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DESCRIPTION OF NATURALLY FRACTURED RESERVOIRS

FOR SIMULATION STUDIES

J.C. Sabathier*
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ABSTRACT

In this paper we only consider fractured reservoirs
where fractures are inter-connected in a continuous
network (at least in some part of the field) and where
mobile hydrocarbons are initially in place in the matrix.

The description of naturally fractured reservoirs for
simulation studies aims to define the parameters which
have to be input in the simulator. Thus this paper first
presents the different types of reservoir schematisations
and the types of simulators which are presently avail-
able and discusses how to choose the most appropriate
one according to the reservoir characteristics. Charac-
terization of the fracture and matrix media ( porosity,
permeability, relative permeabilities, capillary pres-
sures) are furtherly considered. The definition of the
geometry of the matrix blocks is analyzed with a brief
review of the presently available rools. The importance
of an even partial vertical continuity is emphasized.
Possible influence of the gas-oil interfacial tension,
diffusion, and thermal convection is also presented.
Some considerations are also given on the use of
reservoir simulators in connection with reservoir des-
cription,

*FRANLAB, France.

RESERVOIR SCHEMATISATION

The presence of fractures has been observed in many
hydrocarbon reservoirs of different lithologies. Frac-
tures crossing the wellbore improve the well product-
ivity which may be out of range with the potential
corresponding to a matrix reservoir. However frac-
tures may also result in a specific reservoir behaviour
needing a specific modelling. We shall consider only
this case which happens when fractures are intercon-
nected, creating a continuous network, or when they
are parallel and extended, and if the matrix contains
mobile hydrocarbons. In such cases, most of the
initially in place hydrocarbon volume is in the matrix
rock while fractures provide the main path for fluid
flows in the reservoir. The first objective in character-
izing a reservoir where fractures have been identified
is to know (from geology and well tests) if it has to
be considered as a fractured reservoir as defined
above.

Natural fractures happen in brittle rocks under the
action of stresses connected to:

— the tectonic history of the formation (folding, fault-
ing...),

— erosion resulting on unloading and expansion of
the upper sediments,
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— compaction of shales (loss of water, mineral
changes...).

Tectonic fractures are generally organized in sys-
tems, i.e. in sets ol parallel fractures whose intersec-
tions delimit parallelepiped matrix blocks. Examples
of conjugated patterns have been reported by Stearns
and Friedman [1]. However, due to other sources of
fracturing, reservoir heterogeneities and further dia-
genetic phenomena, the actual network of open frac-
turs in a reservoir may be very irregular without
defining a recognizable block structure (Fig. 1).

]

FIG. 1.

In the numerical models a very smplified assump-
tion has to be made. Fractures are assumed to be
distributed among rectangular systems respectively
parallel to the coordinates planes (X-Y, Y-Z, Z-X).
Thus the matrix (Fig. 2) may be distributed in:

— rectangular parallelepipeds (sugar cube model),
— horizontal layers (plate model),
- vertical columns (pillar model).

The column type models (ref. 2, p. 704-749) favor
the vertical description of the reservoir and assume
that fluid flows are mainly in the vertical direction.
The field is represented by a few sectors (which may
communicate). In each sector the [ractures define a
series of identical piles of blocks. There is a complete
vertical fluid segregation in the [ractures and no
horizontal flow in the fractures of a given sector. The
model computes for one (or a few) column(s) of each
sector the fluid flows within each matrix block and
between each block and the surrounding fractures
(Fig. 3-4). Each block is fully characterized and

o

Fractured formations (outcrops).

subgridded while fractures, in the model, are used to
impose boundary conditions for matrix flow com-
putations. Reimbibition of the oil flowing out of a
block in the next lower block may be included in the
computations.

Dual porosity models (Fig. 5) view the reservoir as
made of two continuous media. Space is discretized in
cells, for numerical purposes, which are reservoir
space elements. All the fractures of the
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Fractured reservoir schematization.

SUGAR CUBES
FIG. 2.

TYPE OF SIMULATOR

There are basically two types of simulators to model
fractured reservoirs. They correspond to different types
of reservoirs and consequently it is necessary to identi-
fy first the reservoir type to be able to select the most
suitable simulator (or to know the limitations of the
only available one). The two types of simulators are:

— the “column type” models,
— the “dual porosity” models.

