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ABSTRACT : After a short review of the ·Differential strain Analysis· method,
several models based on elastic brittle fracture are given : it has been proved
that only a hypothesis based on initial relaxed state of stress at the crack tip
will respect both the propagation criterion and the stability condition. Several
examples have made it possible to assess the influence of various parameters
(Young's modulus, surface energy and porosity) on the intensity of the
microcraking.
Finally, experimental results make it possible to confirm the model and establish
a regional state of stress in the Middle East.

RESUME Apres un bref rappel de la methode ·Differential Strain Analysis·,
plusieurs modeles, bases sur la mecanique des roches elastiques et fragiles, sont
presentes. 11 est prouve que seule une hypothese sur un etat de contrainte initial
reliche, en tete ~e. fissure, permet de respecter i la fois le critere de
propagation et le critere de stabilite dans le phenomene de microfissuration du a
la decompression d'un echantillon de roche. Plusieurs exemples permettent de
chiffrer l'influence des differents parametres intrinseques (module'd'Young,
energie de surface, porosite) sur l'intensite de la microfissuration.
Enfin, des resultats experimentaux permettent de valider le modele et de tirer un
etat de contrainte regional au Moyen Orient.

IUSAMKEXFASSUMG : Mach einem kurzen Hirweis auf der ·Differential Strain Analysis·
-Methode, werden meherere Modelle vorgestellt, die auf der Mechanik von
elastischen und zebrechlichen Gesteinen basiert sind. Es wurde festgestellt, daB
nur eine Hypothese, die einen initialen entspannten Spannungszustand am RiBkopf
zugrunde liegt, die Ausbreitungs- und Stabilititstkriterien erfullen kann, im
MicroriBbildungsphanomen infolge der Dekompression eines Gesteinprufstucks.
Durch Mehrere Beispiele wurde der EinfluB von verschiedenen Parametern (Youngs
Modul, Fliche-energie, Porositit) auf die MicroriBbildungsintensitit bestimmt.
Zum SchluB, durch experimentelle Ergebnisse wurde das Modell fur gultig erkliitt.
und ein regionaler Sparrungszustand im Mahenosten aufgestellt.

1 IRTRODUCTIOif
Considering recent problems which have
arisen geothermal recovery projects in
hot dry rocks, and the economic
exploitation of hydrocarbon fields with
low permeability, the knowledge of the
state of stress in deep rocks has gained
increasing importance regarding rock
mechanics. The method used the most
commonly for the last twenty years (i.e.
hydraulic fracturing) although still the
most reliable, is extremely expensive
(especially offshore) and an operator
will often hesitate to make such an out-
lay. This is why, for the last five
years certain authors have been
wondering whether a rock samp.1e, taken
from its original block would retain in,

its matrix a ·memory· of its present
state of stress.
This idea gave birth to the DSA
(Differential Strain Analysis) method,
developed by SIMMONS and al (1974). The
method is based on the following
assumption :
·When a rock sample is taken (by coring
for instance) within a stressed deep
layer, the material will microcrack in
proportion to the pre-existing effective
state of stress·.
This principle involves certain comple-
mentary hypotheses :
- before relaxation the material cont-
ains no open microcracks,
- the relaxation of the state of stress
is the only source of microcracks. Any
other phenomena of a thermal (cooling of
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the core) mechanical (actual coring
procedure) or other (knocks, transport,
preparing the samples) nature, will not
cause any extra microcracking.
A cubic-shaped sample is then cut from
the microcracked core, and strain gages
are sticked in 9 directions (Six of
which are independant) (Pig. 1).

z

x

y

E!JLl- Gages arrangement on the sample

It is then moulded in a rubber envelope
and replaced under increasing hydro-
static pressure.
lIine pressure-strain curves are recor-
ded, similar to these given in Fig. 2.

Pressure

PA

B

o Strain

fuL£ - Pressure versus strain, theorical curve

First a non-linear portion can be seen,
which corresponds to the gradual closing
of the microcracks (OA) in the
corresponding direction. Then comes a
linear-section, characteristic of the
elastic behaviour of the porous mate-rial.
At any point on the curve, the
deformation can be divided into a part

f
e ij, due exclusively to the closure of

e
the microcracks, and a part e ij
including the purely elastic defor-
mation. The particular value of the
pressure PA, corresponds to the total

closure of the microcracks in the
considered direction.

f
The associated deformation e ij for the
value PA, will assess the memory of the
state of stress in this direction.
The overall mempry will be represented
by the tensor e and thus :

(l)
f f f

e xx e xy e xz
f f f f

e e yx e yy e yz
f f f

e zx e zy e zz

the reference system beeing that of
Fig. 1.

