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Historical note! This model is the first ever demonstration of UDEC-BB, thanks to the work of Mark Christianson (Itasca), who was working with us at NGI for 6 months during 1985, inserting/coding the Barton-Bandis BB model in UDEC. Despite Ko = 1, shearing! Stavros Bandis was also assisting the NGI Ekofisk team at this time.
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The process of fluid pressure draw-down in a reservoir results
in an all-round increase in effective rock stress. The reduced
"bearing-capacity" of the fluid allows gravity induced con-
solidation in a vertical sense. Lateral strain on the scale of
the reservoir is obviously prevented, but locally within the
reservoir lateral strains can be absorbed without violating the
natural one-dimensional constraints.

Since the normal effective stress across all the joints is
increased by fluid pressure reduction, a degree of joint clo-
sure must be expected. 1In a Type A reservoir this could result
in both vertical and lateral contraction, in response to the
vertical and horizontal stresses. In a Type C reservoir (i.e.
Ekofisk) the lateral contraction caused by normal closure of
the steeply dipping joints, would potentially allow limited
amounts of shear without violating the one-dimensional
constraint of the reservoir as a whole.

The tendency for lateral contraction in both Type A and C
reservoirs will have the effect of reducing the horizontal rock
stress components. This will have a general effect of reducing
the vertical stiffness of the rockmasses, and potentially
enhance reservoir consolidation and surface settlement
potential.

When reservoir productivity is maintained despite unexpectedly
large reservoir consolidation and settlement phenomena, the
reason might be found in pore collapse. However, if fines are
not produced, and the reservoir rock is hard enough to resist
pore collapse, other mechanisms must be evoked. One possible
mechanism is the Type C coupling of joint closure and shear.
Small amounts of shear have been shown to cause considerable
increases in joint conductivity both in constitutive models and
in laboratory measurements of natural joints (Barton et al.")
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DEFORMATION-FLOW COUPLING IN JOINTS

Many details of joint behaviour have become better understood
following major laboratory and in situ testing programmes in a
number of countries. A relatively complete constitutive model
is now available, which includes stress-closure-conductivity
modelling, and shear-dilation-conductivity modelling. Beha-
viour is known to be influenced by block size, joint roughness
and by the ratio of rock strength to effective normal stress.
The parameters required for complete joint characterization can
be defined as. follows

1. JRC = joint roughness coefficient

(JRCo - laboratory scale, JRCp - field scale)
2. JCs = joint wall compression strength
(JCSo - laboratory scale, JCSp - field scale)

3. L = block size

(Lo - laboratory scale, Lp - field scale)
4. e = theoretical conducting aperture
5. E = mechanical aperture
6. ¢r = residual friction angle (= ¢p if no weathering)

A combination of Schmidt rebound tests on the matrix and on the
joint walls, and simple tilt tests such as shown in Figure 4,
provide values for three of the above parameters. Logging of
oriented core provides estimates of matrix block size, and the
theoretical conducting aperture can be back-calculated from
flow tests. Full details of the measurement of these index
parameters are given by Barton et al.’.
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Figure 4. Simple index tests for determining the joint rough-
ness JRC and basic friction angle ¢p.
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Normal Closure Behaviour

The stress-closure behaviour of individual joints illustrated
in Figure 1 has been mathematically modelled using a hyperbolic
function (Bandis et al.'

By ™
on

where  4vj = joint closure
on = effective normal stress
a/b = abscissae

The maximum joint closure Vg is equal to a/b, and the initial
normal stiffness Kni is equal to 1/a.

Estinates of Vp and Kni for successive loading and unloading
cycles are given by Bandis et al.' and are based on the index
parameters JRC (joint roughness coefficient), JCS (joint wall
compression strength) and Eo (initial joint aperture under zero
stress.

A numerical model and plotting routine described by Barton and
Bakhtar® allow stress-closure behaviour to be predicted over
four cycles of loading, given appropriate imput data (JRC, JCS,
Eo) and the desired range of effective normal stress.

The upper diagram in Figure 5 illustrates a predicted set of
stress-closure curves, with input data measured from jointed
core, as depicted in Pigure 4. Values of conducting aperture
(e) and mechanical aperture (E) ave labelled at the three
stress levels shown. In the lower diagram in Figure 5, the

stress-closure behaviour has been extended to stress-
conductivity coupling, using equations 2 and 3.




image11.png
-

0

2

NORMAL STRESS MPa

LOG - CONDUCTIVITY cm2

Figure 5.