COLUMNS

cell are represented by a “fracture node” and all the
matrix medium is represented by a “matrix node”.
The two nodes are generally both located at the
center of the cell. Fluids are flowing between fracture
nodes according to the characteristics of the fracture
system. Fluid flows are also computed between the
fracture and matrix nodes of the same cell (dual
permeability models also allow fluid flows between
matrix nodes). Such models are well suited to describe
3-D flows in the fracture system but have to simplify
the matrix-fracture flow computations. The matrix
node represents several matrix blocks (supposed to be
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FIG. 3. Representation of a reservoir with a column type
model.

identical) areally and vertically distributed within the
cell and the model can only compute the behaviour of
an “average” block. These computations are indeed
critical and valuable results may be expected only if
the model is able to directly account for the different
driving forces (viscous, capillary and gravity forces),
gravity and capillary being mandatory [3]. Generally
the block is not subgridded (this is theoretically
possible when the cell height is equal to the block
height) thus pseudo-steady state conditions are as-
sumed to prevail for matrix-fracture flow computa-
tions. Reimbibition between blocks in a cell, which is
a very important phenomenomn, cannot be directly
computed and is even not at all accounted for in
several models which consequently must be carefully
used.

The column type models are consequently prefer-
able when large sectors of the field behave uniformly,
which is generally the case when the fractures are
sufficient to provide a high overall permeability. In
such reservoirs this type of model is specially recom-
mendable when the pscudo-steady state hypothesis
for matrix-fracture flow is no more acceptable be-
cause of the block size and many result in significant
errors.

The dual porosity models are preferable when
gradients develop over the field so that the hypothesis
of homogeneous sectors with horizontal gas-oil and
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FIG. 4. Matrix element in a column type model.

oil-water interfaces is no more valid. This is generally
the case when fractures are small and/or irregularly
distributed.

It must also be observed that if the matrix block has
a sufficient permeability it is rapidly (within a time step)
in equilibrium with the surrounding fractures so that
the reservoir may be viewed as one composite system
which can be simulated with a conventional single
porosity model. Indeed petrophysical properties input
in this model will have to account for the fractured
character of the reservoir (pseudos) which means that
the reservoir description must be the same as when
using a dual porosity model.
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FIG. 5. Dual porosity model.

CHARACTERIZATION OF THE
FRACTURE SYSTEM

In a dual porosity model the fracture system is
characterized by the same parameters as the porous
medium in a single porosity model. In the column
type model only the porosity versus depth is needed.

The degree of fracturation may widely vary all over
the field with even possibly unfractured areas. When
the well pattern is large, which is common in frac-
tured fields, these variations of fracturation may be
difficult to map. Programmes have been written to
help determine the intensity of fracturing resulting
from the tectonic history of the reservoir. The suc-
cessive shapes of the reservoir are determined and the
resulting stresses are computed by the model from the
mechanical properties of the rock [4]. The model
maps a “relative chance of fracturation” index corres-
ponding to the maximum stresses computed in sim-
plified hypothesis (Fig. 6).

F~1 POssIBILITY OF TENSILE FRACTURES
COMPRESSIVE FRACTURE ( Ralativa index )
FIG. 6. Chance of fracturing index.

Permeability

This parameter is normally computed from the
well productivity and the production test analysis.
When interpreting production tests, attention has
to be paid to the flow pattern in the reservoir (radial
or vertical) mainly if there is a gas-cap (Fig. 7). If
the [ractures are organized in systems of parallel
fractures of possibly different permeability (different
fracture thickness and/or density) as evidenced by
well interferences, the grid will be accordingly
oriented to be able to model the [racture network
anisotropy.
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FIG. 7. Fluid flow through fractures around a well.

Another possibly important problem is the

variation of the [racture permeability with the re-
servoir pressure. In [975 Jones published results
of laboratory experiments [5] showing a strong
permeability decrease with pressure. However in
actual fields this decline is generally much lower,
if any. Only a periodic survey of the well pro-
ductivity indices may allow to estimate the reduc-
tion of permeability with pressure in the f[racture
system.
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Vertical permeability may be difficult to evaluate
when vertical fractures have a limited extension. In
carbonate reservoirs, stylolites may sometimes inter-
rupt fracture interconnections and consequently limit
the vertical connections. In some cases they are also
related to some type of fracturing. Thus in carbonate
reservoirs stylolites are an important feature and
should be carefully described.

Porosity

The fracture porosity is low, generally less than
0.3%, and cannot be directly measured by any
present logging tool. Applying Poiseuille’s law for
laminar monophasic flows between plates gives a
relationship between the fracture thickness and its
permeability. Thus knowing the f[racture density
and supposing they are identical, it is theoretically
possible to compute the porosity of the fracture
system from its equivalent permeability (porosity
is proportional to the cubic root of the per-
meabiliy). Practically, even in the most favorable
cases (large and extended fractures), very erroneous
figures may be derived from this computation due
to the fact that all the fractures do not contribute
to the flow towards the producing well (and thus
the geometry of the fracture network must be
known) and that a large part of the pressure drop

u u
MODEL

1-LARGE EXTERMAL FRACTURE
2 - INTERNAL ADJUSTABLE FRACTURES

(After D. Bezirav)

FIG. 8.

may be due to fracture joints, restrictions, fracture
tortuosity ...

