
The Sidi El Kilani (SLK) field produces
oil from a fractured carbonate reservoir
and has consistently outperformed ex-
pectations. It has proved difficult to
describe and model the fracture distribu-
tion or to predict or control water break-
through. This integrated study used geo-
physical, geologic, and engineering data
simultaneously to improve the reservoir
description. The successful fracture
characterization was mostly the result of
the extensive use of 3D-seismic data. 

General Information
The SLK field, approximately 190 km south
of Tunis, was discovered in May 1989. The
field produces from a fractured-carbonate
reservoir (Abiod formation) at a depth of
approximately 1600 m and is estimated to
contain recoverable oil reserves of approxi-
mately 7.8×106 stock-tank m3. At the be-
ginning of 2002, approximately 6.7×106

stock-tank m3 of oil had been produced and
the field was producing approximately
612 m3/d of oil from four wells. SLK crude
oil is 39°API gravity. Nine wells have been
drilled in the field (two with sidetracks),
resulting in six oil wells, two dry holes, and
one water-disposal well.

The Abiod formation carbonates are up to
550 m thick and contain predominantly
massive, micritic and chalky white lime-
stones with some dolomitized and bioclastic
zones. The cleanest limestones have matrix
porosity in excess of 20%. Matrix perme-
ability, however, is very low (<1 md)
because of narrow pore throats. With zero
or minor contribution from the matrix, flow
capacity requires fractures. 

Fractures are grouped in “damage” zones
related to systems of tensional or wrench
faults. While most fractures encountered in
wellbores are closed with calcite cement,
open fractures, where present, regularly con-
tain oil and provide excellent flow potential. 

3D-Seismic and Available Field Data
A 3D-seismic survey was recorded over the
field in 1993 in two parts. SLK-Main, which
forms the focus of this study, comprised
149 m2 of 25×25 m, 30-fold data with an 8
to 70 Hz vibroseis source. SLK-South was

acquired with coarser recording geometry
and was not included in this work. The data
were processed specifically to provide a vol-
ume of high-resolution, zero-phase, true rel-
ative-amplitude-reflection data to help dis-
criminate between fractured and nonfrac-
tured reservoir. 

In addition to the 3D-seismic data, a ver-
tical seismic profile was available at one
well. These seismic data were used to gen-
erate time and depth maps of the main hori-
zons. A variance (coherency) cube also was
derived from the seismic data and used to
extract and interpret fault polygons.

Porosity and permeability core measure-
ments were available at a few wells and were
used to model the effective porosity and per-
meability in the reservoir. A whole core also
was available at one well and was used to
find the relationship between fracture poros-
ity and permeability for the dynamic model. 

Raw electric logs and many interpreted
logs were used to derive geological models
of various reservoir properties including
effective porosity, water saturation, and vol-
ume of shale and limestone. Fracture poros-
ity was estimated from different logs.
Fracture modeling used fracture porosity as
an indicator of fractures. An integrated frac-
ture-modeling approach was used to create
3D models of fracture porosity. 

Integrated Fracture Modeling 
Integrated fracture modeling is a set of tools
and a workflow that enable building frac-
ture models that use all existing reservoir
information. It has been observed that frac-
ture intensity depends on many geologic
drivers, usually structural setting, proximity
to a fault, lithology, porosity, and thickness.
Because all these drivers and their complex
interaction must be accounted for during
the modeling process, the use of a regular
3D-grid model, similar to the one used in
geologic modeling or in seismic cubes,
along with a collection of artificial-intelli-
gence tools, has proved viable for integrated
fracture models. 

Stochastic Seismic Inversion 
Seismic inversion converts band-limited,
wiggle-trace seismic data into acoustic-prop-

erty traces. Then, these properties may be
related to other petrophysical properties of
greater interest to reservoir description and
management. Seismic data provide much
information in the interwell space, especial-
ly for interwell reservoir heterogeneities that
may control hydrocarbon distribution. 

A precise well/seismic tie must be estab-
lished for each well location, which
requires estimating the inherent waveform
and adjusting the depth/time relationship.
The seismic pilot trace used for wavelet
extraction is formed from a time-variant
dip stack of several traces in the well’s
vicinity. Precise depth/time functions per-
mit sample-by-sample correlations be-
tween the well logs and the seismic data.
These correlations are extremely important
if the inversion traces are to be used with
the well logs in subsequent reservoir-prop-
erty modeling. The end products of sto-
chastic inversion are the impedance, densi-
ty, and velocity cubes.