According to the hypothesis of propor-
tionality

(2 )
* fa= x c

where a is the effective state of
stress.-

For the evaluation of the propor-
tionality constant, A, it is necessary
to make an extra hypothesis : the total
vertical stress azz is purely litho-
static (no vertical tectonic component)
and equal to the ,weight of the
overburden layers i.e.

(3)

where z and Pm are respectively the
depth and the average density of the
overburden layers.
Apart from secondary hypotheses (which
certainly have their importance) this
theory is mainly based on the empirical
nature of the linear relation (2).
This relation only has any theoretical
value if the original state of stress
was isotropic.
If, indeed, this is so, and assuming
perfect homogeneity of the material, the
probability of this material micro-
cracking would be identical in all
directions. In the case of an
anisotropic state of stress, there is no
reason why this hypothesis should be
valid.
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In the following pages of this work we
therefore propose a mechanism which
could partially answer the question and
then check some of the results obtained
experimentally.

2 Rll:LAJlA'I'IOIfAS A IIICROCRACURG IIBCBA-
RISII
We will consider the rock at time to
(i.e. just prior to coring) as a brittle
elastic medium, with the intrinsic
characteristics E (elasticity modulus),
')'(Poisson's coefficient) and {f (surface
energy). This medium contains a certain
number of elliptical defects, infinitely
flat (but free of stress).
The sample, initially stressed is
gradually relaxed ; the defects will
open and propagate. The defects become
microcracks.
As we have defined, defects will
therefore appear as potential micro-
cracks. For simplicity, we will assume
that there is only one defect with an
initial lenght 2ao perpendicular at time
to to a uniaxial stress a(Fig. 3).

a

EisLl- Defect perpendicular to a uniaxial stress

In order to be valid the model must
respect two conditions :
- The propagation criterion (GRIFFITH
1921) :
"The work of the stresses which relaxes
along the crack during decompression is
dissipated in various forms, in
particular, in .elastic strain energy
(opening of the microcrack) and energy
of cohesion (propagation of the initial
defect)".
If the propagation is assumed to be
quasistatic and adiabatic, during a
decompression increment, d a, it can be
written
(4) dWR • dWel + dWs

where dWR is the work of relaxation,
dWel the elastic strain energy and d Ws
the energy of cohesion. The latter term
can be written in the form :
(5) dWS "'4 (1dS

where (J is the specific surface energy
of the material.
By inserting (5) into (4) and assuming:

g = fslWR - Wei
the criterion can be written
(6) e "' 4(1

where g is the "energy release rate".
The equation (6) represents the
condition of quasistatic propagation of
the crack. It can also be expressed from
stress intensity factors. To do so, one
has simply to calculate g using the
field of stress at the tip of the crack
(IRWIN 1957) : the condition of
propagation will be written :
(7) XI • XIC
where KIC is the tenacity of the
material.
- The stability condition (BUI 1978) :
the energy required to propagate the
defect increases with the length of the
crack.
In other words to obtain stability, g
(or XI) must decrease when the length of
the crack increases, which is written :

(8) agaa < 0 or
;Iff
-<0aa

3 VARIOUS 'l'YPESOF IIODEL
Below we give three types of relaxation
models. As will be seen, only one
satisfies both the propagation criterion
and the stability condition.
3.1· Bquivalent 'l'raction lIodel (BTII)
(Fig. 4)

In this model it is considered that the
transition from the state of stress a,
to the state 0 is equivalent to the
passage from the state 0 to the state
ain traction.
For an incremental relaxation So, the
energy release rate would be (SIH and
LIEBOWIETZ 1968) :

(9 ) g=
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Fig. 4 - Eguivalent traction model

Propagation would initiate as soon as
g • 4 rt Le. for !i.(Jcrso that :

(10) !i.(J = /_2_{1_£__
cr na (1 _,,(2)

o

This type of load does not lead to a
stable process because g is increasing
monotonous with a.
This model is only acceptable if !i.(J<
!i.(Jcrwhich provides an opening of the
crack without propagation.