Interpretation of well production tests with a
dual porosity flow model may provide, in the best
cases, the value of the w parameter which is practi-
cally the ratio of the fracture to matrix expansibilities.
As the porosity and compressibility of the marix may
be independently estimated, the expansibility of the

DREAKTHRQUGH RECOVERY, % MAX. RECOVERY
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[racture medium may be computed, Thus the fracture
porosity could be computed if the compressibility
was known. Unfortunately this parameter may vary
between 10 and 100 fold the values commonly used
for a porous medium.

Fracture porosity is in fact a parameter which,
generally, can only be adjusted by matching the
measured depths of the gas-oil and water-oil levels in
the observation wells i.e. in connection with the other
parameters.

Compressibility, as already mentioned, may vary
over a very large range. Formulae based on experi-
ments with constraints perpendicular to the fracture
planes give a maximum value [5].

Relative Permeabilities

Within one single fracture the relative permeability
concept is not valid as one fluid is flowing either
discontinuously (droplets, bubbles) or under film flow
conditions. In a fracture network, experiments have
shown that each fluid flows separately through a
definite set of fractures. Relative permeabilities can be
defined only at the scale of the network and are
generally considered as equal to the phase satura-
tions. However the performances of a fractured me-
dium worsen when fractures have different thick-
nesses (Fig. 8).
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Effect of fracture heterogeneity.

Capillary Pressures

The thickness of the wetting phase film which is
adsorbed along the walls of the fracture is only a
[raction of micron, thus, in most cases, the residual
saturations and the capillary pressures may be ignored.

Some models are however using both gas-oil
and oil-water capillary curves in the fracture medium
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for numerical reasons. Pseudo curves may also be
input for capillary pressures and relative perme-
abilities.

CHARACTERIZATION OF THE MATRIX
MEDIUM

Rock Properties

The usual rock characteristics (porosity, permeabil-
ity, capillary and relative permeability curves ... ) have
to be input in the model and are measured with the
same techniques as in porous single porosity reser-
voirs. However as well production tests cannot be
used to compute the matrix permeability, this par-
ameter has to be measured on cores and/or estimated
by using log transforms.

If an initial gas-cap exists or if a secondary gas-cap
is anticipated, it is mandatory to accurately measure
the gas-oil capillary pressure curve. This parameter
is generally neglected in single porosity reservoirs
but, in fractured reservoirs producing by gas-cap
expansion (with or without gas injection) and having

model. A geological picture must be first obtained
and furtherly simplified to meet the simulator input
requirements.

Block description is obtained either from the
observation of outcrops of the same formation
(Fig. 1) or/and from the determination of the loca-
tion, orientation and dip of the f{ractures crossing
the wells.

The fracture network observed on outcrops is
indeed not necessarily identical to the one prevailing
in the reservoir even in the same geological formation
and mainly if there is evidence of an irregular fractur-
ing. However outcrop observations may help to re-
late the fracture characteristics to the lithology and
the structural location.

Aerial photography allows to define regional [rac-
ture trends (Fig. 10) which may be considered as no
depth dependent in tectonically undisturbed areas.

Core description, when recovery is good, provides
the fracture density, their length, dip, strike (oriented
cores), filling materials. ... Fracture induced by drill-
ing may be recognized and discarded. Thickness of
the fractures in reservoir conditions cannot be ob-
tained from cores.

hg
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FIG. 9. Gravity drainage. Block height influence.

relatively small blocks, the final recovery is directly
dependent on its value (Fig. 9).

Relative permeabilities and capillary pressure
curves have to be measured in drainage and im-
bibition conditions if the movements of the gas-oil
and water-oil contacts in the fractures may reverse
in some parts of the field. Wettability is an im-
portant problem each time fractures are invaded by
water.

Matrix Block Size

Defining the geometry of the marix blocks is a key
problem to solve when building a fractured reservoir
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FIG. 10. Regional joint trend.
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Mud losses are also an indication of large fractur-
ing, recorded on surface. However it does not allow
to determine the number and location of the frac-
tures.

Seismic profiles may also sometimes indicate frac-
tured zones. In such cases it may help to determine
the extension of the fractured areas but cannot indeed
give information on the block size.