A variance (coherency) cube provided
information on abrupt changes from trace
to trace, which facilitates identification of
seismic faults. The variance cube, based
only on seismic data, has poor vertical res-
olution, while the stochastic inversion is
derived from well data, giving the inversion
a much greater vertical resolution. This
high-resolution seismic information could
be used with log data and geostatistics to
derive effective rock properties. 
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Rock-Property Modeling
The first step in the geological-modeling
phase was the facies modeling. In this case,
the major facies is the limestone, with
dolomite present only near the faults. The
facies model was derived by use of lithology
logs and the seismic cubes derived from sto-
chastic inversion.

Effective-porosity models were construct-
ed on the basis of the facies model. The
process was a sequential Gaussian simula-
tion with collocated cokriging. The collo-
cated soft data were the seismic-impedance
cube, and the log data used were the effec-
tive porosity of the matrix. Variograms and
porosity histograms also were used as input
in this process. The resulting 3D porosity
model showed that the highly productive
areas, which correspond to the highly frac-
tured zones, appear to have low matrix
porosity, which was expected. 

The permeability model was based main-
ly on the derived-porosity model as well as
the permeability logs (if available). In this
case, the core-data relationship between
porosity and permeability was used in place
of the permeability logs. 

The method used for generating the per-
meability model was the cloud transform,
which preserves the spatial relationship
between the core porosity and permeability.
The variograms used in this case were the
same as those used in the porosity model. 

An initial-water-saturation model was
constructed with the impedance model. It is
believed that the initial water saturation in
the fracture porosity was 0% and that the
fractures, if open, were initially 100% filled
with oil. The water-saturation model was
used as one of the drivers for the fracture
modeling. Given these geologic drivers
derived from the simultaneous use of the
high-resolution inversion cubes, log and
core data, and geostatistics, the integrated
fracture modeling could begin.

SLK Fracture Intensity
Fractures were described by use of both
image logs and conventional logs. Three indi-
cators were used to quantify fracture intensi-
ty: a secondary-porosity indicator (SPI) using
sonic and neutron/density logs (SPI-1), an
SPI using laterologs (SPI-2), and a 3D model
of fracture counts using image logs.

In the SLK field, there were three fracture
indicators, and the challenge was to find
which one was most representative. For each
fracture indicator, 3D integrated fracture
models were derived by use of artificial-intel-
ligence tools. For each fracture indicator, the
fracture porosity and permeability were esti-
mated and entered into a reservoir simulator. 

SLK Fracture Models
The models were 80×100 cells, each 100 m
square, with 20 layers, for a total of 160,000
gridblocks. The grid size was carried to the
simulation. All the input data used for the
modeling process were defined on this
80×100×20 grid. 

Before modeling fractures, the 19 drivers
were ranked using a fuzzy-logic algorithm
to understand the major geologic parame-
ters that controlled the fracture intensity.
Examination of different ranking results
was a first test for the adequacy of each frac-
ture indicator. 

Following the ranking step, the modeling
process was initiated. The methodology
used a subset of the data. The training
process allows the neural network to adjust
weight factors so that the fracture indicator
predicted by the neural network matches
the actual indicators. The modeling process
randomly picks 70% of the data for training.
The neural network was trained with a cor-
relation coefficient of 0.7 or higher on the
SPI-1 values. The model’s ability to predict
the SPI-1 fracture porosity was tested at the
remaining locations of SPI-1 data. The mod-
els considered valid were those that
achieved a large testing correlation coeffi-
cient and were able to reproduce the trends
over the SPI-1 value range. 

The same process was repeated with the
SPI-2 fracture indicator and the upper layer
of the average model derived from five real-
izations. For the third fracture indicator, the
same process was repeated using the frac-
ture count. An average continuous fracture
model of fracture count was used to con-
strain a discrete fracture network (DFN),
which was, in turn, used to derive a frac-
ture-porosity and -permeability model.
Unlike the two previous fracture-porosity
models, this DFN model required multiple
cumbersome steps and additional fracture
information, such as fracture apertures and
directions, which were not readily available. 

