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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Naturally fractured reservoirs (NFRs) present a production paradox. They include

reservoirs with low hydrocarbon (HC) recovery: these reservoirs initially may appear

highly productive, only to decline rapidly. They are also difficult to prove for early gas

or water break through. Having commonly distributed in various petrolificerous regions

through out the world, on the other hand, they represent some of the largest most

productive reservoirs on earth .The occurrence of NFRs has been known with the HC

industry for many years , generally regarded as non-productive and or as non-

economic potential . The paradoxical nature of this class of reservoirs is the impetus

behind the industry’s efforts to learn more about them and model them in a reasonable

uncertainty.

Nearly all hydrocarbon reservoirs are affected in some way by natural fractures, yet the

effects of fractures are often poorly understood and largely underestimated. In carbonate

reservoirs, natural fractures help create secondary porosity and promote communication

between reservoir compartments. However, these high-permeability conduits sometimes

short-circuit fluid within the reservoir, leading to premature water or gas production and

making secondary recovery efforts ineffective. Natural fractures also present in

siliciclastic reservoirs of all types, complicating seemingly straightforward matrix

dominated production.In addition, natural fractures are the main producibility factor in a

wide range of less conventional reservoirs, including coalbed-methane (CBM), shale

gas, and basement rock and volcanic-rock reservoirs.
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Although natural fractures play a lesser role in high porosity, high permeability reservoirs

such as turbidities, they commonly form barriers to flow, frustrating attempts to

accurately calculate recoverable reserves and predict production over time.

Ignoring the presence of fractures is not optimal reservoir management; eventually,

fractures cannot be ignored because the technical and economic performance of the

reservoir degrades. The biggest risk in not characterizing natural fractures early is that

such an oversight can severely limit future field development options.

This article attempt to characterize and examine what NFRs are.Generation of fractures,

impact of natural fractures on HC production, the classification of natural fractures and

NFRs, requirement for HC accumulation, control on recovery factor in fractured

reservoirs are reviewed, along with factors that affect NFR behavior. Different methods

used over a range of scales to identify and characterize NFR are described. Finally a

review of a case study from Algerian biggest oil field is highlighted.

1.2 OBJECTIVE AND DELIVERABLES

The main objectives of this study are to understand, evaluate and characterize Naturally

Fractured Hydrocarbon Reservoirs. The objectives include: study mechanism of fractured

reservoir formation, classification of NFRs, dynamic characteristics of fracturing,

methods to identify natural fractures, requirement for HC accumulation, assess fracture

properties on fluid flow and on NFRs performance and review controls on recovery

factor of NFRs. The deliverables are to give insight what NFRs are, their characteristics,

economic significance and suggest their potentiality.
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1.3 SCOPES

The scope of this literature encompasses the following areas:

 Assess fracture system formation at different scales

 Study classification of natural fractures /NFRs and the basis of classification.

 Study approaches to identify NFRs and differentiate them from induced fractures.

 Impact of natural fractures and mineral deposition on HC reservoirs flow at

different reservoir development Assess how petroleum plays / HC accumulation

and production feasibility looks like in NFRs.

 Characterize NFRs and understand the dual porosity system / behavior of NFRs.

 Highlight NFRs using example case study from Hassi Messaoud giant oil field.

1.4 PROBLEMS OF STATEMENT

What are NFRs?

Are NFRs technical and economical feasible?

How can we identify fractured reservoirs?

Potentiality of NFRs

1.5 METHODOLOGY

To achieve the above mentioned objectives and deliverables I reviewed, compared

and compiled different recent publications and incorporated basic theories from

available books.
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CHAPTER 2

NATURE OF NATURALLY FRACTURED RESERVOIRS (NFRs)

2.1 INTRODUCTION

Many of producing NFRs have been discovered accidentally when looking some other

types of reservoirs. Some years ago (In1975), researchers estimated that the ultimate

recovery from producing fractured reservoirs would surpass 40MMM STBO. Recent

studies convinced that there are significant volumes of HCs that have been left behind

pipe as undiscovered, or behind plugged and abandoned wells or because of vertical

wells that have not intercepted vertical fractures. Some of the reservoirs are prolific,

some produce at modest rate but still are economic, some are marginal, and some are

tested at very low rate.

Fig. 1: Location of some oil and gas fields producing from NFRs
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NFRs are found all over the world in all types of lithologies and through out the

stratigrphic column all the way from the Precambrian to Miocene (Fig 1 above).

However in spite of they make up a large and increasing percentage of the world’s HC

reserves, the industry tend to deny the presence of fracture in our reservoirs probably

due to our desire to avoid complication in our technical work and reduction of cycle

times in our exploration and production (E and P) effort. Indeed, fractured reservoirs are

more complicated than matrix reservoirs, and they do require more time and money to

be evaluated correctly. Fracture denial does nothing positive for our exploration and

development activities and can only lead to poorer technical and economic performance.

.2.2 PROBLEMS

Interest in natural fracture studies in surface and subsurface formations has increased

dramatically due to greater industry knowledge of the effect of fractures on subsurface

fluid flow and by a significant and ever increasing percentage of oil and gas discoveries

where natural fractures play a significant role in production. NFRs possess many

inherent obstacles to proper analysis due to difficulties in prediction, characterization

and evaluation, but possess very positive attributes as well. Several obstacles stem from:

1. A general lack of in-depth quantitative approaches to description and characterization

of highly anisotropic reservoirs.

2. Failure to recognize fractures and or the regularity of their distribution.

3. Over-simplistic approaches in the description of fracture distribution and

morphologies.

4. The need for a deterministic solution to modeling fluid flow in fractured porous

media, while our data limitations force us toward stochastic solutions, at best.

These obstacles are compounded by the improper use or nonuse of the many techniques

available to detect natural subsurface fractures. So the key to economically produce

theses reservoirs lies in:
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1. Evaluating recoverable reserves as a function of well costs.

2. Predicting optimum well locations and well performance with time under a

variety of potential completion and development scenarios.

3. Obtaining sufficient rock and fracture data to make these calculations possible.

2.3 WHAT IS A NATURALLY FRACTURED RESERVOIR (NFR)?

Different authors defined the word “fracture” in various ways depending on the context

what they want to address. Here I will be restricted the definition from reservoir point of

view.

A reservoir fracture is a naturally occurring macroscopic planar discontinuity in rock

due to deformation or physical diagenesis that result from stresses that exceed the

rapture strength of the rock. If related to brittle failure, it was probably initially open,

but may have been subsequently altered or mineralized. If related to more ductile failure,

it may exist as a band of highly deformed country rock.

The definition of a reservoir fracture is a broad one and the definition of “NFR” even

more so. Because natural fracture systems can have a variety of effects on reservoir

performance in primary, secondary and tertiary recovery, and because these effects

must often be predicted long before they are evidenced in production data, an

operational definition of a fractured reservoir (NFR) becomes a necessity. A NFR is a

reservoir which contains fractures created by mother nature .These natural fractures can

have a positive or a negative effect on fluid flow. Open uncemented or partially

mineralized fractures might have, for example, a positive effect on oil flow but a

negative effect on water or gas flow due to coning effects .Totally mineralized natural

fractures might create permeability barriers to all types of flow .This might generate

small compartments with in the reservoir that can lead to un economic or marginal

recoveries .All reservoirs contain a certain amount of natural fracturing, however , from

geologic and a reservoir engineering point of view, some publications regard as

NFRs only those where the fractures have an effect , either negative or negative, on the

fluid flow.
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2.4 REASONS FOR GENERATION OF FRACTURES

The origin of the fracture system is postulated from data on fracture dip, morphology,

strike (if available), relative abundance and the angular relationships between fracture

sets. These data can be obtained from full diameter core (oriented or conventional),

borehole imaging log output ,or other less oriented logging tools , and applied to

empirical models of fracture generation. Available fracture models range from tectonic

to others of primarily diagenetic origin. It is only by a proper fit of fracture data to one

of these generic models that any effective extrapolation or interpolation of fracture

distribution can be made. The interpretation of fracture system origin involves a

combined geological / rock mechanics approaches to the problem. It is assumed that

natural fracture patterns depict the local state of stress at the time of fracturing, and that

subsurface rocks fracture in a manner qualitatively similar to equivalent rocks in

laboratory tests performed at analogous environmental conditions. Natural fracture

patterns are therefore can be interpreted in light of laboratory derived fracture patterns

and in terms of postulated paleo-stress field and strain distributions at the time of

fracturing.

Discontinuities found within subsurface environment have a variety of different origins.

The variability and connectivity of these natural features are the dominant parameters

controlling the economical viability of a HC reserve in a fractured system. Many studies

have concentrated on the understanding of discontinuities in a reservoir environment.

Discontinuities are the result of one or more processes that exert a force of higher

magnitude than the strength of a rock.

According to different publications, fracture generation is attributed to various causes

including:

- Diastrophism as in the case of folding and faulting. The faulting tends to generate

cracks along the line of fault, which in turn produce a zone of dilatance (become wider

or further open) .The dilatancy effect is probably responsible for a large part of the

migration and accumulation of petroleum in fracture reservoirs. Tectonics.
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- Deep erosion of the overburden that permits the upper parts to expand, uplift and

fracture through planes of weakness. Physical / environmental processes.

- Volume shrinkage, as in the case of shales that lose water, cooling of igneous rock and

desiccation of sedimentary rocks. Thermal ‘cracking’and the reverse may also

experience rapid heating, for example, along the contact aureoles.

- Paleokrastification and solution collapse as suggested by core studies of Brown zone

at the Healdton and Cotton wood Creek fields in Oklahoma. Subsidence.

