!&'(
)-96x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()-96"#
#!#V#W#X##sW74>1y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()
-96x)y)10%!!!&'()-96######$$xX@4>1x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!
!&'()-96y)10%!!!&'()-96x)$$:$;
$<$v$w$x$pX<4>1y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'(
)-96y)10%!!!&'()-96x$$$$$$$%sW74>1y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&
'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96%
%!%V%W%X%%%xX@4>1x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&
'()-96x)%%%%%%&&tT<4>1x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'()-96y)10
%!!!&'()-96y)10%!!!&'()-96&&&
&!&U&V&W&pX<4>1y)10%!!!&'()-96x)y)10%!!!&'()-96y)10%!!!&'()-96x)y)10%!!!&'(
)-96y)10%!!!&'()-96W&&&&&&&&'dC>1 &F%10%$&'()-s
lt10%$&'()-10!!!10!!!10!!!y)10%!!!&'()-96x)y)10%!!!&'()-96'(()))Y*|[:dC>1
S 10%u#&'()-g 93%10%S#&'()- 93%10%#&'()-  z 10%$&'()- &F%10%e$&'()-s
&F%10%$&'()-sY***+t+++|[:dC>1 F *10%$&'()- )10%$&'()- y&10%E#&'()-g
9$$10%$&'()-  y# 10%$&'()-  !M10%$&'()-++%,\,,,-|[:dC>1 ,6T10%$&'()-
`s3l"10%#&'()-f 110%$&'()- S010%$&'()- .G10%$&'()- L,#10%$&'()-
->-w-x-y-z--m..vU4>  "10%'X)'&'()- 7 l(10%kX)k&'()-
lm10%HX)H&'()-m10$10$10$ @s910%$&'()- l 7m10%$&'()-..~//00000|obU4>
,10%$&'()-10'X)'10'X)'10'X)' F 10%'X)'&'()- y$10%'0$'&'()- y$10%X)&'()-
10%'X)'&'()- 0%011233|[:bU4>  ` 



'10%|"|&'()-. ` '10% &'()-. .` '10%s!s&'()-. ` '10%_"_&'()-. `
'10%i"i&'()-. `L10%$&'()-34566l6m6n6o66|obU4> <`Y10%k)&'()-G10 10 10  `
'10% &'()-. ` '10%#&'()-. ` '10%!&'()-. )`
'10%#&'()-.66L7768788898:8|[NA4>10:k):10:k):10:k):  4:10%:k):&'()-L
W'10%P(&'()-  '10%]k)]&'()- A'10% ' &'()-
'10%J&J&'()-:8J8W8i8u88d9|[:NA4>10 sy&10%)&'()- !sy&10%c&'()- #D10%)&'()-
%10%Q)Q&'()-m ' 10%)&'()- *0F 10%)&'()-d9A:Z:`;r;;T<|[:NA4>10 &10%)&'()-b
#T 10%)&'()-S 3$10%&'()- .3$10%)&'()- 3$10%uu&'()-
sy&10%)&'()-T<3==.>k>y>z>{>|>|[NA4>10)10)10) ?10%)&'()- 8 %10%)&'()-
)3%10%)&'()-  )3%10%)&'()-  )3%10%(&'()-|>>>>>?*?|[:NA4>10 810%)&'()-
&fM10%)&'()- &10%)&'()- &10%)&'()- &3'10%)&'()-
310%)&'()-m*?8?>?*?|[:NA4>10 810%)&'()- &fM10%)&'()- &10%)&'()- &10%)&'()-
&3'10%)&'()- >-10%)&'()- Normal" "Heading 13]c" "Heading 23]c" "Heading
33]c" "Heading 43]c" "Heading 53]c" "Heading 63]c" "Heading 73]c" "Heading
83]c" "Heading 93]c"A "Default Paragraph Font 5-#y*-n395{;8<@BDFHJLNPRT
++1A:8?+,-./0GXA8L/=26.Ij  R!!m""#$x$%%&W&'Y*+-.036:8d9T<|>*?8?123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcde6Times New RomanArialCourier
New"h Root EntryWordDocument@   !"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefgh 


