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ABSTRACT

Phe n situ stafe of stresy iy o rock s point-lo-point progesty that mist be taken into consideration in every suhsirfaoe
engineering activit. Thix has been realized to an increasing extent over the past 10 - 20 years. Good guality m situ siress
informantion enfances the guality of engineering devigns such as for mining, petmlenm and geothermal producrion. In
rrn, good engineering designy will suppovt the process of decision making in related indusivies. However, fforts are
reuitred to encourage the uve and integration of thix infermation into the engingering activities

This paper is basically a geneval review over the in situ stress thal encompasses various aspects, among others ave
concepd, causes/ sources that generate it, mfluencing factors, the effect of scales, technigues for measuring i, anid ity
distribution throughour the lithosphere, The review ix supported by works and conclsions thar have been made by varions
investigators tn the pust, The relative absence of e wie of in st sresy information 0 petroleum engingering pracices
in fndomesia o alvo dicessed, This includes the absence of demand ppoi e iformaiion, probable corseqiience, aod B
fleld cases Pt ave kel covived by the ahsence,

Apart from the impartance of In situ steess information shown by the mevieow. it fas alvo prompted B need o appdy
proper wxe of in sty stress information in relation o the corvesponding engineering scales, Inappropriare measurement
fechnigues asvigned to an engingering problem, which corresponds o @ cevtam scale, will ceriainly lead w a serouws
misprediction ever the expected outcome, These all are hoped 1o provide operaiors in the indusiry a complete peneval
Vi over B i si siresses irelr importance,

L INTRODUCTION

The state of stress existing in a rock mass comprising
part of the earth's crust prior to any construction work is
teferred to as the sm-xiftu or primary state of stress. The
knowledge of this state of stress is important for the plan-
mng of engineering projects in rock masses, such as for
petrolenm and geothermal wells, which require this imfor-
mation as an put parameter, Insuch engineenng designs,
the information 15 usually required 1o represent the bound-
ary loading conditions for the problem to be solved.

Foirhurst, 19%67). The effect of stresses on propagation di-
rections of fracures also affects other dctivities, such s
drilling of homzontal wells {eg. Schnerk and Modeen,
| 950}, hrydranlic fracturing stimulation (e.g. Hubbert and
Wills, 1957 for theoretical examination, snd Hansen and
Purcell, 1986 for labomtory mvestigation ), and hot-dry-rock
geothermal explodtation (e.g. Batchelor, 1982), Observa-
tions of wellbore instability by 4 number of investigaiors
(g Crough and Bell, 1981, and Hickman etal. 1985) have
indicated that regions around wellbores faul m a pattern and
manner strongly controled by the magnitude and onenta-
tion of the in-sife stress feld,

Considenng the imporance of in-situ stress field, this
paper presents o general review over vanous aspecis of the
siresses ineluding the conciept of stress, penertion, factons
influencing the state of stress, scale effects, and distribu-
tiodt of the siresses i the earth,

For certain aspects of petroleumn/geothermal engineer-
ing it has long been recognised that a knowledge over the
magnitudes and principal directions of the in-situ stresses
s imiportant, In determining the most fovourable injection’
production pattern of enhanced oil recovery (EOR) past
investigators (¢, Donohue et al, 19%68) have shown that
oil recovery is sensilive (o the onentation of natural frac-
tures in reservoir. As described accurately by Kranz (1979),
it his been postulated that directions of fracture propaga-
non are largely governed by the state of in-sine stresses.

Il. THE CONCEPT OF STRESS

Al undisturbed rock masses i the earth conlam non-

Furthermore, the directions of the fractures are controled
by degree of unequality of the stresses (e.g. Haimson and

#ero components of stresses due 10 vanous physical pro-
cesses including the deposition of overlving muterials, con-
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finement, tectonic activities, and previous stress history.
The dynamic nature of the earth crust 15 apparent in the
deformation of its lithosphere as manifest by mountain
belts, cominental rifts, rapidly subsiding basins, high
plateaus, and deep oceanic trenches. In other words, every
part of the earth s crust 15 subjected to sn in-yifu stress field

Stress is defined (Crouch and Starfield, 1990) as a tensor
property that varies from point 1o point. The concepl of
siress 16 used to explain the way in which forces are
transmitted through a solid. [ the point 8 imagined os an
isolated body element (ofien considered as an elementary
cube), it can be assumed that the forces from the surroundmg
material are transmitted through it If the element is small
enough, these forces are distributed more or less uniformly
over each of its faces, even though not necessary equally in
cach direction.