° ¢ 8 8 8 § % R 8 R 8

| [Jcs, =82.5MPa
| [ure, =9.0

€= 064
g e

Fe E=101.2m
oz azaim
F> E=1114um
oz 81ium

CLOSURE (microns)

L JCS, =82.5MPa_JRC, =9.0

Injeksjon

Injection $———p Produksjon ©
B Production
L L} L L3 L 4
° U 2 [} 8 ® 8 ®
NORMAL STRESS MPa
Coupled stre conductivity model, which

predicts par
For jointed reservo:

ttlement and depletion effect




image12.png
e =/ ewrey?'? 2)

The units of E and e and microns (um)

Equation 2 is an empirical relation which accounts for the
frictional flow losses and areas of contact in the joint plane.
The conductivity (k) is obtained from the well known equation
for laminar flow between smooth parallel plate:

k= e?/12 (3)

In the example given in Figure 5 a hypothetical reservoir
pressure draw-down of 15 MPa (2175 psi) has been considered.

Initial conditions might be as follows:

Total rock stress 30 MPa (4350 psi)
Reservoir pressure 25 Pa (3625 psi)

The effective normal stress is therefore increased from 5 MPa
(725 psi) to 20 NPa (2900 psi) during the 15 MPa (2175 psi)
pressure depletion. The numerical model shown in Figure 5 pre-
dicts a closure of 21.3 um (7.79x10™4 ins) and a 50% reduction
in conductivity (3.2 x 1076 em? to 1.5 x 1076 en? or 320 to 150
Darcies) as a result of this depletion process.

The cumulative closures on numerous joints in a Type A reser-
voir (Figure 3) would add to the total settlement experienced
above a large jointed reservoir. Settlements of North Sea
reservoirs are currently causing concern due to small margins
of "daylight" above the maximum wave heights. Wave heights
larger than originally expected in combination with the settle-
ments cause increased moments on production platforms. It is
proving important to predict settlement magnitudes with greater
accuracy than may be required above land-based reservoirs.
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Shear Behaviour

Joint deformation in a Type C reservoir (Figure 3) requires
that the above closure is coupled with shear effects. We
require a model for shear behaviour that also includes dilation
effects. The shear stress, shear displacement curves
illustrated in Figure 2 indicate that block size has an impor-
tant effect on shear strength and shear stiffness, particularly
in the initial phases of shearing. The radical change in the
shape and slope of the curves as block size changes cannot be
readily modelled by a mathematical function, as was the case
for normal closure (equation 1 and Figure 5).

The empirical approach that has been developed is illustrated
in Figure 6. The shear strength mobilized (4'mob) at any given
displacement (§) can be expressed by the following general
equation:

#'(mob) = IRCn(mob) 10§ (ICSn/a'n) + br )
where  JRCn(mob) = mobilized joint roughness (full scale)
on’ = effective normal stre

The following key aspects of behaviour are modelled in the
order in which they occur during a shearing event:

1) Friction is mobilized when shearing begins.
2) Dilation begins when roughness is mobilized.
3) Peak shear strength is reached at

IRCn(mob) /IRC(peak) = 1.0, &/(peak) = 1.0.
4) Dilation declines as roughness reduces.
5) Residual strength is finally reached.

Dilation modelling is based on an empirical equation that is
closely related to equation 4:




image14.png
T
examps | | e

[E—
g
) A e
P 5
[ Chrpine)—>
L I
3 .y
] " iR e acs,
2 :
; ExAMPLE
H 4 50 inre
B JRC = 15, 0, = 10.0 MPa,
1851 et
204 (% .
) T o

Dimensionless model for shear stress-displacement

Figure 6.
modelling. 1In this example ¢r/i = 2.
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In both the above equations the value of JRCp(mob) refers to
the full-scale roughness, which is of smaller magnitude than
the roughness measured on smaller samples. For example, when
referring to the tilt tests shown in Figure 4, the test on the
natural block would be considered to give full-scale values,
while the tilt tests on the jointed core would give artifi-
clally high values, unless the length of core stick
corresponded to the block size. Methods of scaling the values
of JRC and JCS obtained from small scale tests are described by
Barton et al.’.

The final step in the shear-dilation-conductivity model is the
coupling of conductivity with dilation. A certain initial
aperture E is increased by the process of dilation as follow

4E = 48 - tan dn (mob) (6)

where  4E = increment of aperture
46 = increment of shear displacement

Values of (E + 48), which are mechanical apertures, are con-
verted to theoretical smooth-wall conducting apertures (e)
using equation 2. The resulting conductivities are obtained
from equation 3.