Several types of measurements in the well may be
used (generally in conjunction) to locate the fractures
more or less precisely:

— In some specific cases camera pictures may give
very valuable information (Figs. 11-12) but the
constraints of photography make it rarely possible.

— Production logging (flowmeters, temperature logs)
may indicate the location of open [ractures if the
hole conditions are good.

— Many efforts have been done to use electric logs
{mainly the sonic log) for detecting fractures. Most
of them are reported in [2], [6], [7]. In some
specific conditions good results are obtained by
interpreting log “anomalies” as fractures. However
there is no general validated method and such

( Alter Fons)

FIG. 11. Photograph of fracture obtained with a
borehole camera.

( After rel. 6, p.25)
FIG. 12. TV pictures in Emeraude field wells.

interpretations have to be checked and calibrated
on a regional basis. Schlumberger uses a pro-
gramme (DETFRA) which computes a probability
index of fracturing from individual indices defined
with the available logs.

— Two tools give “false pictures” of the wellbore with

visualisation of the fractures:

e the Borehole Televiewer (BHTV) which is an
ultrasonic scanner providing a sonar type pic-
ture (Fig. 13),

e the “Formation Micro Scanner”™ (Schlumber-
ger) which combines the reading of dense arrays
of electrical sensors set on the pads of a four
arm caliper (Fig. 14).

Pictures given by these two tools are generally

very clear and allow to make the same measure-

ments as on cores. However they must be closely
analysed to detect “[alse fractures” corresponding
to pictures generated by other heterogeneities.

22307 T} Fraclure

( After KaiHsu et al)
JPT, June 1987

FIG. 13. BHTYV log.

— Production test analysis are sometimes used to
define an “average” block height. In favorable
cases the dual porosity flow model allows to
compute the wvalue of the parameter
A=o-(km"2)-(rw"2)/kf where o is a geometric
factor equal to 12/(hm"2) in the plate model
(hm =thickness of the matrix bed). o (dimension
1/L"2) is dependent upon the block shape. On the
other hand as only monophasic flows are analysed
by this method it should be at best possible to
approach an “equivalent” length (volume/surface
ratio) of the block, which is not enough to charac-
terize the matrix medium.

When all the information about well fracturing
are obtained, they are processed in order to get a
space description of the {racture system and a defini-
tion of the matrix blocks as consistent as possible
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FIG. 14. FMS log.

with all the available data. When a complete in-
formation is availabe a statistical processing may
be necessary to define the characteristics accord-
ing to depth, lithology.... It must also be re-
minded that very few subvertical and practically no
vertical fractures have a chance to be observed in a
well.

The next step is to simplify the geological des-
cription according to the model input require-
ments. When fractures are large and extended they
often clearly define a pattern which may be easily
schematized by one of the accepted model pictures
(plates, columns or sugar lumps). When [ractures
are small and short they are also irregular and the
typical form of the blocks is no more obvious. A
very important parameter to evaluate is the partial
continuity which often exists in such reservoirs.
This continuity, mainly in the vertical direction,
is critical for the recovery by gravity drainage as
even a limited unfractured section between two
blocks may give (Fig. 15) practically the same per-
formances as a full vertical connection [8]. It is
the author’s opinion that very often such reser-
voirs are simulated with a sugar cube scheme using
too small blocks and that a column type model
should be more appropriate. It must be kept in
mind that each time fractures are invaded by gas,
gravity drainage is the main recovery factor and
the final recovery depends on the block height com-
pared to the extension of the capillary transition
Z0ne.
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OTHER PARAMETERS

Among the other parameters which have to be de-
fined in any simulation but which have a specific im-
portance for fractured reservoirs, we have mentioned
the gas-oil capillary curve. This one is not only de-
pendent on the matrix rock but also on the gas-oil inter-
facial tension. This one is pressure and gas composition
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dependent. The increase of the interfacial tension when
pressure decreases may be very significant and may
largely modify the final oil recovery. In such cases the
model must account for this variation. Similarly if an
external gas is injected the interfacial tension may vary
with gas composition and the model has to make the
corresponding computations.

Diffusion is a slow process and, consequently, may
often be neglected in conventional reservoirs as it is
efficient in only a small volume close to the fluid fronts.
In fractured reservoirs the distance from matrix rock to
the next fractures remains small and diffusion may be
an efficient displacement mechanism between the
fracture and marix media.