- Fluid pressure release when pore fluid pressure approaches the lithostatic pressure, as

in the geopressured sedimentary strata. Hydraulic over pressure.

- Meteorite impact that can lead to complex, extensively brecciated, fractured reservoirs.

2.5 FRACTURES AND FRACTURED RESERVOIRS CLASSIFICATION

2.5.1 Classifying Fractures

When developing and modeling fractured reservoirs, the ability to understand and

predict the characteristics of fracture and fault systems is essential. So knowing fracture

types enhances the simulation of fluid flow through fractures, because various types of

fractures conduct fluid differently. To appreciate common classification schemes, a

basic understanding of how natural fractures developed is needed.Different publications

classify fractures in to those observed in laboratory experiments and those observed

naturally in outcrop and subsurface settings.

a) From an experimental point of view fractures can be classified as shear,

extension and tensile fractures based on their mode of formation .These are

observed to form at consistent and predictable angles to the three principal stress

directions, namely the maximum compressive principal stress (δ1) the minimum

compressive principal stress (δ3) and the intermediate stress (δ2) during laboratory
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compression, extension and tensile tests (Fig 2). All brittle fracture in rock must

conform to one of these basic fracture types.

:

Fig. 2: Potential fractures developed in laboratory experiment.

Shear fractures: They are resulted in under high differential stress and in conjugate

pairs that tends to slide one part of the rock past the adjacent part, i.e., they involve

movement (shearing) parallel to the created fracture that form an acute angle with δ1

and parallel to δ2. Planes BandC in Fig 2 represent shear fractures. Shear fractures form

when all three principal stresses are compressive (compressive stress considered

positive for this work).

Extension fractures: Those in which the two matrix walls move away from each other,

as plane A in Fig 2 .It is parallel to the plane containing δ1 and δ2 axes and

perpendicular toδ3 and form at relatively low differential stress .These also form when

all principal stresses are compressive. In laboratory fracture experiments, extension

fractures can and often do form synchronously with shear fractures.

Tension fractures: They similar to extension fractures because in both cases the walls

displace perpendicular to and away from the fracture plane .However, extension

fractures are formed with an assumed positive compressive δ3 component as opposed to

tension fractures which are formed with an assumed negative tensile δ3.The distinction
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between the two is important because rocks have much lower fracture strength in

tension tests than they do in extension tests.

For any triaxial stress state, there might be two shear fracture orientations and one

extension-fracture orientation. The biggest principal stress (δ1) bisects the acute angel

between shear fractures. The extension fractures are normal to δ3 and the line of

intersection of fractures is parallel to δ2. Shear and tension fractures described from

laboratory experiments have clear natural counterparts; shear fractures correspond to

faults, where as tension fractures correspond to joints.

b) From geologic point of view natural fractures can be classified as follows :

1. Tectonic fractures (due to surface forces).Those whose origin can, on the basis of

orientation, distribution and morphology, be attributed to or be associated with, a

local tectonic event. As such, they are developed by the application of surface or

external forces and can be related to diastrophism as in the case of faulting and

folding and impact (Fig 3). These are the most important with respect to HC

production around the world, Palm Valley gas field of Central Australia is a good

example of tectonic fracture reservoir.

Fig. 3: Schematic of most common fractures associated with folds.
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2. Regional fractures (probably due to surface forces) : are developed over a large

area of the earth’s crust with relatively little change in orientation ,show no evidence

of offset across the fracture plane, and are always perpendiculars to major bedding

surfaces. Regional fractures differ from tectonic fractures in that they are developed

in a consistent and simple geometry, have a relatively large spacing and are

developed over an extremely large area crosscutting local structures .Reasons

offered to try to explain include : regional uplift, fatigue due to low level cyclic

stress differentials and formation of the fractures soon after sedimentation, due to

prolongation of fractures in the bed bellow. Because there is no offset across the

fracture plane, they are very conductive to fluid flow. Eg: Austin chalk, the Big

Sandy field of eastern Kentucky and West Virginia, the Spraberry field of Texas.

3. Contractional (due to body forces): This class is a collection of tension or

extension fractures associated with a general bulk volume reduction throughout the

rock. Because these fractures are initiated by internal forces to the body rather than

external forces (surfaces forces), their distribution is not necessarily restricted to

local geological structures as in tectonic. These fractures do produce HCs and are

especially important in gas production in the Chase and Council Grove sections of

the Panoma field in Kansas and Oklahoma. These fractures are result of :

 Syneresis fracture: extensional or tensional and formed by chemical process -

syneresis, that brings about bulk volume reduction with in sediments (from clay

to coarse grained sandstone) by subaqueous or subsurface dewatering. It is

important to HC production as it occurs in greater volume and types of rocks

and the fracture system interconnects in 3D.

 Thermal contractional fracture: are due to contraction of hot rock as it cools

and their generation is dependent on the formation of a thermal gradient across

the rock. Depending on the depth of burial, these can be extension or tension.

Example of natural thermally induced fractures is columnar jointing in fine

grained igneous rocks (Fig 4).They are important for HC production in igneous

rock For example: HCs was produced from fracture basalt offshore Salt Lake

City, Utah.
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Fig. 4 Columnar jointing in basalt in Utah

 Desiccation: Example, mud cracks formed due to shrinkage upon loss of water

in subaerial drying of clay, result in wedge shaped steeply dipping fractures.

These tensile fractures are important in reconstructing depositional environment

(Fig 5).
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Fig. 5 Desiccation crack in mud

 Mineral phase change fractures: This fracture system is composed of

extension or tension fractures of often- irregular geometry related to volume

reduction due to mineral phase change in the carbonate and clay constituents of

sedimentary y rocks. Example: From calcite to dolomite, from montimorillite to

illite.

4. Surface related (due to body forces): This diverse class includes fractures

developing, during unloading, release of stored stress and strain, creation of free

surfaces or unsupported boundaries , and weathering in general. It occur in

quarrying operations, subsidence, freeze-thaw, digenesis .They can be extension or

tension fractures and are generated principally by gravitational force.
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2.5.2 Classifying Fractured Reservoirs

NFRs are found in essentially all types of lithologies including sand stone, carbonates

(limestone, dolomite and intermediate between the two), shales, cherts, siltstones, coals

( coalbed methane) and basement rocks (igneous and metamorphic) .Most reservoirs

contain fractures. It is the degree to which fractures influence fluid flow through a

reservoir that should dictate the level of resources needed to identify, characterize and

model fractures. The effects of fractures can change throughout the productive life of

the reservoir as pressures and fluid types change during primary - and secondary -

recovery stages. Moreover, fractures don’t always conduct fluid; they are often barriers

to flow.

Before NFR classification can be done in any meaningful way, both natural fractures

and matrix systems with in a reservoir must be understood, along with the complex flow

interaction between those systems. The classification is based on the interaction

between the relative porosity and permeability contributions from both fracture and

matrix systems (Fig 6).

Fig. 6 NFR classification system
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Type 1 reservoirs: with fractures providing both primary porosity and primary

permeability, typically have large drainage areas per well, and require fewer wells for

development. These reservoirs show high initial production rates. They are also

subjected to rapid production decline, early water breakthrough and difficulties in

determining reserves.

Type 2 reservoirs: have low porosity and low permeability in the matrix and fractures

provide the essential permeability for productivity. They can have surprisingly good

initial production rates but can have difficulties during secondary recovery if the

communication between the fracture and the matrix is poor.

Type 3 reservoirs: have high porosity and may produce without fracture, so fractures

in these reservoirs provide additional permeability. They are typically more continuous

and have good sustained production rates but can have complex directional permeability,

relationships, leading to difficulties during the secondary recovery phase.

Type M reservoirs: have high matrix porosity and permeability, so open fractures can

enhance permeability, but natural fractures often complicate fluid flow in these

reservoirs by forming barriers and compartment, causing them to underperform

compared with early producibility estimates, and making secondary- recovery

effectiveness variable within the same field.

Type 4 reservoirs: fractures add no significant additional porosity and permeability,

but instead are barrier to flow.

Type G reservoirs: are unconventional fractured reservoirs, such as CBM, and

fractured gas condensate reservoirs. Most fall with in or near Type 2 reservoir

classification.
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2.6 REQUIRMENTS FOR HC ACCUMULATION

2.6.1 Petroleum Play

In general, a petroleum reservoir consists of source rock, reservoir rock, seal rock, trap,

and fluid content.

Source rock or source environment, is believed to be responsible for the origin of

petroleum .Most geologists believe that the origin of petroleum is organic, related

mainly to vegetables which were altered by pressure, temperature, and bacteria. Some

geologist, however, believe that the origin of petroleum is igneous and indicate that oil

rise from depth in granitic shield terrains of the world. However it is believed that the

source rock is usually near the HC reservoir, i.e., that petroleum was formed within that

particular area. Source rock is difficult to identify because it usually contains no visible

HCs. The main source rock is shale ,followed by limestone.

Reservoir rock is provided by porous and permeable beds .Precise determination of

matrix and fracture porosity is important for accurate calculation of hydrocarbon in

place. Matrix and fracture permeabilities are important in calculating flow capacities.

Igneous, sedimentary, or metamorphic rocks can make an acceptable reservoir rock,

however, most of the world’s HC accumulations occur in sandstones and carbonate

rocks.

Seal rock confines HCs in the reservoir rock because of its extremely low level of

permeability. Usually, seals have some plasticity, which allows them to deform rather

than fracture during earth’s crust movements. The most important seal is shale followed

by carbonate rock and evaporites.