Consider one of the elementary cube's faces as a plane
which the force is applied. ITthe area of the plane i3 A, and
the avernge force acting through it 18 denoted F, then the
stress is given by the peneral equation

Stress = Ti; m

As the actusl forces do not operaie in & direction per-
pendicular to the plane, they also work in directions paral-
le] tov it, the force must be decompaosed into a component F
normal to the cross section and F_paralle] to the section.

F
y=— mdr:iﬁ‘_ (2)
A A

The stresses are the normal stress and shear stress,
respectively. The magnitude of ench depends on the refa-
tive orientation of the surface and the force F.

Since the cube considered above has six faces in three
orhogonal directions (x, ¥, and z), the stresses related (o
the surfaces normal to the axes are given a specific notation
{Figure 1), For instance, the stresses operabing on the sur-
face normal to the x-direction are denoted o, 7 and 7,
representing the normal stress, and the shear stresses in y-
and z- directions respectively, This decomposition results
in mine stress component related to one element:

(3
o T, 1
T &, T
¥, T G

— — =

The above expression which represents the state of
siresses on an elementary cube element is called the sivess
tensor, us defined in Jaeger and Cook (1978); “A tensor is
a quantity with magnitude, direction, and the plane of which
the forces act”, Considering the concept of symmmetry among
stress components, in whicht =t .t =t _,andt =1
the matrix ends up in having unl}r six rn:lq:l:nd:n! cumpn—
nents, leading to six independent observations.

Simnce the rock stresses are difficult quantities to mea-
sure, especially for rocks a1 great depths, the primcipael
strexses are of special significance in relation o analysis
for engineering purposes. A principal direction is defined
as (Fjoer et al, 1992): “the direction i which shear stresses
vanish, hence only normal stresses exist”  The normal
stresses that act parallel to the directions are called princi-
pal streszes, Al this condition, 8 matrix with all off-diago-
nal components equal to zero represents the stress matrx
shown above,

For practical purposes principal stresses are often pre-
sented by a set of symbols, o, o, o, with a convention that
a, > a,> o, regardless of their directions, It is the rule
rather than sn exception that the real principal siresses,
which are perpendicular to each other, are parallel or at
least sub-paralle] to either honzontal or vertical directions
dependent on the relative magnitudes of the local gravita-
tronal and honzontal forces.,

Stress 15 messured in the 51 unit Pa (=Pascsl = N
m’), of non-S1 units bar, stmosphere, psi, or dvnes'cm’

M. GENERATION OF IN SITU STRESSES

The natural stresses accumiulated in the linhosphere are
the results of deformation activities over a long peniod of
time. Turcotte and Oxburgh (1976) suggested that stresses
can pccumulate in the lithosphere for 10° - [0F years. Itis
now recognised that there are number of mechanisms lead-
ing to the scoumulition of stress in the lithosphere
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Bott {1982 divided the stress sources into wo main
citegiories that are referred to as erewoble and mon-re-
newahle tvpes. Inone hand, siress sources of a renewahle
tvpe are those which persist as a result of the continued
presence of ne-application of the causative boundary or body
farces, even though the strain enengy is being progressively
dissipated. The two main examples ane stress systems ans-
g from plate boundary forces and isostatically compen-
sated surface Joads, On the other hand, stress sources of
non-renewable types are those, which can be dissipated by
release of the strain energy initially present, In reality, each
of these stress sources contnbutes to the in situ state of
stress and it 18 difficult to distinguish the contribution of a
particular source. In other words, the actual stress at any
point in the lithosphere is a result of 4 combination of su-
perimposed stress systems, which may be dependent on the
pasition of the point under consideration relative to the po-
sition of the sources,

A, Renewable Stress Systems

As earlier implied the renewable stress systems are
chiractenized by their ability 1o maintain the continuity of
the struin energy supply, which itself is fed by the action of
boundary or body forces and is relieved ot approximately
the same rafe by tectonic activities. The followings are some
examiples of renewisble stress sysiems,

1.  Plate boundary strésses

The basic hypothesis of plate tectonics is that the earth’s
crust 15 broken into a number of ngid plates. It hos been
long accepted that these crustal plates are always in a state
of movement relative to each other in response to forces
applied to their boundaries which result in the plates being
stressed (e.g. Sykes and Shar, 1973}, 1t is also argued that
the strained plates are relieved in about the same rate by
the résistance to motion which cause earthquakes, frictional
and viscous loss of energy, efc (i.e. the “antagonism” prin-
ciple, as discussed by Scheidegger, 1979). Furthermore,
Engelder {1993 proposed that the stress distribution within
the plates depends critically on whether the plates are driven
by forces on their edges or by underlying drag of mantle
convection current on the base of the lithosphere. Under
such circumstances, it has been concluded that stress fields
within the lithosphere anse from the balance of forces driv-
ing (Le. plates’ edge forces) and resisting {i.¢. underlying
mantle's drag forces) plates motion.