Figure 7 illustrates shear-dilation-conductivity coupling for
the same joint that was used in the normal closure prediction
(Figure 5). Hypothetical block sizes of 100 mm and 250 mm are
considered, and shearing under three levels of effective normal
stress are shown. The initial conductivities (points A, B and
) were obtained from the final closure cycle shown in Figure 5.

Coupled flow-displacement shear tests, currently being con-
ducted at NGI by Makurat’ indicate comparable behaviour to the
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Figure 7. Modellin of joint conductivity with shear
displacement, after Barton et al.
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above. Tests on a natural joint in gneiss of 150 mm (5.9 ins)
length have demonstrated at least two orders of magnitude
increase in conductivity in the first 1 am (0.4 ins) of shear.
Effective normal stress levels were difficult to hold constant
during shear, but were generally in the range 1 to 3 MPa (145
psi to 435 psi).

A close look at the performance predicted in Figure 7 suggests
that the normal closure caused by reduced reservoir pressure
could be readily compensated by shear induced dilation. A Type
C reservoir could probably consolidate considerably, without
significant reductions in productivity.

HYDRAULIC FRACTURING IN JOINTED RESERVOIRS

Enormous sums of money are spent each year in attempting to
hydraulically fracture tight reservoir formations, to increase
conductivity towards the well
and there have been notable failures. Risks are minimised
though not removed, by conducting minifrac stress measurements
to determine contrasts in minimum stress as illustrated in
Figure 8. If bottom hole treatment pressures are limitea to
the minimum total stress measured in the barrier rock, there is

The success rate is moderate,

a reasonable chance that a massive hydraulic fracture (MHF)
will be contained more or less within the pay zone

The theory of minifrac stress measurement and MHF treatments is
based on the assumption that the fracture will leave the well

in the two positions round the circumference where the original
compressive stre: are minimum. In intact rock, the
tions will be the first where extensional strains are
registered during pressurization. Once developed, the frac-
ture

1oc:

will continue to propagate parallel with the major prin-
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Figure 8. Contrasts in minimum principal stress typically seen
in deep oil and gas reservoirs, after Barton
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ciple stress and perpendicular to the minor principle stress.
In cased wells, the fracture will propagate from a perforation,
and bend into the theoretical plane with continued pumping if

it initiates in the wrong location, as is likely.

When stress measurements or MHF treatments are performed in
fractured (jointed) petroleun reservoirs, such as sandstone,
chert or chalk, the interpretation of the stress
measurements and the success of the MHP treatment is less cer-
tain. Several variations of behaviour can be considered. If
the dominant sub-vertical jointing parallels the principal
horizontal stress, hydraulic fracturing will tend to jack open
the existing joints or at least run parallel with them, a
illustrated in Figure 9A.

1imeston

1, on the other hand the major jointing is inclined to the
principal stress, quite different behaviour may occur. Let us
first consider that the joints are extremely tight and high bot-
ton hole pr:
98 may then occur, at least in the immediate vicinity of the
well. However, if the major jointing is more permeable and
punping capacity is limited, it is likely that the obliguely
oriented joints will be activated in preference to fresh frac-
turing. In this case hydraulic jacking will be replaced by
hydraulic shearing if horizontal stress contrasts exist. The
scenarios depicted in Figure 9C (or combined mode 90) will
result in shear displacements, dilation and possibly massive
increases in conductivity parallel with the major joints. This
may be in an unexpected, unwanted direction.

ures are used. The scenario depicted in Figure

It is not easy to obtain all the required paameters from
stress measurements in cased holes. Data such as that
illustrated in Pigure 8 indicate the potential magnitude of
shear components, but the risk of unexpected shearing mecha:
nisms also depends on the relative direction of the principal
stress relative to the major joint orientations. The latter
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can be me
stress measurement in uncased portions of the drill-holes, so
that the fracture initiation directions can be directly
recorded with an impression packer.

ured in oriented core, but the former requires

Current hydrothermal projects run by Los Alamos National
Laboratory in the USA (Murphy et al.” and by Camborne School of
Mines in Cornwall (Pine and Bachelor,’) have apparently encoun-
tered hydraulic shearing mechanisms in their attempts to deve-
lop hydraulic ractures between wells. Modelling these events,
and in particular their prediction during planning can repre-
sent significant savings, judging by the difficulties
Gescribed.