A trap is formed by impervious material which surrounds the reservoir rock above a

certain level. The trap holds the HCs in the reservoir. Traps are formed by a variety of

structural (dry synclines, anticlines, salt-cored structure, hydrodynamic and fault) and
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stratigraphic features (caused by sedimentation, ground water, or by truncation and

sealing) .Natural fractures can be found in all of these oil and gas trap categories. Fluid

content is the water and HC in the porous beds.

2.6.2 Porosity And Permeability

Porosity: represents the void space in the rock .It can be quantified by dividing the

void space by bulk volume of the rock. In general porosity can be classified as primary

and secondary.

Primary porosity is established when the sediment is first deposited .Thus, it is an

inherent, original characteristic of the rock like in sandstone.The value of primary

porostity depends on: its arrangement and distribution, cementation and degree of

interconnection among the voids .Therefore, it is necessary to distinguish between total

primary porosity and effective porosity. Total primary porosity is the ratio between total

primary void spaces and the bulk volume of the rock. Effective primary porosity is the

ratio between the interconnected void space and the bulk volume of the rock. The

commercial point of view is interested in effective porosity.

Secondary porosity also known as induced porosity, is the result of geologic processes

after the deposition of sedimentary rock and has no direct relation to the form of

sedimentary particles. Most reservoirs with secondary porosity are either limestone or

dolomites. However, NFRs are found sometimes in: sandstones, anhydrites, igneous

metamorphic rocks and coal seams. In general secondary porosity is due to solution,

recrystalisation, dolomatisation and fractures. Example: dolomatisation and percolating

acid waters which dissolves carbonates improve their porosity.

Permeability: is a property of the porous medium and is the measure of capacity of the

medium to transmit fluids .Reservoirs can have primary and secondary permeability.

Primary permeability is also referred to as matrix permeability by reservoir engineers

and can be evaluated with the use of Darcy’s law.
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Secondary permeability can be either by fractures or solution vugs. In some carbonate

reservoirs, the percolation of acid waters can improve porosity and permeability by

dissolution of matrix. Poiseuille’s law for capillary flow and Darcy’s law for flow of

fluids in permeable beds can be combined to estimate permeability in solution channels.

2.6.3 Effect of Fractures on Flow Behavior

Different publications on many reservoirs suggest that natural fractures control fluid

behavior to the large extent. Park Dickey (1984) suggests that a realistic model to many

NFRs is as presented in Fig 7 below. There is one principal set of fractures whose

orientation is the same over large areas. There is a subordinate (conjugate) set at right

angles, which run from one principal fractures to the next. The spacing depends on the

thickness of the hard stratum. In this model there are no open horizontal fractures, rather

impermeable horizontal layers that interrupt vertical communication .The lack of

symmetry in Fig 7 can be handled by introducing a tortosity greater than 1.0.

Fig. 7 Model of fractures as they usually occur in earth as visualized by Dickey (1986).
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2.6.4 Migration And Accumulation

One reasonable explanation for petroleum migration and accumulation in NFRs is

provided by the theory of dilatancy. The principle of this theory is explained with the

use of Fig 8, as in the case of earthquakes. Fig 8A shows a fault under tectonic stress. In

Fig 8B the stresses have built up sufficiently to facture the rock. Then, fluids start

moving in to the dilatancy zone, due to the vacuum produced by the fractures. In Fig 8C

the fluids have already filled the fractures. In Fig 8D a displacement and earthquake

occurs. As certain seismic velocities decrease in stages B and C, it is possible to predict

the occurrence of earthquakes with in reasonable time limits. The geological

requirement for this HC migration is a source rock contiguous (depend on) to the brittle

rock. According to this theory the fractures were formed after the generation of

petroleum.

Fig. 8 Fluid flow according to dilatancy model (after Kanamori, 1974)
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Another theory for explaining the migration and accumulation of petroleum in fractured

rocks is depicted in Fig 9 .According to this theory the fractures were formed before the

migration of petroleum. Fig 9A shows how deep erosion of the overburden permitted

uplift of the rock, generating fractures in the uplifted “hill”. In Fig 9B coarse rock

debris accumulated in the lower slopes of the hill. The hills became deeply buried with

continuous subsidence and sedimentation. In Fig 9C petroleum is generated and

migrates up the crest of the hill, indicated by the arrow. This petroleum is trapped in

both the sediments and the fractured basement.

Another theory indicates that in some reservoirs the oil may enter the reservoir by

upward migration along the fractures from some deep bed .This appear to be the case of

the Ain Zalah field in Iraq.

Fig. 9 Possible geologic evolution of petroleum accumulation in fractures formed
before time of petroleum migration (after McNauhton and Garb, 1975)
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2.6.5 Storage Capacities

Developing NFRs has led to numerous economic failures. Initial high oil rates have led

engineers in many instances to overestimate production forecasts of wells. Reservoir

engineers usually make two key assumptions: (1) the fractures have a negligible storage

capacity and are only channels of high permeability that allow fluids to flow; and (2)

the matrix has an important storage capacity, but a very small permeability.

The first assumption has led to much failure in developing NFRs .In fact, many

reservoirs that produce at high initial rats decline drastically after a short period of time.

This occurs because the producible oil has been stored in the fractures system.

Consequently, it is important to estimate oil- in-place with reasonable accuracy with in

the fracture system.

The second assumption must be considered carefully .If the permeability of the matrix

is very low, then the oil bled-off from the matrix in to the fractures might be very slow

and only the oil originally within the fractures will be produced in a reasonable span of

time. If the matrix has reasonable permeability, then the storage capacity of the matrix

becomes of paramount importance.

Other parameters that play an important role on how quickly oil moves from the matrix

in to the fractures include matrix porosity, total matrix compressibility, fracture spacing

or distance between fractures and oil viscosity .Because of its low viscosity, gas

movement from the matrix into the fractures is faster than oil movement.

It is important to visualize that the storage capacities of NFRs varies extensively,

depending on the degree of fracturing in the formation and the value of primary porosity.

The greater the value of primary porosity, the greater the success possibilities of NFRs.

Fig 10 shows schematic sketches of porosity distribution in fractured reservoir rocks.

The storage capacity in the matrix porosity of Fig 10A is large compared with storage

capacity in the fractures. For this case, it can be seen in the lower part of Fig 10A that a
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very small percentage of the total porosity is made out of fractures. In general, this

situation would tend to occur in reservoirs where the matrix porosity is rather high

(larger than 10 up to more than 30 %).Consequently conventional exploration methods

could probably be applied to locate these kinds of reservoirs.

Fig.10 Schematic sketches of porosity distribution in fractured reservoir rocks
(after McNauhton and Garb, 1975)

If the matrix has some permeability so as to allow flow in to the wellbore, Type A

reservoirs can be considered “fracture permeability assist” reservoirs, i.e., reservoirs

where the fractures contribute permeability to an already producible reservoir.

Fig 10B shows a schematic of rock with about the same storage capacity in fracture and

matrix porosity. In this case, the matrix has rather low porosities and the fracture

provide the essential permeability. The type B reservoirs have been subdivided in to B-I

and B-II based on the characteristics of the matrix system. If the matrix has low but

effective porosity, if it shows permeability to oil (gas), if capillary pressure suggests
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good pore geometry, then the matrix will contribute effectively to the storage capacity

of the reservoir.

The B-I type is an ideal combination of porosities and permeabilites which has

facilitated production of over 100 MMSTBO from some individual wells in Iran.

In the Type B-II case, the matrix system is not good reservoir rock even if there is

some matrix porosity .Consequently, the fractures have only fraction of the total

porosity, but they might have nearly 100% of the HC storages capacity. Conventional

log interpretation in this type of rock might lead to very high value of water saturation

due to large amount of water in matrix. This is dangerous because based on

conventional water saturation cutoffs potential HC fractured intervals might be

bypassed. To avoid this problem, it better to resort to specialized methods that allow

calculation of fracture, matrix and total water saturation using unconventional values of

petrophysical parameters m and n.

Distinction between B type reservoirs is is extremely important as it might help to avoid

economic fiascos or failure. As an example, several wells in the Austin Chalk of Texas

produce at high rates which decline drastically after ashort period of time. This occur

because the producible has been stored in the fracture system, in spite the average

matrix porosity range between 3 % and 7 % .The Austin Chalk could then be classified

in several areas as Type B-II reservoir.

Fig 10C shows the schematic of a rock where the matrix porosity is zero and all the

storage capacities is due to fractures. In this case, the fractures provide the essential

porosity and permeability. Reservoirs of this type are generally characterized by

initially high production rates that decline to uneconomic limits in short period of time,

how ever there are exceptions.

In summary, there is probably enough evidence to banish the generalized assumption

that the storage capacity of fractured system is negligible compared to the storage

capacity of the matrix.
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2.6.6 Evaluations of economic potential

After it has been proven that fractures are an integral portion of the total reservoir

quality and more quantitative data are available, evaluations of economic potential

should be done. The purpose is to estimate reserves and flow rates to more accurately

determine the potential worth of the reservoir. Estimate of fracture spacing and width

become more important as well as knowledge of fracture-matrix porosity interaction.

Also important are laboratory estimates of relative flow with in fractures and matrix at

simulated depth. In addition to exploration data, extended time pressure tests, borehole

imaging logs and other information should be analyzed.

2.7 UNDISCOVERED NFR, Why and How?

Many HC NFRs around the world have not become profitable discoveries and have

been abandoned because of (1) incorrect pressure extrapolations (2) poor completions

and or (3) failure to intersect the natural fractures.

Incorrect pressure extrapolations might occur when the infinite acting radial flow period

has not been reached during a pressure transient test. This can lead to the erroneous

conclusion that the reservoir is depleting.