The various types of driving and resistive forces which
miay act on plates have been summarized by Forsyth and
Uyeda [1975):

a. Ridge push force
A force which is generated as the result of mid-oceanic
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ridges spresding (Figure 25, Bott and Kuznir ( 1984 pe-
ported that the sverage stress caused by this mechanism is
aboyt 20 - 30 MPa,

T T e LT

b. Slab pull force

This mechamism aets ar subduction zones (e.g
McKenzne, 1969), Figure 2 shows the mechanism s the
result of the oceanic plate subduction. The higher density
of the cool, downward-moving slab in the subduction zones
create a negative buoyancy of the sinking plate

¢ Trench suetlon force

At the subduction zone, a seaward migration of the
trench may create a gap between plates, as suggested by
Elsasser (1971}, The created gap can result in a lack of
support which in turm can create a tension force, Bon and
Kuznir { 1984) reported a probable magnitede of about 20
MPa.

d. Manile drag

A result of viscous coupling between the lithosphere
and the more viscous asthenosphere. Manile drag can be
either a driving or a resisting foree depending an the direc-
tien of the mantle convection currents on the base of the
lithosphere. Arguably, mantle drag provides the greates:
resistance to the plate movemenis,

e Confinental drag

An additional drag force caused by the difference in
theological properties of the asthenosphere under the ocean
and continents { Engelder, 1993),

I. Slab resistance

A resisting force as a result of the drag of the subduce-
ing plate on the asthenosphere,
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g. Colliding resistance

A resistive force generated s o result of frictions be-
tween oceanic and continental plates at the subduction zone

b, Transform-fauli resistance

A resistive force resulted by faulting at plates bound-
ary,

2. Gravitational siresses

A force that is generated by the weight of overlying
materials (Figure 3). Ideally, if the overlying rocks are as-
sumed 10 be homogeneous, isotropic, and linearly elastic,
the gravitational/vertical stress can be related to horionial
stress by (Wittke, 1991 )

Ty = (3
o
= - {4)

where v, @, and o are Poisson ratio, major horizontal
stress, and vertical stress, respectively, Note that the o, could
be either o, or o7, whereas o be eithera, o, ora,. Equa-
tion (4) suggests that since n values for common rocks are
hetween 0.15 — 0.25 (Fjaer et al, 1992} it is likely thato is
always less than o . However, it is often found that hori-
zontal stresses are measured as larger than the vertical ones
(e.g. Brown and Hoek, 1978). This fact can be treated as
an evidence that shows the superimposed nature of the stress
systems, a5 well as the effect of transversely isotropic con-
dition frequently exhibited by sedimentary rocks (even with
the same n values), as shown by Amadei et al (1987) in
their in . sstigation.

B. Non-renewable Stress Systems

Some mvestigators have shown that large stresses Cin
be genernted by non-renewable stress systems. Bott ( 1982)

Figure 3 S
Overburden loading dus to dead weight with

— ——

suggested thit the initinl strams caused by such syslems
could be as high as | % or more. However, because ol
their non-renewable nature, they can probably be relieved
substanially by transient creep and brttle fracture over a
relatively short period of geological time or perhaps even
engincenng Ume.

The most commonly known non-renewable stress sys-
fems are

1. Bending siress

Risen by flexure of the lithosphere as a result of
uncompensated loading and downbending at subduction
zones (see Figure 2) ind ocours on the concave side of the
bend and tension on the convex side, Walcon (1970)
presented o possibility of 500 MPa, wherens Turcotte et al
(1978} even suggested a more fantasiic figure of 1,000 MFPa
compression at the fower part of the zone  These large
forces are quickly dissipated by the ductile flow regme
that probably prevails at that part.

2. Membrane stress

Gienerated by changes in radius of curvature ol a plate
a5 1t moves towards the equator or towards the pole. Turcotte
{1974) showed that this stress might reach magmitudes up
o 100 MPa.