When computing the volumetrics of the
reservoir with the three fracture-porosity
models, the model derived from the DFN
constrained by the fracture-count continu-
ous model led to a very low oil-in-place esti-
mate—less than the amount of oil already
produced. Because the SPI-1 and SPI-2
models led to better volumetric estimates,
they were kept for further modeling, and
the fracture count derived from image logs
was deemed inadequate. 

Porosity and Permeability for the
Dynamic Models 
Because the SLK-field matrix does not con-
tribute to production, the field can be sim-

ulated as a single-porosity reservoir in
which the fractures provide both the poros-
ity and permeability. A dual-porosity model
was unable to mimic the reservoir produc-
tion and pressure history. 

Because SPI-1 and SPI-2 represent frac-
ture porosity, they were used as input in
the reservoir simulator. The initial water
saturation in the fractures was zero, and
the only remaining unknown was fracture
permeability. The only information avail-
able was a whole-core analysis correlated
with fracture porosity and permeability.
This relationship—fracture permeability is
equal to fracture porosity raised to the
power of 3.6—was used to derive a frac-
ture permeability from the derived frac-
ture-porosity models. The use of similar
relationships in a conventional reservoir
likely would lead to erroneous permeabili-
ty models, but in the SLK field, the frac-
tures act like “rough pipes” and seem to
exhibit a power-law relation between frac-
ture permeability and porosity. 

History Matching 
Pressure history in the north and south
blocks indicates that a major water influx
was compensating for the oil production.
Furthermore, after several years of pro-
duction, the pressure was increasing
because of an increase in this water influx.
After studying many scenarios, it was con-
cluded that water was coming from deep-
er formations through the fault cuts or
near the existing producing wells. The
water-cut problem is very complex and
involves many factors that are not limited
to the distance to the nearest fault. The
challenge for simulating this field was to
model the water influx through the fault
system correctly.

Originally, the locations of the conduct-
ing faults were selected on the basis of fault
throw in the underlying Aleg formation.
All faults with a throw greater than 30 m
were considered potentially conductive
faults. However, some faults with a smaller
throw also were conductive and were
responsible for channeling water. The
model allows water to channel from the
lower five layers by forcing it through the
conductive faults.

The Abiod reservoir was represented with
20 layers, into which the porosity and per-
meability values derived from fracture mod-
eling were entered directly. These values
were not modified or changed. The aquifer
occupied the 10 lower layers. 

To model the water influx from lower for-
mations, seven layers were added to repre-
sent the deepwater source. Layers 21 and 22



simulate the conductive faults from the
deepwater source, while Layers 23 through
27 represent the deepwater source itself.

After estimating the permeability near the
conductive faults in Layers 21 and 22 imme-
diately below the Abiod formation and
without modifying the fracture porosity and
permeability in the 20 layers of the Abiod,
the pressure and water-cut history of the
whole SLK field was matched.

A first test for the validity of this match
was examination of the water level. The
final water level at the end of the simulation
was compared with field measurements
and showed the same profile. Several reser-
voir-management strategies were consid-
ered and implemented on the basis of the
simulation and the geologic model. Among
the initiatives was drilling a sidetrack from
a dry hole. 

Testing the Models 
In the summer of 2002, a horizontal side-
track was designed and drilled. The target
was to reach a highly fractured area west of
an existing dry hole. Drilling was stopped
because of major mud losses after 400 m of
lateral offset, and the final target was not
reached with the sidetrack. The well was
tested and currently produces 79 m3/d of
oil. Following the drilling, an image log was
used to compare the models with the actu-
al reservoir. 

Image-log data show that the SPI-1
model provided a better representation of
fracture distribution, with five distinct
regions. The first region is near the existing
dry hole, and all the fractures are mineral-
ized. The second region showed open frac-
tures, represented on the image log by con-
ductive features. The third region is an

abrupt drop in fracture porosity—conduc-
tive features are almost absent. The fourth
region shows a rapid increase in open frac-
tures, represented in the image logs by dis-
tinct conductive features. The fifth region is
the decrease in fracture porosity that can be
interpreted from the image logs by the
absence of fractures. 

Comparing the image-log data with the
fracture-porosity model showed that even
with a 100-m grid size, the model can predict
fractures accurately in very complex reser-
voirs. This predictive capability was made
possible by the appropriate use of adequate
fracture indicators, which in this case was
SPI-1, and the extensive use of seismic data
in an integrated-modeling approach.
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