Conventional completions are typically performed in intervals that meet certain porosity,

permeability, and water saturation cutoff criteria .This might be dangerous practice in

some NFRs where the largest degree of natural fracturing could be associated with the

lowest porosities .Furthermore , there are instances where the largest fracturing is found

in the thinner beds.

Vertical wells might not intercept vertical natural fractures .In this case, a conventional

test might yield negative results, even if the matrix blocks are HC saturated. These poor

results are due to the usual low matrix permeability of NFRs. Commercial production of
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HCs is not possible from the tight matrix in to the well bore. However, HCs can flow

very efficiently from the tight matrix in to the natural fractures. The key to success is to

ensure the vertical fractures are intersected via directional or horizontal wells.

2.8 FRACTURE PROPERTIES AFFECTING RESERVOIR PERFORMANCE

2.8.1 Introduction

Once the origin of a fracture system has been determined in a reservoir, the sequence of

the study suggests that the petrophysical properties of the rock-fracture system must be

addressed next. This involves characterization of the fracture system interms of physical

morphology, distribution, and estimation of the reservoir properties (porosity and

permeability, etc.) resulting from the fracture system charactrestics.

Fractures are present in all rock formations; subsurface or outcrop. The physical

character of these fractures is dictated by their mode of origin, the mechanical

properties of the host rock, and subsurface diagenesis. These factors combine to develop

a feature that can either increase or decrease reservoir porosity and permeability. While

always present in some large scale, it is only when fractures occur insufficient spacing

or length that their effect on fluid flow becomes important. To accurately asses this

effect, either positive or negative, it is important to know the fluid flow properties of

individual representative fractures and how many of these fracture of a given orientation

exist in a given reservoir volume. Therefore, in addition to the normal petrophysical

determination made on the rock matrix, it is also necessary to determine the reservoir

properties of the fracture network (either advantageous or detrimental to flow) and how

it changes with depth and reservoir depletion, which tends to mechanically close the

fractures. The four petrophysical determinations most useful in evaluation are, in order

of increasing difficulty of calculation:

1. Fracture permeability

2. Fracture porosity

3. Fluid saturation with in fracture
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4. The recovery factor expected from the fracture system.

The data most useful in these determinations are derived from either from analysis of

whole-core samples or from single or multiple well testing .Data derived from various

well logs are often used.

2.8.2 Fracture Morphology

An important factor that dictates fracture porosity and permeability is the morphology

of the fracture planes. This morphology can be observed in core or outcrop and inferred

from some well logs. There are four basic types of natural fracture plane morphology:

Open Fractures: possess no deformational or diagenetic material filling the width

between the walls of the fracture. Such fractures are potentially open conduits to fluid

flow, Fig.11 below. The permeability of open fractures is a function of the initial

fracture width, the in situ effective stress component normal to the fracture plane, and

the roughness and contact area of the fracture walls. In general, open fractures greatly

increase the reservoir permeability parallel to the fracture plane. Because the fracture is

only the width of one pore, it will have little or no effect on fluid flow perpendicular to

the fracture plane. Porosity of open fractures is very small, usually a fraction of a

percent, although there are exceptions.

Deformed Fractures: Included in-here are gouge-filled fractures and slickenside

fractures and are formed as relative ductile shear zone or where initially open and

subsequently physically altered by later tectonic shear motion. The gouge is provided

by the finely abraded material resulting from grinding or sliding motion .This

drastically reduces permeability. A slickenside is the result of frictional sliding along a

fracture or a fault plane. This generates a polished or striated surface that might increase

permeability parallel to the fracture but drastically reduce permeability perpendicular to

the fracture. Slickensides are thus a great cause of strong anisotropy.Fig 12.
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Fig. 11 Open fractures in outcrop, Triassic Wingate sandstone, LakePowell,
Southeastern Utah

Fig. 12 Tectonic gouge- filled fractures or deformations band in Silurian Oil Creek
Sandstone of the Simpson Group in Southern Oklahoma

Vuggy Fractures: They can provide significant porosities and permeabilites and are

not so much true fracture morphology as they are a matrix alteration surrounding the

fracture. Vuggy fractures form when fluids enter a low permeability rock along fracture
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plane. If the fluid is in disequilibrium with rock matrix, dissolution may occur. Vugs

develop along and adjacent to the fractures and are more or less restricted to a narrow

zone surrounding the fracture “channel”. This produces vuggy porosity intimately

associated with fractures .Such vuggy fractures are often associated with unconformities

in carbonates and the development of karst. Secondary porosity associated with these

fractures can be quite large compared to more normal fracture porosity values. Due to

the spherical to oblate shape of the vugs, this fracture-associated porosity will be

relatively incompressible during reservoir drawdown.

2.8.3 Fracture Width and Permeability

Fracture width has an effect on fluid flow and hence the permeability through fracture

as it determine the cross sectional area of the fracture which is one of the parameters of

flow equations through porous media. Average effective fracture width or hydraulic

aperture can be approximated empirically. Subsurface fracture permeability can be

approximated from laboratory data or by complex testing of large in situ fractured

blocks. Using the data documenting fracture permeability as a function of stress state or

simulated depth from laboratory or in situ measurements, we can calculate an average

effective fracture width then determine permeability using empirical equations.

Distribution of mechanical width is difficult to measure on natural fractures and has

been investigated as a function of stress. Fracture width, fracture permeability, matrix

permeability and total permeability decrease as hydrostatic confining pressure

increase .Natural subsurface fractures are certainly narrow and hard to measure. Several

representatives, published values for buried natural fractures are very small (less than

0.1 cm) and decrease as depth increase and that is it would be difficult to detect or

quantify natural fractures by standard logging methods in subsurface. A few large

widths present can dominate fracture system permeability due to the fact that fracture

width is a cubed term in fracture permeability equations.



29

2.8.4 Fracture Spacing

Along with fracture width, fracture spacing is the other important quantitative fracture

system parameter necessary to predict fracture porosity and permeability in a reservoir.

Unlike subsurface fracture width, which is difficult to observe directly, fracture spacing

can be directly quantified and also does not change when the reservoir is perturbed.

However, while fracture spacing can be directly observed in outcrop and mines,

difficulties in quantification often arise due to small size of our subsurface sampling

methods (core or wellbore methods) with respect to the fracture spacing or matrix block

size. Many parameters have been used in the literature in an attempt to quantify the

abundance of fractures in a reservoir.

Terms such as fracture intensity, fracture density, fracture index, fracture surface area,

fracture intersection density, and fracture spacing have all been used with the exact

definitions of each varying from author to author. In this paper, fracture spacing is

defined as the average distance between regularly spaced fractures measured

perpendicular to a parallel set of fractures of a given orientation. Values of fracture

porosity and fracture permeability increase as values of fracture width and fracture

spacing increase

2.9 FRACTURE AND MATRIX POROSITY COMUNICATION

Once fracture origin and the reservoir properties of the fracture and matrix systems have

been determined, fracture and matrix porosity interaction should be addressed (Fig 7).

Fracture porosity, like matrix porosity, is the percentage of a particular void volume in a

rock mass compared to its total volume. It accounts for only those voids occurring

between the walls of the fractures, Fig 7. Matrix porosity, on the other hand, accounts

all voids with in a rock other than those with in the fractures .Thus; matrix porosity

includes voids of various origins-vuggy porosity, intergranular porosity, dissolution

porosity, etc.
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Any reservoir in which fractures play a significant role in production and storage of

reserves must be treated as two- porosity system - one system in the matrix and one in

the fractures. Reservoir interpretation that doesn’t recognize the potential reduced

recovery because of an adverse interaction between the two porosity systems will lead

to an incorrect estimation of reserves and recovery factors. These complexities in

fracture reservoirs make reliable early estimations of reserves or recovery factors more

complex than in conventional reservoirs. Early warning of fracture / matrix interaction

problems can be gained by thin-section observation of fracture planes and by analysis of

whole -core directional permeabilities selected to illustrate in a relative sense the

interaction and flow rates between fracture and matrix.

In many cases, flow communication or interaction between these two systems maybe

good .However, in other reservoirs such communication may be inhibited by

mineralization within or deformation along the fractures plane surfaces .For example, in

a fractured reservoir where: (1) deformation is accomplished primarily by extension

fracturing and (2) diagenetic mineralization is minimal; fracture / matrix interaction or

cross flow is probably good. In such a system, both porosity systems can be respond to

the overall fluid pressure gradient as well as directly to each other.

Poor fracture / matrix porosity interaction may occur either because of deformation

along, or mineralization within, the fracture. Such lack of communication may or may

not be a problem in production, depending on the petrophysical properties of the two

systems .For instance, poor communication between a moderately porous, permeable

fracture system and low -porosity, high water saturation matrix would not be a problem.

Such a prospect would be judged on the reservoir properties of the fracture system alone.

On the other hand, poor communication between a highly permeable fracture system

and matrix system with a large volume of potentially flowable HCs presents a

significant production and evaluation problem. If the presence of an impervious lining

to the fractures is not recognized, it will result in an erroneous estimate of matrix

contribution in to the fracture system and then to the well bore.
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CHAPTER 3

CHARACTERIZATION OF NFRs

3.1 INTRODUCTION

Reservoir characterization can be defined as the scientific and mathematical process for

quantitatively describing the reservoir properties that have significant effect on reservoir

fluid flow (Forgotson, 2001). The characterization and simulation of naturally fractured

reservoirs requires an understanding of the spatial distribution of reservoir units and

their associated petrophysical properties: porosity, permeability, water saturation,

relative permeability, and fracture geometrical characteristics such as: orientation, dip

angle, width, spacing, and density.