In highy fractured reservoirs, thermal convection is
acting in the fracture system, resulting in initially uni-
form oil properties all through the column. Il convec-
tion is fast enough, it maintains uniform oil properties
in the fractures during the reservoir depletion with a
bubble-point pressure close to the pressure at the gas-
oil contact. Gas is consequently diffusing from the
matrix to the fractures resulting in a reduction of the
matrix oil bubble-point. This phenomenon is evi-
denced by a production at declining GOR from the
bottom part of the oil column down to pressures much
lower than the initial bubble point (Fig. 16). Before
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FIG. 16. Example of convection-diffusion effects.

production, convection may be evidenced by a con-
stant temperature all through the reservoir.

RESERVOIR SIMULATION AND
RESERVOIR DESCRIPTION

Due to the large number of parameters involved in
a fractured reservoir model, it is unrealistic to expect

that matching the field past performances will allow
to fix the reservoir properties at their correct values.
The history match is only a way to check the consist-
ency of the reservoir characterization previously per-
formed by the reservoir engineer and to adjust some
parameters within a range of acceptable values and
according to the general reservoir picture. If such a
“limited” adjustment is not sufficient, the general des-
cription must be reviewed before any new simulation.

On the other hand, engineers sometimes hesitate to
embark in a fractured reservoir simulation because
data are not sufficient to describe the fracture system.
It is clear that large efforts have to be done to
improve this description and modern tools may be
very helpful. However, even in cases where the [rac-
ture system is poorly known (lack of data, very
complicated system), a numerical simulation may give
significant results if properly used.

A first use of the simulation is to test on a limited
model (cross sectiomn, sector) the relative importance of
some poorly known parameters (within their realistic
range of variation) in order to decide a cost effective
programme of data acquisition. The second use of the
model is as an engineer’s tool in a reservoir engineering
study. When requested by his management, the reser-
voir engineer must provide production profiles, devel-
opment/completion programmes. ... Answers must be
given even if very few or/and very poor data are
available. The model is a way to forecast the field
behaviour according to the best reservoir picture based
on the presently available data and engineer’s experi-
ence. The model has to be chosen to represent the
actual physical phenomena even if their magitude
remains uncertain. In other words very simplified data
should never give accurate detailed results but may
provide a satisfactory estimate of the whole reservoir
behaviour if the relative influence of the different drive
mechanisms is correctly evaluated and if these mechan-
isms are correctly simulated. If a field is considered as a
fractured field (as above defined) the different forces
(viscosity, capillarity, gravity) do not act as in a single
porosity reservoir and a specific model is better suited
to simulate it even with poor data. The model is also
able to give an estimate ol the uncertainties by
modifying the relative importance of these forces
(specific coefficients have been introduced in our
model, FRAGOR, to easily and independently modify
each force and thus to be able to run rapidly several
sensitivity cases).

CONCLUSIONS

The description of a fractured reservoir is indeed a
challenge. Important improvements of the logging
tools help to a better analysis and improvements of
the simulators and allow a better computation of the
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different fluid flows in such reservoirs. The main point
to clarify before starting to use a numerical model is to
know if the fractures which have been recognized to
exist are developed in a system such that the reservoir
may be viewed as a series of separated matrix elements.
If so, the engineer’s judgement remains the key factor
to correctly choose the suitable conceptual description
(cubes, columns, layers). This choice is basic as it may
strongly modify the way the different forces competi-
tively act in the reservoir.

REFERENCES

[i] Stearns, D.W. and Friedman, M.: “Reservoirs in Fractured
Rock,” 1972, A.A.P.G., Reprint Series N°21.

[2] Saidi, A.M.: “Reservoir Engineering of Fractured Reservoirs,”
1987, Total Edition Press.

[3] Quandalle, P. and Sabathier, J.C.: “Typical Features of a New
Multipurpose Reservoir Simulator,” paper SPE 16007 pres-
ented at the Ninth Symposium on Reservoir Simulation held
in San Antonio, TX, Feb. 1-4, 1987.

[4] Quiblier, J.A.: “Contribution a la prévision de la fissuration en
zone faiblement tectonisée,” Thesis presented at Univ. of Paris
{France), 1971.

[5] Jones F.O. Jr: “A Laboratory Study of the Effects of Con-
fining Pressure on Fracture Flow and Storage Capacity
in Carbonate Rocks,,” J. Pet. Tech. (Jan. 1975) 21-27.

[6] Reiss, L.H.: “Reservoir Engineering en Milieu Fissuré,” 1980,
Editions Technip, Paris.

[7] Van Gof-Racht T.D.: “Fundamentals of Fractured Reservoir
Engineering,” 1982, Elsevier Seientific Publishing Co.

[8] Festoy, S. and Van Gollf-Racht, T.D.: “Gas Gravity Drainage
in Fractured Reservoirs Through New Dual-Continuum Ap-
proach,” SPERE (Aug. 1989) 271-78,





