Revue Synthése N° 19, Décembre 2008 M.R.M. Aliha et al.

Confining pressure effects on stress intensity factors:
A 3D finite element analysis

M.R.M. Aliha, M.R. Ayatollahi et M.M.S. Mousavi

Fatigue and Fracture Lab., Department of Mechanical Engineering,
Iran University of Science and Technology, Narmak, Tehran, 16846, Iran.

Accepté le 05/11/2008

AL bl Ja o8 oliiay) aaca 5l cand AN paiall LS Guaay ddieal) daca V) ciladall b
o3 & biaY) hica oo Al claleal) il calalas s dualall Cay I cadial ) iuall Sl Aalal)
Ga dine 2o L) e Jleialy (1] A4S | i) Jalisall LSV e Jaaall 18yl Cuny &5 ddadyal)
6 smiiall Jarazall a8 IS e Ak )l Diml) LSSl aaall AV Llias 5 3D jeaiall dpgiiall Ll
ol @b il 4l liall o il ek Al Gl ki gaes (o Adlasina) 2320 MPa Y 0 0 Siedl) 5l
oY) s G ) o gaee LA ] AN (ady Led Wl o] Al 3 claleaY) sad Jalas
Lo OIS Lege Jarall Ao 30l ) ae Sy Adalidall gl edll ClaleaV) 308 Jalaa o o elialDU

i) Jaend 8 LaDRY)

Aud Im\ﬁsgjgj\)g i tclalgal) sad Jalaa thalidnall HLuSiV) ¢ uliial) azia ::t:nuid\ APN(Y
Résumé

A des profondeurs importantes de la terre, la rupture dans les masses de roches se produit sous I'influence de
la pression de confinement. Cependant, la plupart des études précédentes de rupture de roche traitent
seulement dans des conditions ambiantes et ignorent les effets des efforts multiaxiaux induits en raison de
I'application de la pression de confinement. Dans cette étude, I'influence de la pression sur les facteurs
d'intensité de contrainte en modes mixtes (K, et K,;) est étudiée pour un spécimen d'essai. Un grand nombre
de modéles finis de I'élément 3D ont été analysés pour étudier I'effet de divers niveaux de confinement de
pression sur le comportement de rupture du spécimen brésilien sous la forme de disgue. Pour les modéles
d'éléments finis, une pression uniformément distribuée dans l'intervalle de 0 & 20 MPa est appliquée sur tous
les cOtés du spécimen d'essai. |1 est montré que la pression de confinement a un effet significatif sur le facteur
d'intensité de contrainte en mode |, mais celui de mode |1 est complétement indépendant de la pression de
confinement appliquée. Une comparaison entre les conditions de confiné et non confiné indique que le
facteur dintensité de contrainte en mode mixte augmente avec la valeur de la pression de confinement
guelque soit le mode mixte considéré.

Mots clés: pression de confinement; mode de rupture mixte; facteurs d'intensité de contraintes, Disgque
brésilien ; méthode numérique.

Abstract

At great depths of earth, fracture in rock masses occurs under the influence of confining pressure. However,
most of the previous rock fracture studies deal only with ambient conditions and ignore the effects of
multiaxial stresses induced because of applying the confining pressure. In this paper, the influence of
confining pressure on the mixed mode stress intensity factors (K1 and Kl1) isinvestigated for atest specimen.
A large number of 3D finite element models were analyzed for investigating the effect of various confining
pressure levels on the fracture behaviour of brazilian disc specimen. In the finite element models a uniformly
distributed confining pressure in the range of 0 MPato 20 MPais applied to al sides of the test specimen. It
is shown that the confining pressure has a significant effect on the mode | stress intensity factor, but the mode
Il stress intensity factor is completely independent of the applied confining pressure. A comparison between
the confined and unconfined conditions shows that the effective mixed mode stress intensity factor increases
by increasing the value of confining pressure for all mode mixities.
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1. INTRODUCTION