The sources of information for a complete characterization of Naturally Fractured

Reservoirs include: core analysis, well log data, seismic surveys, outcrops, and well test

data and others which will be discussed in detail in the next chapter. Each one of these

sources provides information about the reservoir at different scales. This chapter

describes the different scales of heterogeneities, the sources of information at the

different scales and how they can be integrated to obtain parameters such as the

permeability tensor indispensable for the simulation of naturally fractured reservoirs.
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3.2 SCALES IN RESERVOIR CHARACTERIZATION

The wide range of scales existing in the process of reservoir characterization has been

divided into four conceptual scales: microscopic scale, mesoscopic scale, macroscopic

scale and megascopic scale (Forgotson, 2001).Optimum reservoir characterization

requires the use and integration of data from all different scales. The following

paragraphs present a brief description of each of these scales.

3.2.1 Microscopic Scale

The microscopic scale is the scale of pore variability. Rock properties such as grain and

pore size distributions, packing arrangements, all occur at this scale. Reservoir

heterogeneities at this scale govern the interaction between rock and fluids, and

therefore the fluid saturation in the reservoir as well as the distribution of residual oil

and sweep efficiencies.

3.2.2 Mesoscopic Scale

The mesoscopic scale is the scale of conventional core analysis. At this scale properties

such as porosity, permeability, wettability and relative permeabilities are determined

from laboratory measurements. Rock discontinuities such as fractures are also observed

at this scale. Barriers to flow such as shale layers and bed discontinuities can be

identified at this scale.
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3.2.3 Macroscopic Scale

The macroscopic scale is the scale of the grid blocks used in reservoir simulation.

Lithologic changes across depositional sequence boundaries commonly produce marked

changes in fluid transmissibility. Rock and fluid properties at this scale are usually

derived from well log data, pressure transient test analysis and seismic data.

3.2.4 Megascopic Scale

The megascopic scale is the scale of the geological model. It covers the overall trend of

the reservoir. At this scale, the external architecture of the reservoir is usually depicted

along with geological events of large magnitude such as: basin size, subsidence rates,

and tectonic events.

The sources of information used for characterization of naturally fractured reservoirs

are different for each scale, and involve several major sub-disciplines of geology;

geophysics and petroleum engineering. The next section will discuss the different

sources of data and their role in the characterization of naturally fractured reservoirs

3.3 DATA SOURCES FOR CHARACTERIZATION OF NFRs

The construction of a reliable reservoir model requires the utilization and integration of

all the information available. The sources of information are mainly outcrop studies,

seismic data, core analysis, well tests, and well log data.

3.3.1 Outcrop Studies

Outcrops analogous to subsurface reservoirs permit detailed two dimensional

identification of the main reservoir features and geological structures. The different

scales of heterogeneities from microscopic through large macroscopic features can be

observed, sampled and analyzed on many outcrops.
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Outcrop studies play an important role in understanding 3-D fracture origin and

characteristics (Song et al., 2000). From outcrop studies it is possible to distinguish

between regional and structural fractures. Regional fractures are those develop over

large areas of the earth’s crust with no changes of orientation and have no origin or

relation to local folds and /or faults, while structural fractures are directly related to

structural movements.

Identification of fractures at the outcrop scale allows the definition of reservoir flow

units. Additionally, fracture characteristics that can be analyzed from outcrop studies

are: fracture orientation, fracture density, fracture distribution, and fracture geometry,

among others.

3.3.2 Core Analysis

Formation cores represent the most direct way of obtaining information about the

reservoir. Therefore, information obtained from cores provides the only verification of

reservoir properties derived from log analysis and other indirect methods.

In the case of core analysis for the identification and characterization of fractures, a

critical factor is the distinction between natural and induced fractures. Natural fractures

are the result of deformation by stress fields and induced fractures are produced during

the drilling and coring process. Among the factors that will help distinguish natural

from induced fractures are (Kulander, 1990):

- Slikensides: Shear movements can cause development of slickensides which are a

clear indication of natural fracture surfaces. Slickenside ought to be analyzed for the

presenceof minerals that grow parallel to the local displacement during fault movement.

- Measurable offset: If distinctive beds are in fault contact within the core, the amount

and direction of fault movement can be obtained.

- Surface morphology: There are several typical patterns of surface textures on fractures

in sedimentary rocks.
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- Micro-veins. For opening mode fractures, secondary mineralization is evidence of the

natural origin of that fracture. Once natural fractures have been distinguished from

mechanically induced fractures, information such as fracture orientation, fracture

spacing, fracture width and fracture porosity can be obtained usually by visual

analysis.

3.3.3 Well Test Analysis

Pressure transient methods such as pressure build up, drawdown, pulse and interference

tests provide information such as: permeability, porosity, productivity index, and

distance to faults or reservoir boundaries.

In the case of naturally fractured reservoirs, well test analysis provides information such

as the fracture length, and fracture storativity ratio. Based on the dual porosity model

for naturally fractured reservoirs, the dimensionless pressure and dimensionless time are

given by (Horne, 1996).

qB

phk
P f

D 2.141


 (3.1)

0.000264 kf t
tD = (3.2)

(Φf Ct f + Φm Ct m)µr2
w

where:

kf is the fracture permeability, h is the reservoir thickness, Φf and Φm are the fracture

and matrix porosity, Ct f and Ct m are the fracture and matrix compressibility, and rw is

the wellbore radius.

Well test analysis may provide direct indication of the storativity ratio, w, and

transmissibility ratio, λ, given by (Horne, 1996):

ΦmCt m
W= (3.3)

(Φf Ct f + ΦmCt m)
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km r2
w

  λ =ζ (3.4)
kf

where ζis factor that depends on the geometry, and is given by:

xV
A

 (3.5)

Where A is the surface area of the matrix block, V is the matrix volume, and x is a

characteristic length.

It is then possible to obtain properties such as the fracture porosity or fracture

compressibility (from equation 3.3) and to infer the geometry of the system (from

equation 3-5).Engler and Tiab (1996) proposed a method to obtain the properties of

naturally fractured reservoirs from well test using the derivative approach. According to

this method, the product kf h, can be directly obtained from well test analysis.

3.3.4 Well Log Information

This section will discuss the information that can be obtained from well logs (wireline

well logs and production logs) to characterize naturally fractured reservoirs.

a) Production Connectivity From Production Logs

Production logging is the tool that provides information to determine the productive

intervals in a well.

Among the specific uses of production loggings are:

- Diagnose production problems and allocate production (or injection),

- Monitor cement placement,

- Monitor corrosion,
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- Monitor reservoir fluid contacts, and

- Select zones for recompletion

In the case of naturally fractured reservoirs, production logs can be used to identify the

connectedness of the fractures under the assumption that the production is mainly from

connected fractures, neglecting the possible influx of fluid from the matrix.

In single phase flows, temperature, radioactive tracer and spinner flowmeter logs are

commonly applied. These logs produce flow profiles when run and interpreted properly.

Temperature logging

Temperature logs are used as a means to evaluate production well characteristics by

measuring and analyzing anomalous temperature behavior. The temperature profile in a

producing well is altered by the influx of fluids with a higher temperature to the wellbore.

The flow rate from the formation to the wellbore is proportional to the difference between

the geothermal gradient and the measured wellbore temperature. Therefore the

temperature profile can be translated into a flow profile (Hill, 1990).

Spinner flowmeter

A spinner flowmeter is a rotating element device used in a well to measure flow rate,

much the way a water meter measures flow in a pipe. Spinner log interpretation is based

on the assumption of a linear relationship between spinner rotation speed and fluid

velocity (Hill, 1990). Spinner surveys are often used for production profiling and to a

lesser extent for injection profiling.

Noise logging

The noise log or survey, also sometimes called the sound survey (Sonan Log, Borehole

Audio Tracer Survey (BATS), Acousti Sonde Log, and others) is essentially a very

sensitive detector of the sound produced by fluid flow.In a wellbore environment, the

noise log is very effective for gas detection as it flows up through liquid, but it is also

effective for the detection of various kinds of gas, water, or oil single-phase flow,

including channeling behind pipe. The noise log is also able to provide a measurement

of flow rate in the wellbore, along with the flow rate from individual perforations.
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Determination of production connectivity index

In order to obtain a connectivity index from production logs, a Fuzzy Inference System

(FIS), is proposed to obtain a production connectivity index (PCI) from the combination

of the production logs discussed above. Essentially the advantage of a fuzzy set

approach is that it can usefully describe imprecise, incomplete or vague information.

However, being able to describe such information is of little practical use unless we can

infer from it. With Fuzzy Inference Systems (FIS), it is possible draw conclusions from

vague or incomplete information

The general procedure would be:

- Acquisition of the production logs: temperature, spinner flow meter and noise logs.

- Interpretation of those logs to obtain the flow profile.

- Preprocessing stage: normalization of the flow profiles.

- Development of a FIS to combine the previous results to obtain the fracture

connectivity index.

b) Fracture Connectivity Index

When simulating the flow in a naturally fractured reservoir, it is important not only to

know the fracture porosity and permeability, but also the fracture connectivity because

only those fractures that are effectively connected will contribute to the flow of the

fluids from the reservoir to the wellbore.

To account for fracture connectivity, there is a necessity to introduce a fracture
connectivity index, defined as follows

γ= PCI * FI (3.6)

where:
γ: Fracture connectivity index

PCI: Production connectivity index

FI: Fracture intensity index obtained from FIS as explained above.
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c) Fracture Spacing

Narr (1996) presented a method that uses the average width of fractures and their

frequency of incidence, to estimate the average spacing of fractures. The assumptions of

the geologic model on which this method is based require that the fractures occur in an

array with parallel fractures to form a set. The model also assumes that the fractures are

perpendicular to bedding and very long relative to the core diameter (or borehole size).