3.2 Relazation Blastic Model (REM) (pig.
Sand 6)
The relaxation in this type of model
consists in superposing an increasing
traction !i.(J (!i.(J< (J) on an invariable
compressive state of stress.

Fig. S - Relaxation model

a : initial stress
so. decompression increment

The stress field at the crack tip would
have the form shown on figure 6. It's
clear that the stress field at the crack
tip is compressive whatever the level of
relaxation is.
So, the condition of propagation is
never reached. Indeed, the stress
intensity factor resulting from the
superposition of the two states is
KI "'KI traction - KI compression
or, replacing then by their values

Compressions

(J
X

o

Tractions

Ei!L.!i - Stress state at the crack tip for the
relaxation elastic model

(11) KI "' (!i.(J-(J) v'nao
which is always negative, as !i.(J<(J. The
process will therefore not produce any
cracking of the material~

3.3 Relazation Rheological Model (RRM)
(Pig. Sand 7)
The difference between this and the
former model resides in the initial
state.
It is assumed that the stress (J is
sufficiently anterior to the time of
coring, for the state of stress at
the defects tip to be relaxed to a
finite value 0 (J (0 2: 0) at the time to
(Fig. 7).

r
Com pressions

(J

x

Ei!Ll- Stress state at the crack tip for the
relaxation rheological model

The instantaneous decompression !i.a,
(which is the driving force of the
microcracking) is superposed on this
intial relaxed state. The defect, when
the propagation conditions are ensured,
will progress within a compressed zone,
providing the stability of the process.
A simple analogy can be used to
illustrate this mechanism take a
flexible sheet of metal placed on an
infinitely rigid table (Fig. 8).
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-..~-_ ....•.-
Fig. 8 - Analogy for the relaxation rheological

model

Over a distance ao on either side of
the centre of the table, the metal
sheet is free, whereas for Ixl> ao it
is sticked to the table. For Ixl> ao,
loads are placed on the table. The ir
weight varies continously over a
distance d, from Q (1to (1.
This constitues the state at time to'
From a mechanical point of view, the
action of a traction at infinity is
equivalent to that of a pressure !i(1on
the faces of the crack.The decompres-
sion can therefore be represented by
the injection of a fluid (via a hollow
tube welded to the table). This
pressure will be the driving force of
the microfissuration. Two phenomena
will be working against this process :
the glue, whose action is irreversible
and which simulate the cohesion of the
mater ial (lJ, ItIC) : the loads whose
action is reversible, but their absolute
values do not vary during propagation as
it is an initial state.
Propagation will therefore occur as soon
as :

(12) K; = K; + Krc
T

where K is the stress intensity factor
I

due to the pressure (i.e. due to the
incremental decompression) and

CItthat of the action of the initial
I

compression on the part of the crack
concerned.
Initially the defect is only loaded in
traction. The critical decompression
{j.(1cr above which propagation starts,
will be :

(13}
Kso =-!£

cr vna
o

One propagation has been initiated
the crack will penetrate the compressed
zone. The stress intensity factor under
compression is given by the relation
(BUI 1977) :

1 I+a rst;Ki = _rn= (1(x) V"':"":""::_- dx
vua -a a-x

where 2a represents the lenght of the
microcrack propaga~ed and (1 (x) the
compression load an the part of the
crack concerned (i.e. between laoland lal
in this case). Equation (12) therefore
makes it possible to calculate the
length of the crack corresponding to a
value of the decompression {j.(1) {j.Obr.To
simplify the calculations we have
integrated the relation (14) in the
case of a compression distribution
varying linearly from Q (1to (1 over a
length d-ao (d is called zone of
perturbation), then constant and equal
to (1. The integration gives the fol-
lowing result :

(14 )

for a < d

(16) .,c 1 ao
/{i = VTIa[QO(na- 2aarr:sin i1)

(1-ocr ~ ao+ (--)(2av'a~-a~ + 2a aarr:sin -a - a am)
d-a 0 0 0

o

for a > d
1 d

~I = _".,.[(1(lla- 2aarr:sin-)
vna a

d ao
-+Qa(2aarr:sin a - 2aarr:sin a)

+ «(1 -~(2a~2 _a2 _ 2aJa2 _ d2
d-a 0

o

On Fig. 9,
intensity
increasing

T T T
KI1,KI2,ltI3 are the stress

factors corresponding to
values of decompression.