Many rock structures like the
underground mines and tunnels are often
created at great depths of earth and
therefore, these structures are usuadly
subjected to complex and multiaxial states
of stress. For strength and stability
analysis of such structures, attention to the
effects of these multiaxia loads is
essential. As a practical example, suitable
stimulation of gas and oil reservoirs using
hydraulic fracturing process needs a good
knowledge of rock fracture behaviour at
great depths and in-situ conditions. The
amount of energy required for creating
and extending artificial fractures in
hydraulic fracturing depends strongly on
fracture toughness of formation rocks in
the petroleum reservoir. These rock
masses are usually subjected to very high
confining pressures at in situ conditions
(especialy in cases with typical depths of
7000-8000 m). Fracture toughness is an
important design parameter showing the
rock's resistance to crack initiation and
propagation. However, most of the
theoreticd and experimental fracture
investigations on rock materias have
focused on the ambient conditions and
hence ignore the effects of confining
pressure that exists practically for in-situ
stress conditions. Very few theoretical and
experimental studies can be found in the
literature dealing with the effects of
confining pressure on fracture toughness
of rock materials. For example, Schmidt
and Huddle studied the effect of confining
pressure on mode | (crack opening mode)
fracture toughness of Indiana limestone
[9]. Meanwhile, Muller has obtained the
fracture toughness (Kic) of sandstone and
granite under various confining pressures
[8]. More recently, Funatsu et a. has
investigated the fracture toughness of
confined clay bearing rocks (Kimachi
sandstone and Tage tuff) using two
laboratory test specimens under mode |
loading. Balme et al. have also conducted
similar studies on igneous rocks [3,5].

While crack growth and fracture of rocks
at in situ conditions usually occurs under a
combination of tension and shear loading
(mixed mode /1), the influence of
confining pressure on mixed mode
fracture toughness of rocks has been
rarely investigated in the past. In this
paper, the effect of confining pressure on
the crack tip stresses is investigated
numerically for the centrally cracked
Brazilian disc (BD) specimen using the
finite element method. The influence of
confining pressure on the mode | and
mode Il (crack in-plane dliding) stress
intensity factors is studied. In the
forthcoming sections, first the test
specimen is described and then the
influence of confining pressure on the BD
specimen is explored.

2. BD SPECIMEN SUBJECTED TO
CONFINING PRESSURE

The BD specimen is a circular disc of
radius R with a central crack of length 2a
and subjected to a diametral compression
load F. By changing the crack orientation
angle a with respect to the applied load F,
different combinations of mode | and
mode Il deformations can be provided
including pure opening, pure dliding,
combined tension-shear, and combined
compression-shear loading. The specimen
has been widely used for mixed mode
fracture tests in rocks and geo-materials
under ambient and atmospheric conditions
[1,4,6,7]. For simulating the confining
pressure, a constant distribution of
pressure (Pn) is applied on al of the
external surfaces of the Brazilian disc
specimen. The loading set up is shown
schematically in Figure 1.

The stress intensity factors are the most
important parameters for describing the
crack tip stress field. These parameters
define the severity of stress singularity
around the crack tip and can be used for
determining the fracture load of a cracked

34



Revue Synthése N° 19, Décembre 2008

M.RM. Aliha et al.

body. The mode | and mode Il stress
intensity factors (K, and K;;) for the BD
specimen at ambient conditions are
written as[2]:

Q= (1)

Ky =Y||%\/pE ()

where Y, and Y, are the geometry
factors corresponding to mode | and mode
[, respectively and t is the specimen
thickness.

The finite element method was used for
calculating K, and K;; in the BD specimen
for various crack orientation angles (a)
and under both diametral compression and
confining pressure loads. The finite
element simulation for the mentioned
loading conditions is described in the next
section.

a =10, 20, 30 mm, t = 25 mm
and F = 10 KN. The total number of
21000 twenty-node cubic solid elements
was used for 3D modelling of BD
specimen. For simulating crack tip stress
singularity, the singular elements were
aso considered a the first ring of
elements around the crack tip. The
confining pressure P, was applied in a
range from zero to 20 MPa. Also for
introducing different mode mixities, crack
orientation angle was varied from zero to
80° with increments of 4 degrees. Material
properties were selected from a typical
rock with modulus of elasticity E =53 GPa
and Poisson's ratio v = 0.23. The
ABAQUS code was used for analyzing
the models. The J-integral based method
was used for caculating the stress
intensity factors K; and K;.. The results
obtained for the stress intensity factors are
presented in the following for various
crack angles and confining pressures.