1, Thermal stress

Collisions and movements of the tectonic plates can
increase the temperature in the subduction zones. These
temperature changes give nse to thermal stresses.  Such
stresses are liable to have most effect on the oceanic
lithosphere as it cools afier o period of tune and later heats
up again during subduction. House and Jacobs [ 19K2]
showed that a maximum stress of 600 MPa can be generated
through this mechamsm. Despite large, enough o generale
earthquakes, its role in tectonie deformation s probably
limited because of discontinuous temperature changes,

IV, FACTORS INFLUENCING IN-SITLU STATE OF
STRESS

In general, measurements of in st stress fields are made
inside boreholes, an outcrops, on miemal surfaces of un-
derground cavities or on samples. Mast of the measuring
techmiques intentionally disturb the state of stress in the rock
and then measure the consequent deformations, usually by
RssUITING homOEEneous, [SOtrope, Conianious, nrvd Lemvenr]y
glastic. Uindersuch circumstances vanous Mmyestgilors (¢.g
Batchelor and Pine, 1986 and Montgomery and Ren, 1951)
reported local variations in in situ stress fields that differ
significantly from the regional stress fields, depending on
the volume of rocks being tested. In general, the factors
influencing this variation are related to the heterogeneity of
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rock properties and geometry of the rock’s body. The fol-
lowing examples have been proven as influencing factors:

A. Inhomogencity of Elastic Properiics

Inhomogeneity i elastic properties is the most impor-
tant factor in deviating regional in situ stress fields. This
statement comes from an understanding that it 15 the elastic
properties (e.g. Poisson ratio, bulk modulus, and shear
modulus) that govern the relationships between stress and
struin. Inhomogeneity in these properties can modify stress
distribution in the rock body initially loaded by “Ffar® stress
fields at its boundary,

The muin causes of the inhomogeneity are recogmised
as varintions in lithology and local structures, Szymanski
and Harper (1979) presented an example of varation n
stress onentations derived from stress-relief measurements
made in a strata formed by a sequence of quariz sand, shale,
and graywacke intraclasts, with variation in elastic proper-
ties. They concluded that local heterogensity in o sedimen-
tary sequence can canse varisbility of results (ie. major
stress” magnitudes and directions), as indicated by direc-
tions of the arrows, even though the measurements may be
only short distance apart.

B. Anisotropy

A medium s called anisotropic if its properiies vary
with direction, even though they might be uniform at all
points throughout the medium (homogeneous), Crivmpin et
ol (1984) suggested five possible sources of anisotropy:
lithologic variation (differences in hithificatson of the same
rock, for fnstance), rock structure (laminated sedimentary
rocks), aligned cracks, aligned cristals, and direct stress.

In & munner similar to inhomogeneity in élasiic proper-
ties, any anisotropic deformations may. also change the
magnitudes and directions of stresses within a rock medim.
Ay proven by Amader et al (1987) horizontal stresses as
resiilis of Poisson effect from the overlving rock masses
can be modified by presence of transverse amissiropy in
rocks,

. Inelasticity

Many matenals devinte from elasticity at high stress
levels, elevated temperatures, ar under prolonged loading.
The deviations can take the form as; an incomplete nstan-
taneois recovery of strain as the loading stress is removed,
a change in strain with time under constant load, a change
in stress with hme under constant deformation, ora vana-
tion of mechanical properties with temperature. This
behmviour is termed inelaste or viscoelastic (Obert and
Duvall, 1967),

In a given condition in which a rock materinl starts to

devinte from elnsticity, it tends 1o react to an applied stress
in » manner termed time-dependent deformation {a devia-
tion from the linear Hooke's law), An example is provided
by Wawersik and Stone (1986) that while conducting
hvdrofracturing test in Salado rock salt formation in New
Mexico they found that the virgin in site state of stress 1s
isotropic (lithostatic condition, o, =a, =) They con-
cluded that the hydrofracturing result does not represerit the
true in it state of regional stress field because the test's
pressure reponses ane strongly influenced by the rock’s crecp
behiwiour.