In· the case (1) and (2) for which W<
6(1cr,propagation is not initiated.
However, in case (3) for which 6(1) 6(1cr,
t~e defects propagates as long as
K > K + KI I IC
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C
Kda,u)
T

K, 3(a, Au)

T
K, 2(a, Au)

T
K, ,(a, Au)

a

Fig. 9 - Propagated length for several
decompression increments

Propagation, at first unstable, becomes
stable when :

oKf
oa
T C

Propagation stops when KIK K + KI IC
The value for which this relation has
been checked, is the len~th of the crack
propagated.
The deformed shape of the crack can be
calculated by integrating the England
and Green's formula (1963)

Ixl sa

The sign of the displacement vex) will
be positive for the upper side of the
crack in the case of traction load
(decompression), negative in the case
of compress ion load. a (t) corresponds
to the superposition of the decompressed
state li.a and the compressed state on
the part of the crack concerned.
For the compressed state, it is defined
as follows

art) = 0 It I < BO

a-oa .a (t) =Qu+ -- (x -a)
d -a 0

o

a < It! <d
o

art) = a It I > d
The total displacement of the sides
of the crack is obtained by adding
together the displacements V1(X) and
V2(X), due to the compression and
decompression loads respectively.
Once programmed this calculation will
allow the deformed shape to be
vizualized according to the propagation

of a crack for different values of
decompression (rig. 10)

31

25

21

15

I.

• 1 2 3 • 5 • 7 8 g I. II 12 13 ,. 15 I. 17 18 18 21 21 22

a*10 + 5 (m)

~ - Crack shape for several values of
decom pression

For a level of decompression li.al
« Aacr) the crack opens but does not
propagate (initial lenth of the defect
is ao).

For decompression
crack propagates.
A slight ·pinching· of the crack can be
seen as it enters the compressed zone
(Ixl > ao)'

4 RESULTS ABD DISCUSSIONS
It has been decided to characterize the
intensity of microcracking by the
parameter A volume of the crack per
unit of length when decompression is
total.
The influence on A of the various
parameters was then quantified in
situ compression stress, elastic
modulus E, surface energy rI , and
initial length of the crack ao (Fig. 11
to 14).
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Crack's area x 1012(m2)

In situ stress

lliLll- Crack's area versus in situ stress

Crack's area x 1011 (m2)

EifLll- Crack's area versus Young's modulus

Crack's area x 1011 (m,')

Surface energy (J 1m')

E!.9J1- Crack's area versus surface energy

The most important conclusions are :

1) The relation between microcracking
intensity and the in situ stress is only
sublinear for small values of (J
(Fig. 11). For high values of (J, the
relation is exponential.

2) The
drops

intensity of
considerably

the
as

microctacking
• soon as

Crack's area x 1011 (m2)

/
ao x 10S (m)

~ - Crack's area versus crack's initial length

E > 200.000 bar or ~ > 10
and 13).
3) The intensity of the
rises considerably when
length of the crack is
(Fig. 14).

J/m2 (Fig. 12

microcracking
the initial

over 5.10-5 m

5 EXPERIMENTAL RESULTS

Experi mental tests were perfor med on 2
wells in the Arabian Gulf A and B. The
levels treated lie at about 2500 m. They
are made up of alternatives dolo mitic
reservoirs with low permeabilities (between

and 20 mD) and much stiffer anhydritic
interbeds. For both of the wells, the
cubic samples (16 for A, 20 for B) were
cut along a vertical direction, making
allowances for the slope of the wells
(25 for A, 10 for B). Due to a strati-
fication which was not perpendicular to
the core axis, it was possible to orientate
the samples in relation to a fixed geo-
graphica I reference syste m, 0 rientations
were different for the two wells.

First, it should be noted that on average,
the total closure pressure Pc of the micro-
cracks is about 300 bar, which is a much
lower value than the in situ stresses (the
principal minimal stress is above 430 bar).
According to the classic Sneddon formula,
the pressure required to close an elliptical
crack with a and b axes, will be:

(16) bE
P ==----==

c 2 (l -1'2)a

o:E
2 (l _1'2 )

where 0: = (bja) is the shape coefficient
of the crack. As the pressure Pc is
below (J in situ, 0:< 0:0, 0:0, being the
shape coeffic~ent of the initial
defects. This is a tangible proof that
cracking occurs during relaxation.