Section A-A

Figure 1. Loading setup for the cracked
Brazilian disc specimen subjected to
confining pressure Py,

3. FINITE ELEMENT MODELING

Figure 2 shows the finite element
model of BD specimen. In this model, the
following geometry and loading
parameters are considered: R = 50 mm,

Figure 2. Finite element model for the
cracked Brazlian disc specimen subjected
to both diametral compression and
confining pressure Py,
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4. RESULTS AND DISCUSSION

The variations of K, and K, with a for
various values of confining pressure Pn,
are shown in Figures 3 and 4 for
a/R = 0.2, 0.4 and 0.6. It is seen from
these Figures that the mode | stress
intensity factor reduces by increasing a.
However, the mode Il stress intensity
factor increases when a increases and
reaches a maximum value (typically at a
between 28° to 44°) depending on a/R.
Based on the results shown in Figures 3
and 4, while the confining pressure has a
significant effect on K|, the mode |1 stress
intensity factor K, isindependent of Py,

As mentioned earlier, rock structures
and rock masses are usually subjected to
multiaxial states of stress. In redl
conditions, cracked rock  masses
experience a confining pressure that is
applied from all directions to the rock.
Hence the influence of confining pressure
on fracture toughness and crack growth
must be taken into account. The numerical
results obtained in this research showed
that the confining pressure has significant
influences on the fracture behaviour of
cracked rock masses located at great
depths. However, in most of the rock
fracture studies the ambient conditions
(Pm = 0) are considered. As shown in
Figure 3, the mode | stress intensity factor
for al crack orientation angles or mode
mixities depends strongly on the
magnitude of Pn. In genera, there is a
significant reduction in K; when Py
increases. This is because the compressive
confining pressure applied to the cracked
specimen tends to close the crack and
compress the crack faces to each other.
Consequently for such high confining
pressures, K; will decrease. This implies
that for fracturing the cracked body under
confining pressure, a larger fracture load
F is required. The theoretica finding
obtained in this research is in agreement
with the reported experimental studies.
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Figure 3. Variations of mode | stress
intensity factor K, with crack angle a for
various crack length ratios and confining
pressures P, in BD specimen.
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Based on the experimenta data

@ @R =02) available in the literature for fracture
1o toughness in several types of rocks under
oe | various confining pressures [3,5,8,9], the

fracture resistance of the tested rocks

_ os ] increases by increasing the confining

E pressure. Meanwhile, the finite element

z results showed that the application of

< I confining pressure has no effect on mode
Il or shear deformation of Brazilian disc
00 D specimen. Since the applied confining
pressure acts like a hydrostatic stress, it
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Figure 4. Variations of mode Il stress intensity factor K;; with crack angle a for various
crack length ratios and confining pressures Py, in BD specimen, (a) a/R=0.2, (b) 0.4, (c)
0.6 and Pmin the range 0-20 MPa.
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Figure 5. Variations of effective mixed
mode stress intensity factor (Keg) with
crack angle (a) for various crack lengths
and confining pressures P, in BD
specimen.

5. CONCLUSION

The main conclusions of this study are
asfollows:

1- The effects of confining pressure
which usually exists at in-situ stress
conditions must be taken into account
on fracturing process of cracked rock
Masses.

2- Based on the finite element results
obtained for the centraly cracked
Brazilian disc specimen subjected to
different confining pressures (Pnm),
there is a significant reduction in the
mode | stress intensity factor when Pp,
increases. However, application of
confining pressure has no influence on
the mode Il stress intensity factor.

3- The effective mixed mode stress
intensity factor (Ker) strongly depends
on confining pressure for all
combinations of mode | and mode II.
Generally Ky increases for deeper
cracks.
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