D, Notweal Cracks

There is some evidence thm natural cracks (e.g. frac-
tures, joints, and microfissures) exist and interconnected 1o
considernble depths (Brace, 1972, 1980), at least in the
britile uppermost 10— 20 km of the earth’s crust (Crampin
and Aikinson, 1985), The exisience of crucks in the eanh’s
crust hos also been established by the fact that water per-
meates into the fractures (Fyfe et al. [978), a5 was also
proved by Nekut et al { 1977) when durmg their conductiv-
ity survey they found that conductivities of rocks down to a
depth of 20 km are quite similar in magmitudes to the con-
ductivities of molst rocks of similar types in laborutory. This
tmplies the existence of quid filled cracks at those depths.

Crocks as a source of discontinuity in rocks play an
important role in disturbing rock’s mechanical behoviour,
as well as the stress pattern applied on it Crack geometn-
cal characierisiics namely onentation, Spacing. apermre,
roughness, and fillings are factors that determine the resuls
Brady et al { 1986), in their numerical modellmye, found that
geometry and connectivity of the cracks pattern can lead to
high stress concentrations at crack tips {Figure 4). 1fthese
“locked-in" stresses oocur noturally in the field, there is o
possibility that a stress mepsurement will measure a field
that 1s different from the true regional stress field. Crack’s

¥ {
| = -
\{._m'q i l
P CRaly CEACk |

. Figurad
"Locked-in' stresses at the tip of a crack
~ (trom Brady et al. 1966)
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decoupling effect i1s also thought as an impaortant factor i
disturbing stress field. This wis observed by Brown et al
i 1986) when they conducted an experiment using a large
fractured hlock of gneiss, with & number of vertical bore-
holes drilled in it used for observation, which is exposed to
various applied stresses.

E. Topography

Topography ¢an have a significant influence on the o
situ state of stress, especially in positions close to rough
ground surface (mountains, valleys, etc). Warpmski and
Teufel ( 1991) put that in some extreme cases, the principal
stresses are reonented by as much a5 45°, The in sl Stress
modifications due to topography variation duninish as the
distance from the surface increases, At these positions, the
overburden stress acts vertically snd increases with depth

F. Geological Structures

The cause of stress redismbution due 1o geological struc-
tures {s by and large the structure boundary (in effect,
changes in ¢lastic propertics). Carlsson and Christiansson
i 19%h) found that there 15 a tendency for stress direchions to
be parallel to an adjacent structure, whilst Martin and Chan-
dler ( 1993) in their stress characterization study reported
that siress onentations can rotate significantly when geo-
logical structures such as thrust fault are crossed.

G. Presence of Residual Stresses

The extstence of residual stresses in rock has been
recognised [or at least 200 years (Gentry, 1973), but only
during a few past decades has it been given much attention
Residual stress 15 defined as a component of stress stored in
a material after the application of the stress source is hifted
(Engelder, 1993} Residual stress is regarded as a funda-
mentally active stress, since it s related 1o stored strain
energy. but is associated with zero surface tractions. Basi-
cally, there are two factors that can generate residua’! stresses
in matenal: a change in energy level such as a stress load
and/or a temperature change, and heterogenesty of the ma-
terial arising from variability of the mateninl’s constituent
property. This heterogeneity could be variations in elastic-
ity behaviour, inelasticity, temperature expansivity, aniso-
tropic gramn orentation, or the presence of discontinuities
along which slip can occur. With the factors highlited above,
it is not difficult to understand that vanations in relaxation
also 1ake place during a relief of loading (e.g, stress relief
after faulting). These vanations result in *locked-n" stresses
that have orientations and magnitudes, hence the potental
to disturb the true regional stress field

V. SCALE EFFECTS IN ROCK MASSES

The fact that the state of an i ity stress field is very
much affected by various factors implies its dependency

upon dimensions of rock volumes invilved i mvestigation
or measurement. Figure 5 illustrates the changing texturne
of mock volumes with the increasing of thetr size. In the
smallest valume, the behaviour of rock properties is Largely
governed n grain scale and can be regarded as an intact
rock. By increasing the specimen size, the texture of the
specimens becomes variable with the introduction of
discontinuities at different pattern levels. When these speci-
mens are subjected 1o similar test condition nimed at mea-
suring the stresses, the results could be different eventhough
all specimens are taken from the same rock body. This char-
acteristic, which 1s a function of size, is called scale effect.
A qualitative diagram illustrated in Figure 6 shows the in-
fluence of scale effect on rock property

From the diagram shown in Figure 7, it 15 obvious
that the data scatier converges at 4 size beyond which the
test results become independent of the specimen size. This
volume, which is the smallest volume that can be consid-
ered as representing the behaviour of the entire rock mass,
is called representative ¢lemeniary volume (REV), At vol-
umes greater than the REV, all inhomogeneities exist in the
rock body are ‘avernged” and all tests conducted will give
reasonably consistent resulis | Hudson and Cooling, 1988},
The REV varies from one rock mass to another, depending
on the inhomogeneity scales within the rock mass (i.e. the
material’s intrinsic properties and the discontinuity net-
work).