According to this model, the fracture spacing is given by

Wellbore Diameter * Interval Height
L = (3.7)

M
Σ(Fracture width) i
i=1

Where L is the fracture spacing, and M is the total number of fractures in the interval.

The denominator in equation (3.7) is the summation of the widths of the fractures

present in the interval being studied.

d) Fracture Width

The fracture width can be obtained from well test analysis taking into account the

fracture connectivity index. The procedure would be as follows:

From pressure test data, obtain the overall product of permeability times formation

thickness: kf h (Engler, 1996).

The value of (kf h) i , for each depth can be obtained from the following relationship:

   hk
q
q

hk f
i

if  ) (3.8)

where:

q : total production rate

q i : production rate at depth i (from production logging).

Aguilera (1995) derived the following relationship between fracture width, wf ; fracture

spacing, L; and fracture permeability , kf :
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kf = 7.8 * 10^12* w3
f / L (3.9)

However, Eqn. (3.9) does not account for fracture connectedness. Introducing the

fracture connectivity index yields:

kf = 7.8 * 10^12* γ* w3
f / L (3.10)

Simultaneous solution of Eqns. (3.7) and (3.10) would provide fracture width, wf, and

fracture spacing, L.

e) Fracture Porosity

A fracture porosity log can be obtained from conventional well logs, through the

inversion of the O’Connell and Budiansky model.

3.3.5 Seismic Data

Seismic methods are based on measurement of travel times of short pulses or wavelets

introduced by an impulsive force usually at the surface of the earth. The wavelet

describes the perturbation of a force, which is applied to an elastic medium of a given

density. The majority of seismic surveys utilize the measurement of reflection travel

times and the reflection seismic method is used worldwide to map subsurface structure

and velocity. However, due to the increasing resolution and reliability of seismic

measurements, seismic data is now being used as a characterization tool itself. Among

the information that can sometimes be retrieved from seismic analysis are: lithology,

reservoir porosity, fluid contacts and fluid saturations (Song et al., 2000). In the case of

naturally fractured reservoirs, seismic methods have been used to obtain fracture porosity.

In addition to fracture porosity, Avila (2000) reports several methods used in seismic

analysis to obtain fracture direction and dip angle.
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3.4 PERMEABILITY TENSOR FOR NFRs

If the well logs available provide the information required to pursue the analysis

presented in Section 3.3.4, it would be possible to obtain the permeability tensor

through equation that relates the fracture permeability tensor to the fracture conductivity

(γ), the fracture width (wf), the fracture porosity (Φf ) and the unit fracture permeability

tensor as presented by Ordoñez (2000), provided that the dip direction and dip angle of

the fracture systems are also known. In this case, the permeability tensor would be at

the well log scale and an upscaling procedure, such as the one discussed and

implemented by Avila (Avila, 2000) would be necessary to obtain the permeability

tensor at the grid block scale.
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CHAPTER 4

IDENTIFICATION OF NFR

4.1 INTRODUCTION

The word ‘‘fracture’’ is used as a collective term representing any of series of

discontinues fractures in rocks such as joints, faults, fissures and / or bedding planes.

Fractures have a significant effect on both the mechanical and hydraulic properties of

rock masses .They can have either a positive or negative impact on flow rates and

recoveries from fractured reservoirs depending on the mechanical and flow

characteristics of fractures and the operating conditions of the field. Natural fracture

systems not only control the performance and the state of depletion in reservoirs under

primary, secondary or tertiary recovery, but also influence flow patterns for production,

cementing and completion techniques and the trajectory and quality of the wellbore

during drilling operations.

In petroleum exploration and production, fractures are one of the most common and

important geological structures, for they have a significant effect on reservoir fluid flow.

Despite their importance, detection and characterization of natural fractures remains a

difficult problem for engineers, geologists and geophysicists. In exploring, developing,

or evaluating a fractured formation, the zones of highest fracture intensity (closest

fracture spacing) must be found and penetrated .These zones must either be detected in

the well bore, or they must be predicted.
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This section will discuss several techniques that have been used with various success in

both detection and prediction and characterization of NFRs which is one of the phases

of fractured reservoir procedure. Natural fracture systems can be identified and

evaluated by several techniques, with most common being core analysis, well log

analysis and pressure test analysis.

All rock formations contain some fractures and their presence in sufficient quantity to

influence the reservoir is a matter of degree of fracturing. So, sound reservoir

engineering studies should use as a base a combination of direct and indirect sources of

information. Direct sources of information include cores, drill cuttings and downhole

cameras. Indirect sources of information include all types of well logs (including mud

logs), well testing data, inflatable packers and production history. These types of

information can be mapped in many different ways and combined with reservoir

engineering techniques that lead to estimates of HCs -in -place and recoveries under

different depletion strategies.

4.2 DIRECT DETECTION /SOURCES OF INFORMATION

Core analysis, oriented cores, drill cuttings downhole cameras and inflatable/

impression packers provide direct sources for evaluating fracture reservoirs.

4.2.1 Core Analysis

Unquestionably, the best method for detecting reservoir fractures is by observation of

core material from the zone of interest, provided fracturing is not so intense as to

impede core recovery. Carefully taken, whole-core material (including rotary side-wall

cores) can provide fracture dip and intensity data as well as data on rock strength, rock

fabric, and the interactive flow capabilities of the fractures and matrix. Oriented core

material can, in addition, provide data on fracture azimuth. Such data facilitates in-

depth quantitative analysis of fracture distribution and generation. Percussion side wall
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cores are not recommended because the percussive event often generates numerous

induced fractures in to the sample.

It is not unusual to have very low core recoveries from intervals that are intensively

fractured. In fact, it has been found in many NFRs that there is a good correlation

between poor core recovery and good production intervals. Because of this the natural

fractures that we observe in cores are not the best developed. This leads to the

conclusion that fracture porosities and fracture permeabilities from cores are

conservative .The “big, most important” fractures that might provide important HC

storage are rarely seen in cores. In cases like these all we see is rubble.

The successful study of a naturally fractured core must start at the well site as indicated

by Bergosh et al (1985), and Skopec (1994) .The laboratory must be selected carefully,

following meetings with laboratory personnel, and an inspection of the facilities where

the experiments will be conducted.

Core retrieval must be handled very carefully due to the fragile nature of the fractured

core. If the operating company suspects the presence of natural fractures, it should

advice the service company well in advance to make sure that a specialized person in

handling fracture cores is sent to the wellsite. Disruption of fractured core might be

minimized by using core barrels with inner liners such as PVC, aluminum or wire mesh.

In case of some disruption the core must be properly fitted together and marked with

scribe lines to make sure that it is accurately laid out in the laboratory for fracture

analysis (Bergosh et al ,1985) .Consolidated rocks should never be frozen because this

might produce irreversible structural damage to the core ( Skopec 1994) .

The geologist should label and document the core thoroughly; including information

such as if the fracture was generated during coring, removal of the barrel or by a

geologist’s hammer. The core should be preserved as best as possible, preferentially by

wrapping it in plastic and placing it in to ziplock bags. This precaution will help to

prevent loss of reservoir fluids and or core dehydration.
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Core analysis can provide quantification of fracture geometry, fracture frequency and

the nature of any filling material. The disadvantages of core analysis for NFR

evaluation are that it is difficult to assess how representative the core plugs are of the

entire reservoir, cores that contain fractures of practical significance are often lost in the

process of recovery, mechanical fractures are often induced due to the release of stress

as the core is brought to the surface and core analysis is costly, labor intensive and

subject to the availability of drilled rocks.

4.2.2 Pressure Transient Testing

Core scale pressure transient

This pulse-decay test technique was developed by Kamath et al (1992), who set up a

laboratory that captures several hundred pressure readings per second as a response to

an initial disturbance in a core.This permits to determine permeabilities of

homogeneous cores, matrix and fractured properties of natural fractures cores, and the

individual segment properties of a butted (thick end or bottom) core sample.

Well scale pressure transient testing

This includes generating and measuring pressure variations in wells. Subsequent

analysis of these pressure variations provides estimates of rock, fluid, and reservoir

properties .These properties are averaged properties over the megascopic scale of the

interwell spacing or the formation in hydraulic communication with the well. Thus, this

technique may be some what unreliable for identifying to fractures at the well scale

(Elkewidy and Tiab, 1998).

4.2.3 Drill Cuttings

These can detect natural fractures in only a few instances .However, natural fractures

may not be preserved in cuttings due to breakage along fractures. Consequently, the

reservoir might be naturally fractured even if the cuttings do not show any fractures
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4.2.4 Inflatable /Impression Packers

Impression packers are bladders coated with a soft pliable material .The unpressurized

packer is lowered to the zone of interest in the well and then pressurized. As soft

coating is pressed against the wellbore, it conforms to the topography of the hole,

including fractures types and orientation. .The pressure in the packer is then released,

and the tool is removed from the hole. Subsequent observation of the packer coating

gives an idea of the physical character of the wellbore, hopefully including the fracture

system. Impression packers have been used almost exclusively in the detection of

hydraulic fractures. This method works well for hydraulic fracture detection in uncased

holes, because the hydraulic fractures are wide and cut the drilling mud cake. Natural

fracture systems, however, may not cut the mud cake or may not be of sufficient width

to be seen in the rubber skin. In addition, very large or irregular wellbores

characteristics of many fractured formations often cause overextension and blowouts in

the packers, making the technique somewhat unreliable.