DISTINCT ELEMENT MODELLING

Several aspects of jointed reservoir performance suggest them-
selves for detailed numerical modelling. Such models must be
capable of combining fluid flow with deformable rather than
rigid joint networks, and the deformability should obviously
include the deformation of matrix blocks, displacements between
blocks and block rotations

A numerical model that presently has these capabilities in two
4inensions has been developed by Cundall'®. It is termed UDEC
(universal distinct element code). Sub-routines describing the
details of normal and shear behaviour of joints and fluid
coupling (Figure 5 and 7) have been added by NGI, so that fully
coupled behaviour can be modelled, using readily obtainable
input data.

evoir

This model is currently being used for detailed r
ttlement studies, in combination with other numerical tech-
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nigues. It is also being used in tunnel and borehole stability
studies, an example of which is shown in Figure 10. Hole s
bility has been investigated under both isotropic and anisotro=
pic stress. The nce of jointing causes shear
aisplacements in even when jointing is parallel and
perpendicular to principal stress directions.

Modelling of the detailed effects that may occur during water
injection and hydraulic fracturing are also possible, but are
more demanding in terms of computer time

CONCLUS10NS

1. Joint deformation proce
reservoir productivity, and can also have a major influence
on reservoir consolidation during depletion. Combined clo-
sure and shearing modes in reservoirs with steeply dipping
joints may explain the phenomenon of constant productivity
with simultaneous consolidation.

s have important consequences for

Hydraulic shearing phenomena may be induced when water
injecting or hydraulically fracturing a jointed reservoir.
Anisotropic stress and non-alignment of joint orientations
with principle stress directions are prerequisites,

3. A distinct element code which models joint deformability,
block motion and conductivity effects, represents an impor-
tant tool for detailed studies of jointed reservoir perfor-
mance. Modelling of reservolr consolidation, surface
settlement, productivity changes, hole stability and injec
tion effects are each potetial aveas of investigation.
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INTRODUCTION

The deformation of a jointed reservoir in response to reduced
fluid pressure and increased effective rock stresses is
comprised of several possible components. These can be listed
as follows:

elastic and non-elastic deformation of matrix
localized pore collapse of matrix

normal closure of joints

potential shear and dilation of joints

Few of these components are completely reversed under water or
gas injection, and any shear component may actually be stimu-
lated by a new build-up of fluid pressure.

Figures 1 and 2 illustrate the typical shapes of the normal
closure and shear displacement components that are obtained
from laboratory tests of singly jointed blocks of rock. The
net joint closure curve in Figure 1 (aVj = aVg = aVy) shows
strong hysteresis on its first load-unload cycle due to sample
aisturbance. This is reduced on subsequent cycles. Dif-
ferently shaped curves are obtained for smooth and rough
joints, and for weak and strong rock types.

The shear stress-displacement curves obtained for different
sizes of jointed block (Figure 2) emphasise the importance of
scale especially if joints are non-planar. A stress-
displacement shape such as curve 3 might to obtained for
medium-sized matrix blocks from a jointed limestone reservoir
such as Ekofisk. Note the convex-shaped shear component and
the concave-shaped normal component.
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Figure 1. Normal stress-deformation behaviour of rock joints,
after Bandis et all
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Figure 2. Shear stress-displacement behaviour of rock joints,
after Bandis et all
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MASS DEFORMATION COMPONENTS

A review of load-deformation tests on jointed rockmasses
suggests that the shape of load-deformation curves is strongly
influenced by the dominant joint deformation component. Figure
3 shows three type curves which are influenced by the relative
dominance of the normal (N) and shear (S) components of indivi-
aual joints.

Combinations of Type A and Type C behaviour might be found in a
tectonically deformed well-bedded sandstone. Type C behaviour
nay be more typical of a reservoir like Ekofisk, where steeply
aipping joints are dominant. The presence of stylolites can be
expected to have minimal influence compared to joints, due to
their inherent stiffness.

It is apparent that vertical deformation of Type A and B rock-—
nasses will be accompanied by different degrees of lateral
expansion. 1In Type A, this may be little more than the Poisson
ratio effect for the intact rock, unless lateral constraint is
completely absent. In Type C however, shear and shear-induced
dilation (on non-planar joints) can eventually be expected to
produce lateral expansions far greater than any Poisson ratio
effect, unless laterally constrained.

DEFORMATION - PRODUCTION COUPLING

One must obviously be cautious in applying "surface" rock
mechanics experiences to jointed reservoirs. The absence of
£luid coupling in the in situ test types illustrated in Figure
3 results in a simplified impression of behaviour.
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Figure 3. Contrasting load-deformation behaviour for rock-
masses with different degrees of internal shear and

normal deformation, after Barton’.