A. Potential of Scale Effects on Stress Measurements

Measured in silw stresses are certainly complicated by
the presence of inhomogeneity ot different scales. The coim-
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maon approach used m rock mechanics is 1o justify the as-
sumption that stresses in rock mass are continuous. This
issumption is also apphied in stress measurements, and any
stress tensors defined at any points are assumed not to in-
volve any heterogeneity and its corresponding scale de-
pendency. Considening different scales that characterize
the most commaon in situ stress measurement technigues
( Table 1) different results might be produced by the tech-
nigues, At this point the concept of REV provides the
best explanation over the potential inconsistencies catsed
by rock inhomogenetties.

Cuisist and Humson ( 1992) pointed out that rock strue-
ture 15 1o complex to model all the heterogeneities sepa-
rately, The heterogeneity in a real rock miss s usually
formed by various levels of heterogeneities ranging from
grain-size 1o the size of o major fault. Figure 7 illustrates a

rock mnss containing heterogeneities af different levels
In lnrge scale (Figure 7a) the heterogeneity is provided by
u pair of faults which confine o regulardy jointed rock mass
Between these two faults, the jointed rock mass can be
considered as a homogeneous medium, snalogous 1o o con-
tinuous medium. At lower level (Figure Th) the joints pro-
vide heterogeneity and the medium in between them may
be considered continuous. At the smallest level {Figure
Te), the irregulanities in grain size, shape, mineral con-
stituenis, orientations and cementation material provide the
heterogeneity. In this case, the inner pans of the grams
are considered homogeneous,

In pceordance with the concept of REV, the fact that a
real rock can have several levels of heterogeneity, it can be
put that the concept can be extended so that each level of
heterogeneity in a rock mass has 15 own REY {and also a
smallest dimension thal causes the measurement scatter),
fromm micro-level up 1o mocro-level. Mevertheless, the *frue’
REV that represents the regional in siru stress feld s de-
termined by the macro-level heterogeneity.

B. Different Scales of Required In Situ Stresy
Tnformation

Vanous activities m subsurface engineening are affected
bry the need for mformation regarding e st stie of stresses,
However, the scale on which knowledge of the stress is nec-
essary cun vary considerably from one area of interest to
another, and from one specific case to another In problems
relsted to earth science such as plate ectonics, the in ity
stress information required must represent a very large vol-
ume of rock mass under consideration, On the other ex-
treme, stress information required for wellbore stability

LEMIGAS SCIENTIFIC CONTRIBUTIONS 22000




BAMBAMNG WIDARSOND

IN-SBITLY STRESSES

pnalvsis s limited o several tens of cubicmeters | Asdnoy
et. al, 1987)

As presented earhier, scale effect exists because a rock
mass containing heterogeneities behaves differently at dif-
ferent scales. Consequently, stress measurements made al
different scales can give different magnitudes and orienta-
fions (Figure B}, Thiis, there is 4 coexistence between the
sciles of i situ stress information required by vanous ar-
eas of interest at different scales and the fact that the infor-
mation of in xit stress provided by the measurement tech-
nigques is variable of different scales. This leads o a con-
sideration underlining the need 1o acquire in st stress
information that represent the size of rock musses involved
in the problem. Therefore, any in sifu siress measurement
plan bas 1o be set up according w ihe size of the problem,
despite the Gt that information from other methods of dif-
ferent scales is alio valuable. Schemutically, this is illus-
trated by the layout in Figure 9. The figure implies that
heterogeneity description of the surmounding rock masses
plays an important role in determining every in i siress
MEASUIEmEnT Programimes.

For the purpose of problem solving in petrolenm and
geothermal engineering, technigues presented in Table |
{and Figure 10} can be used as guidance. For instance, in
sitw stress field for problems such as wellbore stability and
design of byvdraulic fractunng for stimulation can be suffi-
ciently provided by "micro” and “mesa” techniques such
is overcoring and hyvdraulie fractunng. On the other hand,
if the information is required for predicting the general di-
rections of natural fractures in petraleum and/or geather-
mal reservoirs, additional "macra” techniques will be use-
ful, while a total reliance over “micra” technigues can lead
o musleading conclusions, Technigue selection s there-
fore & neccessity for useful output.