4.2.5 Downhole Cameras

Small downhole photographic and television cameras can be used to take pictures of the

wellbore. These give direct information on such physical features as hole size, bedding

planes/boundaries, fractures, and faults .They also provide valuable information during

fishing operations. With the addition of an orientation device, downhole pictures can

provide the same gross directional data on fractures as oriented cores such as borehole

deviation from the vertical axis and orientation of fractures intersecting the wellbore.

Oriented cores will, however, provide rock composition, fabric, and strength data. Such

data are often essential to a complete understanding of fractured reservoirs

According to different authors, the photographic cameras are capable of taking up to

1,000 pictures per trip at downhole conditions of up to 2000F and pressures to 4,000 psi.

The entire tool is 41/2 in. in diameter and 4 ft long. In addition to normal photographic

problems (clean lenses and focus depth), the greatest draw back of this method is that



47

this tool can only be used in dry; gases-filled, or clear water-filled wells. In addition,

any drilling mud cake on the well wall may impede, or even eliminate, direct

photography of the wellbore.

Borehole video cameras have been shown to be successful for the analysis of NFRs in

horizontal wells (Overbey et al ,1989) .In this case the camera is pushed through the

wellbore while attached to the drill string. Recording of the wellbore can be made

going in the hole and coming out .Low pressure reservoirs, preferentially air drilled,

appear as prime candidates for video technology.

4.3 INDIRECT DETECTION /SOURCES OF INFORMATION

Indirect sources of information for evaluating NFRs include drilling history, log

analysis, well testing, inflatable packers, production history and others. It is not the

intension here to write an in depth analysis of these techniques ,but only to discuss what

tools are available to fractured reservoirs and this discussion should serve as a basis for

more detailed investigations.

4.3.1 Drilling History

Drilling history provides valuable information regarding mud losses and penetration

rates. Mud losses might be associated with natural fractures, vugs, underground caverns,

or induced fractures. Penetration rates can be increased considerably while drilling all

types of secondary porosity.

4.3.2 Primary Well Log Evaluation

Introduction

A well log is a record of characteristics of the formation traversed by a measurement in

the wellbore. It provides a means to evaluate the formation characteristics and the HC

potential of the reservoir.
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Log analysis is a powerful tool for detecting and evaluating NFRs .There are logs in

some cases, are run specifically to locate fractures. Conventional logs can also be used

in some instances for quantitative analysis of NFRs

So logging tools can be grouped in to two: Conventional and unconventional.

Conventional well logs are those that are routinely collected at almost all industry

boreholes, including: Caliper, Gamma Ray, Spontaneous potential, SonicTransient

Time, Density and Neutron Porosity logs. Unconventional well logs are either too

specialized, expensive or too recently developed to be run in every well, including:

Litho Density, Spectral Gamma Ray, Borehole Televiewer and Formation MicroScaner

logs.

Among the advantages of well logs over core analysis is that: well logs are cost

effective and readily available, while cores are typically obtained over a portion of a

single well, well logs are run over a significantly larger portion of nearly every well.

Well logs also provide in-situ measurements of the formation at reservoir conditions

and provide a consistent, one-dimensional profile of rock properties expressed in terms

of a consistent length scale. Because they are highly affected by borehole conditions,

well logs may not be the most suitable method for reservoir evaluation.

The goal of this sub- topic is to briefly discus conventional and unconventional well

logs in terms of their response in fractured reservoirs. In general, these tools have been

used to detect (with varying degrees of success) high intensity fractured zones and not

to determine fracture spacing. Because responses used to detect fractures on well logs

are non -unique, a detailed knowledge of the tool and the various rock property effects,

which could cause fracture like response, is necessary for fracture detection by well logs.

Caliper log

Caliper tools measure hole size and shape .The simplest and most widely used caliper

measures a vertical profile of hole diameter. Fractured zones may exhibit one of two

basic patterns on a caliper log (Fertl, 1980):
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- A slightly reduced borehole size due to the presence of a thick mud cake, particularly

when using lost circulation material or heavily weighted mud.

- Borehole elongation observed preferentially in the main direction of fracture

orientation over fractured zone due to crumbling of the fractured zone during drilling.

Neither of the two patterns can be taken as a conclusive indication of the presence of

fractures. Highly permeable formations can also cause mud cake build-up which results

in caliper log recording a hole size smaller than the bit size. Unconsolidated formations

can also show borehole elongation effect.

Spontaneous Potential (SP) logs

The SP log is a measurement of the natural potential differences or self-potentials

between an electrode in the borehole and a reference electrode at surface. Typically, the

SP log is used to obtain the formation water resistively and the shale volume. The

response of the SP curve in front of fractured zones has the form of either erratic

behavior or some more systematic negative deflection probably due to a streaming

potential (the flow of mud filtrate ions in to the formation) .However streaming

potentials can also occur from silt bed (Crary et al., 1987).

Natural Gamma Radioactive Log

The Gamma Ray Log is the record of a formation’s radioactivity. The radiation

emanates from naturally occurring uranium, thorium and potassium; the simple gamma

ray log gives the radioactivity of the three elements combined. Shales have been

associated with measurable quantities of radioactive isotopes, mainly because clay

minerals are naturally radioactive or have radioactive ions associated with them;

however, not all shales are radioactive, and the entire radioactivity reported by the

gamma ray log is not necessarily shale.

The Gamma Ray Log is principally used quantitatively to calculate shale volume .In

fractured reservoirs an increase in the gamma ray without concurrently higher formation

shaliness, is frequently observed. This increase has been explained by the deposition of
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uranium salts along the discontinuity surfaces of a fracture or with in the crack itself

(Fertl, 1980).

Natural Gamma Ray Spectroscopy

Natural Gamma Ray Spectroscopy records the individual mass concentrations of

uranium; thorium and potassium.A high uranium content may reflect the effect of

organic shales or the deposition of uranium salt in fractures (Serra et al., 1980).The

solubility of uranium compounds accounts for their transport and their frequent

occurrence in fractures.

Density Log

The Density Log is a continuous record of the formation’s bulk density. The density

tool uses the physical phenomenon of gamma ray scattering and absorption. The tool

consists of a gamma ray source and one or two detectors.

The dual detector density tool reports two values: a value of uncompensated density

using the long-spaced detector response, and a value of density correction, Δρ.The

correction is added to the uncompensated values to obtain the compensated bulk density

ρ b (Bassiouni, 1994):

            ρ b = ρls   +  Δρ ,  where ρls is the long-spaced detector uncompensated

density.

The term Δρ is a measure of the correction made to the bulk density to compensate for

mudcake and for the density tool not seating perfectly against the borehole wall. It

normally responds to borehole rugosity and mudcake thickness, but it will also respond

to a fluid filled fractures. An active, erratic Δρ curve may therefore indicate fractures

when the hole is in gauge. Since the density logs are a measure of total reservoir

porosity, fractures filled with fluid decrease the recorded bulk density, creating a sharp

negative peak on the density curve, and a corresponding peak on the Δρ correction.
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Litho Density Log

The Litho Density tool reports the measurement of the effective photoelectric

absorption cross-section index for the formation of, Pe. The Pe value is used in

combination with the density value to analyze the formation lithology and to determine

the porosity. The Pe index will report anomalously high values near mud invaded open

fractures .Therefore, a high reading of Pe, with good tool-borehole contact established

by the caliper curve, may be a good indicator of fractures (Ellis, 1987).

The Neutron Log

The measurement principle of the neutron log is based on the fact that hydrogen is very

efficient in slowing down fast neutrons. Similar to the density log, any neutron-type log

is a measure of the total reservoir porosity in fluid saturated formations. Therefore, in

the presence of fractures, the neutron log is expected to have a behavior similar to that

of the density log.

Acoustic Logging

Acoustic logging for formation evaluation can be defined as the recording of one or

more parameters of acoustic wave trains for use in estimating fundamental rock

properties Acoustic logging tools consist of the source of the acoustic signal and

receiver.

The received signal is a composite of several acoustic waves called a waveform. The

main components of the waveforms are, in order of their arrival at the receiver: 1) the

compressional head wave, 2) the shear wave, 3) the pseudo-Raleigh or conical waves,

and 4) Stonely or tube waves. Acoustic logging includes the measurement of both

interval transit time and amplitude/attenuation logging mainly for compressional and

shear waves.

Acoustic Interval Transit time logging records the time required for an acoustic wave to

transverse a given length of formation. The most common device consists of one
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transmitter and two receivers. Cycle skipping occurs because most acoustic logging

tools are designed to detect the first arriving compressional wave only when the energy

level reaches a certain threshold. (Jorden,et al, 1986). Cycle skipping may occur when

the attenuation in a formation is abnormally high (due to under- compaction, light HCs,

or fractures) or when the mud is gas-cut. In hard rock (i.e. fast formations), Cycle

skipping may be a good indicator of fractures (Fertl, 1980).

Acoustic amplitude logging records the energy level of an acoustic wave while acoustic

attenuation logging records the decrease in amplitude across a specified distance in the

medium. The best way to achieve amplitude /attenuation logging is to record the entire

acoustic wave train in the two receivers. The acoustic amplitude log delineates fractures

by measuring the energy loss caused by the mode conversion that occurs when an

acoustic wave reaches fluid filled fracture. The signal amplitude is affected by the dip

angle of the fracture, the number of fractures, the shape of fracture faces and the nature

of the material with in the fracture.(Guyod, et al,1969).However , considerable care is

necessary in the interpretation of amplitude log because changes in lithology or

porosity can produce effects that are similar to the response of from fractures (Aguilera,

1976).Additionally one of the limitation of the acoustic amplitude logging in the

identification of fracture zones is that energy loss may not occur in the presence of

vertical or steeply dipping fractures.