347



The results of orientations have been
recorded on frequency diagrams (Fig. 15
and 16).

east

South

west

ft

••••.•.•
••••.•

••.•
••••••.•.• '" ..

~ - Projection ofthe minor principle
deformation on a horizontal plane

vertical r 1 » A

ft

••••.•.•
••••.•.•.•.•

Ie•••

Horizontal

•••••
F.g.16 - Angle made by the deformation withthe

vertical

Fig. 15 represents the projection of
the minor principle deformation on a
horizontal plane; Whereas Fig. 16
represents the angle made by this
deformation with the vertical. Although
the results are fairly dispersed, a
clear IfW-SE tendency can be noted. In
many cases, the vertical is found to
be the principle major direction. It is
clear that the anhydritic levels, for
which the microcracking is about ten
times less intense than for dolomite,
have a major role regarding dispersal.
Certain anhydritic levels may, in fact,
show no apparent microcracking.
Rather than giving an arithmetical
average of no theoretical value, the

f
deformations t ij (corresponding to the
same direction) were cumulated over all
the samples taken in each well. The
results of the matrix diagonalisation
are given in the table below :

- 8 (0) !P( 0)
Z (m)

A 2320 E 69°S 82

B 2343 E 59°S 89

A + B 2331 E 610S 88

Dispersion regarding direction appears
to be fairly small between the two
wells, both regarding azimuth 8 and
inclination !p. The latter is very close
to the horizontal.
The azimuth has been placed, on the
figure 17, in a geographical reference
system.

IRAQ
IRAN

Fracturation azimuth...-
/'

SAUDI
ARABIA

EisJI- Closure of the Arabian Gulf

It shows a perfect agreement with
regional tectonics (i.e. the closure of
the Arabian Gulf following the opening
of the Red Sea).
The stress field was
using the functional relation
the average overburden
(average density taken equal
Itg/m3).

calculated
(2) and

pressure
to 2500
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Results are given in the table below

al a2 a3
(bar) (bar) (bar)

A 448 482 572

B 425 549 608

A + B 456 510 573

The maximum dispersion, is in the order
of 13 ., which appears perfectly accep-
table.
All these values are therefore in good
agreement with each other. These tests
also provided the opportunity to check
the influence of the different
parameters on the intensity of the
microcracking. As predicted by the
model, microcracking is all the more
intense as the elastic modulus and
surface energy are low, and porosity
high (fig. 18 to 20).

E (ba rx 10-3)

~.,:".,-:,::~.•...••~••.•..•.••~ ••..•...••.•..•....•~.~.~.~~~.~'L~'~~~.~~~.~~~.~~.

Fig. 18 - Young's modulus versus principle major
strain

Surface

energy •
(J/m2)

~ - Surface energy versus principle major strain

Porosity (%)

Fig.20 - Porosity versus principle major strain
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6 ca.CLUSIORS ~D PROPOSED LIRES OP
RZSDRCB

As a whole, the experimental obser-
vations (intense microcracking in rocks
with low elastic modulus, low surface
energy and high porosity) indicated a
brittle elasticity model.Bowever a
purely elastic model (REM or ETM type)
will not respect either the propagation
criterion on one hand, or the stability
condition, on the other. Only the
hypothesis of a relaxed finite initial
state at the defect tip will allow (by
superposing a purely elastic decompres-
sion) the construction of a model which
respects both criteria simultaneously.
The model shows thay microcracking drops
considerably as soon as E and l1increase
and the porosity decrease.
At an experimental level, the model is,
above all, a statistical model, and only
provides reliable results if the
quantity of data gathered is sufficient.
with this in mind, the method referred
to as "cumulative" allowed a comparison
of the average state of stress of two
neighbouring wells. The low dispersion
obtained and the coherence of the
results with the regional tectonics of
the Arabian Gulf (as well as with a
hydraulic fracturation test carried out
at the same place) is most encouraging.
We consider that research work should be
developed both theoretically (cracks not
perpendicular to the stress, biaxial
states of stress, case of several
cracks, etc.) which obviously will
deman4 powerful numerical models, and
experimentally where the use of defor-
mation gages presents many drawbacks
(theoretical, technological and eco-
nomic) .

These progress should, in the near
future, make the DSA competitive with
hydraulic fracturing.
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