YI. THE DISTRIBUTION OF IN SITU STRESSES
A. Stress Regimes in the Lithosphere

The knvwledge that stresses in the earth’s crust cian-
not exceed the strength of rock shows the active role played
by rock strength as a governor for the state of stress m
the lithosphere. In general, the governors for carth stress
include three types of mechanisms leading 1o fuilure of
intact rocks, namely erack propagation, shear ruprure, and
ductile Qow, Furthermorg, existing jounts or sheéar frac-
tures can shp if they are subjected 1o large shear tractions,
hence providing an additional govemor for lithosphenc
stresses. This mechanism (called fractional slip) can also
oyt i ductile Aow, even though the distinction between
ductile shear and ductile Tow is not as clear as the distine-
tion between ship of existing cracks and the brinle filure
of mtact rock by shear rupture, The abundance of both
brittle and ductile structures evidence in outcrops, and the
recopnition that they behave differently when subjected 1o
tractions have lead to the postulate that stresses in the
lithisphiere vary from point o point depending on the de-
formation meéchanism that govern the stress-defomation
process. The four stress regime groups based on these
mechanisms are (Engelder, 19931 crack propaganion, shear
rupiure, frictional slig, and ductile flow (Figure 11)

It is recognised that in the upper portion of the lithos-
phere, joints are so commaon that it s approprinle 0 recognise
il &5 having o separate siress regime. A joint 15 kniwn as a
crack in rock along which there is no significant shear dis-
placement. Therefore, there 18 no indication tha joint is
created us o result of large boundary tractions. In general,
it 15 believed that joint s initisted s a result of propagation
of pre-existing microscopic flaws such as microflaws and
pores. Some efforts have been devoted to explaining the
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creation of rock joints. Omne possible explanation 1s found
in the poroclastic behaviour (Biot, 1941) which 1s respon-
sible for the generation of a net tensile siress across the
pre-existing microflows, and consequently genersting crack

propagation. This process is continued when the rock sys-
tem is sibjected to elevaled pore pressure,

In general, the crack propagation regimé of the lithos-
phere is characterized by 4 low differential stress, o (=0,

0
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—a,) and pore pressure @t or above hydrostatic pressure.
In this condition, any pressure elevation is likely to form
AEw jOints,

The generation of a primary shear-rupfure tn an intact
rock 18 dependent upon its brittle strength. Thus, the cre-
ation of shear-rupture follows brittle fulure criterion (e.g.
Jaeger and Cook, 1978). Unlike joints, it is indicated that
shear-ruptures are not commonly found over broad regions,
gven in tectonically active areas where shear fractures are
sometimes less common than might be expected (Engelder,
1993}, The mited distrbunon of primury shear fractures
illustrates the pomnt that regional &, 18 often not large encugh
1o initiate shear ruptures. This 18 partly due 1o the process
of frictional slip. As menhoned earlier, the earth’s crust
contains discontinuities such as jomnts, shear fractures and
faults. Because of the pervasive nature of these
discontimuities, o buld up in eanth stress is generally re-
lieved by fractonal slip long before o becomes high enough
to shear intact rocks, It is stress rehief by fractional shp that
makes primary shear rupture such a local phenomenon. In
other words, this stress regime is chamcterized by frictional
strength of the shiding crack surfaces as the major govern-
ing factoe. As reviewed by Scholz {19900, frctional strength
is controled by parameters such os roughness, hardness, tlem-
perature, and ductilany.

In chactile fow stress regime, stress distribution is lnrgely
governed by rocks’ ductile strength. Temperature and con-
fining pressure have fundamentally different effects on briitle
and ductile strength. Ductile strength, in terms of devintonc
stress, is almost unaffected by confining pressure whereas
brintle strength increases with the nse of confining pres-
sure. On the other hand, vemperature has o lorge effects on
dsctile behaviour such as dislocation motan, whereas brittle
strength shows little dependence on temperature {Heard,
1963). Because of this behaviour towards temperature and
confining pressure, ductile flow regime is characterized by
low o in the lithosphere. Consequently, the ductile flow
regime in the lithosphere 18 more commonly found in the
warmer temperature-dominated ductile deformation zones,
Transinon between brittle and ductile flow siress regimes
15 usually marked by a gradual drop of o, (Tullis and Yund,
1977)

Limits af the stress regimes can be defined m terms of
the maximuma . Engelder (1993) defines the limits of the
stress regimes by plotting o, versus vertical effective stress
(i.e, depth). Figure 12 illustrates the plot of the four stress
regimnes

B. Global Stress Map

Many efforts have been made in different pants of the
watld in order 10 map the in yi stress distribution, Ex-
amples of continentwide compilation include Zoback and
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Zoback's { 1980) stress map of the United States; Fordjot's
et al (1983) map of Canada; Klein and Barr's {1986) mep
of Morthwest Europe. Example of world stress map 15 pre-
sented by Zoback et al ( 1989) who compiled a global distis-
base of cantemporary in sifu stresses in the upper lithos-
phere (Figure 12). Note that arrows on the map represent
the direction of major horzontal stress (o, ).

When compiling the stress datn for the global stress
map { Figure 12) Zoback et al ( 198%) concluded that the net
plate-boundary forces responsible for moving the teclonic
plates dominate the stress distnbution in the plate intenor,
This implies that the knowledge of the state of relative
movements of the plate is valuable mn order to obtain a
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broader view of in sine siress distnbubion, especually in
studying regional stress fields. However, the stresses de-
scribed in the map are just statistical results, They should
be inadequate to meet the demand for various engineenng
designs at smaller scales, since geologic structure and prop-
erties of the rock masses are very comphcated.

C. Case History: Indonesia's (6l and Gas Induxiry

The global map in Figure (12) exhibits in a marked
clarity the absence of data from Southeast Asia in general,
and especially Indonesia from which not a single data ap-
pears, 1t is not clear to the author whether the absence re-
flects Zoback and fmend's luck of access to the data or in-
deed a genuine rarity. The author is convinced that no mi-
jor miming activities in Indonesia preva] without any at-
tempts to survey the in sifu state of stresses, considering
the wimost importance of the data for safety concems. How-
ever, the reverse is probably true for the petroleum mdustry
in Indonesia. To author’s experience, most aperatars ar
individuals in the industry hardly realize the importance of
incorporating the information of tn sifu stresses to their en-
gineering activities

Al least there are three factors that indicate the absence
of general awareness over the importance of in sifi; stress
data.

I. The almost total lack of consideration over the
information when petroleum engincering practices is
to be the guestion. In studying or simulating reservoir
future performance the incorporation of the data, even
when it is regional scale in nature, i8 rarely practiced.
As acknowledged, the local im situ stress field may affect
the reservair tocks’ degree of permeability anisotropy
Similurly, very little sttention is given to the matter in
a preliminary study devoted for assessing the possibility
of establishing a waste CO, underground disposal
scheme i MNobuma,

2. The occurrence of some examples in the field The
pceurrence of borehole brenkouts and sand problems
in many cases in Indonesia s rarely linked to their
commesponding local in situ stress fields. Likewise,
leakage of drilling mud to the surface through
generstion of fractures on borehole wall (a case in Aceh
province) is probably panly caused by an absence of
proper prefuminary wellbore stability study, Mo relishle
wellbore stability study results can be vielded without
proper knowledge regarding the local in sifw stess field.

1. The absence of demand from operators in Indonesin’s
oil and gas industry, This 15 also reflected from the
phaence of services Tor (n sify Siress measurement
offered by any core labs companies in Indonesia. This
is ol the case for oil and gas industries in sdvanced

regions in which the informabion has been treated as
el o oher input parameters,

VIL CONCLUSIONS

From the review on the (n sf state of stress o set of
conclusions has been drawn:

. The fisct that fe xify stresses ane o paint-lo-peinl property

has led 1o a conclusion that every pan of petroleum

reservoirs, 08 well ns every subsurface construction, s

influenced by the in vitu state of stresses.

The complexity of geological aspects m Indonesia

suppaorts the postulate that underlings the neccessity (o

obtain information concerning the local {n sifu stress

field vis-d-vis the toial rehance upon informaton of
merely the regional in siw stress field

3. The integration of accurate i sifu Stress n formation
into petroleum engineering practices has o be further
encouraged, considering the previuling negligence and
the ensuing problems that are often encountered.

4, It is important 1o acknowledge the stress regime that
prevails in an area that is planned to have subsurface
engineering carried out. This is to provide o general
wdea about how rocks will behave upon the disturbace
of the in st stress feld by the engineenng activities.

[
i
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