Resistivity Logs

Resistivity logs are measurement of the ability of the fluids in a formation to conduct

electricity .Conventional resistivity tools use an array of four electrodes ,two( in the

case of the normal device ) or three ( as in the case laterolog devices) electrodes are

mounted on a sonde and lowered in to the borehole .The remaining electrodes are

either grounded at the surface or positioned far from the sonde.

The dual leterolog generally provides three resistivity measures: the deep laterolog

(which investigates about 10 ft. in to the formation), the shallow laterolog (which

investigates 3 to 6 ft. in to the formation), and the microspherically focused log
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(McroSFL) which measures resistivity in the invaded zone. The effect of fractures on

resistivity logs will depend primarily on the fracture direction, size (aperture size and

height), length, and the fluid inside the fracture.

The presence of fractures affects laterolog devices in two different ways: (Suau, et al,

1986)

- Any continuous water-filled fracture tends to short-circuit the current lines, and thus

lower the resistivity readings.

- In fractures with a dip angle of 50 degrees or less, both deep and shallow laterologs

see fractures and formations resistivities in parallel. Both measurements will then

respond similarly with a low-resistivity anomaly. In vertical fractures the shallow

laterolog is more affected than the deep laterolog and registers lower resistively.

A fractured zone should appear as a very conductive anomaly to the

microresistivity tools because they see the fractures as entirely filled with mud filtrate.

Imaging Devices

Wellbore imaging involves recording the downhole information of the borehole surface

and converting depth, orientation and caliper data in to two-dimensional images. The

most widely used imaging devices are the Formation MicroScanner (FMS) and the

Borehole Televiewer (BHTV). The FMS is a resistivity tool with arrays of electrodes

where each array is located on pads orthogonal to one another. The pads are kept in

contact with the borehole surface .Each electrode emits a controlled focused current in

to the formation. An electrical conductivity image is formed by recording the proportion

of current flowing and mapping the data to gray level or colors (Ekstrom,et

al.,1986).Porosity ,formation fluid, rock textural characteristics ,and borehole rugosity

affect the quality of the FMS images The BHTV uses an ultrasonic transducer to send a

short acoustic pulse out to the well bore casing wall (Zemanek,et al,1969).The

transducer rotates rapidly in the borehole. The amplitude and transit time signals can be

made with varying frequency transducers. Higher frequencies give better resolution;

lower frequencies are less sensitive to borehole rugosity .The amplitude and travel
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transit time signals are displayed gray level or color images. Similar factors affect the

BHTV and the FMS.

Both BHTV and FMS provide high resolution images of the wellbore, therefore they are

considered the most direct and effective methods for detecting fracture in boreholes. In

general, a horizontal fracture appears as horizontal, straight line and a dipping fracture

follow a cosine curve. The amplitude of the cosine curve indicated the dip of the

fracture; the higher the amplitude, he higher the dip of the fracture. However, image

distortion and the presence of induced fractures can produce significant bias in the

characterization of fracture populations. In addition, the sampling area for these logs is

restricted to the immediate vicinity of the borehole. Finally imaging logs are not as

widely available as conventional well logs.

Since conventional well logs are readily available, it is of great importance to

understand the effects of fractures on them to try to use the information they provide to

attempt a better characterization of NFRs. A model to integrate conventional well logs

in to a Fuzzy Interference System to identify the presence of fractures is proposed.

4.3.3 Flow or Well Test Evaluation

Included in this category are flow test methods prior to production as well as reservoir

performance during production ( production history).Well testing procedures is also a

powerful tool for evaluating fractured reservoirs have been worked on extensively in

the last 30 years using pressure analysis of fracture media .However ,the procedures are

often quite complicated. In general, such testing includes pressure test, pressure draw

dawn, and pressure interference test. In some instances, it possible to evaluate

parameters such as fracture, matrix, and a combined permeability and or porosity, and

distance between fractures from well testing.
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4.3.4 Manipulation of Reservoir Rock Property Data

There are several indirect techniques used to detect fractures, or the effect of fractures,

in the reservoir from reservoir rock property data. Each of these deals with cross-

plotting various core- or log-derived data .All of these techniques can only give an

indication of fracturing, and should, therefore, be followed up with additional direct or

indirect detection techniques to prove the existence of fracture in the reservoir.

Core Porosity Versus Core Permeability

Most rocks exhibit a loosely defined linear relationship between porosity and

permeability. Cross-plotting core analyses porosity and permeability (plug or whole

core) can establish this relationship .On such a plot, samples or groups of samples that

anomalously high in permeability (with respect to the general porosity /permeability

relationship defined for the rock type) are considered to be fractured .This conclusion

can be made because fractures may drastically affect permeability but may have little or

no effect on porosity. Whole -core measurements work better than plug measurements

in this technique.

Vertical Versus Horizontal Whole- Core Permeability

Due to the effect of bedding, most sedimentary rocks exhibit greater permeability

parallel to bedding than perpendicular to it. Thus, on a vertical versus horizontal whole-

core permeability plot, most rock samples will plot to the of horizontal permeability

side of the equal permeability line .If samples plot in or toward the vertical permeability

side of the equal permeability line, fracturing should be suspected.

Maximum Versus 90 0 -from Maximum Horizontal Whole-Core Permeability

Vertical whole core permeability is usually not run unless specifically requested.

Generally only maximum and 90 0 - from- maximum horizontal whole core

permeability is determined. In the standard analysis, a drastic discrepancy between the

two horizontal permiabilities beyond what could be to matrix anisotropy can be

indicative of fractures.
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Core Permeability Versus Flow Test Permeability

As most workers are aware, formation permeability measured in the laboratory on core

samples and in production testing are somewhat different. Because the numbers are

never identical, a comparison of core and flow test permeability is often done to give an

idea of the normal range of permeability. However, flow test permeabilies that are

extremely high with respect to their analogous core permeabilies , well above the that of

normal variability , are often considered to be fracture controlled.

Core Porosity Versus Porosity Determination from Neutron Log

This method assumes that core porosity represents a matrix porosity and neutron log

represents total porosity .Core samples that plot too low in porosity ( with respect to the

normal variation) for a corresponding neutron porosity are considered to come from a

fractured zone. The problem with this technique is that fracture porosity is generally too

low to observe numerically on a neutron log.

Resistively Versus Log Porosity

When resistively is plotted against log-derived porosity, the slope of the resulting

curve is the porosity exponent m. In some NFRs this slope (m) is smaller than the

analogous matrix porosity exponent determined on unfractured samples in the

laboratory. When this happens, fracturing is suspected.

Sonic and Neutron or Density Log Curve Separation

Curve separation between two porosity logs, the sonic and either the neutron or density

porosity tools, can be used to indicate fractures. The sonic derived porosity is assumed

to indicate matrix porosity, while the neutron or density-derived porosity is assumed

represent total porosity. The difference or separation between the two curves is,

therefore, assumed to be a measure of fracture porosity. Fracture porosities derived

using this technique is in some cases unreasonably large.
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4.3.5 Remote Sensing

One method of very indirect detection of natural fractures in the subsurface is remote

sensing (Blanchet, 1957) .These approaches are basically extrapolations of surface data

derived from remotely sensed images to subsurface formations. The basic data types

used are radar imagery, and various types and scales of black and white or color

photographs from low altitude to satellite -based scales.

Structural, fractures, and/or lineation data are extracted from the images with emphasis

on fabric data and specific locations of the larger features (Nelson,). Assumptions are

then made that high-intensity fracture/linear zones continue with depth (Wheeler,

1980), and that features, which are long in map view, continue deep through the section

(Nur, 1978). To what degree these assumptions are valid is not completely known at

this time. Structural features can be delineated effectively from remote sensing imagery,

especially from low latitude stereo pairs (Norman and Partridge, 1978).This can inurn

be used to find areas containing tectonic fractures.

4.4 PREDICTION OF SUBSURFSCE FRACTURE SPACING

Fractures are virtually always present in rock .However; they are most often distributed

in an ineffective manner with respect to reservoir fluid flow. The geologist’s task is to

determine when and where fracture distribution becomes effective, and to plan

development drilling programs to take best advantage of the fractures that are there.

Effective fracture distribution can be approximated with Parson’s equation:

K f r = Kr + e 3 cos2α/ 12D 4 -1

and

Kf = e 2 ρ g / 12 μ                                                                                                  4 -2

Where: K f r = Permeability of the fracture plus intact rock system

Kf = Permeability of the fracture

Kr = Permeability intact rock

α =angle between the axis of the pressure gradient and the fracture planes.
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D =fracture spacing, the average distance between parallel regularly spaced fractures

μ=fluid viscosity

     ρ =fluid viscosity

e =fracture width

Fig. 13 Graph of Equation 4-1, which depicts total formation permeability as a function
of fracture width, fracture spacing, and matrix permeability.

This equation is valid for single-phase Newtonian, laminar flow in planar fractures with

small overall change in width e. The equation uses logical approaches to determine the

total flow: through a fractured and intact-rock portion (porous) of the system. This

equation incorporates matrix and individual fracture permeability as well as orientation

and spacing of the fracture sets present. A graphical presentation of the relationship

between fracture permeability, fracture spacing, and, fracture width can show the

relative importance of each parameter (Fig 13)
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Subsurface matrix and fracture permeability can be approximated in

laboratory.Subsurface fracture orientation can be determined in some cases by core

observation and by predictions based on the relationships discussed before.

Several geological parameters are important in controlling fracture spacing in

subsurface rock units: composition, grain size, porosity, bed thickness and structural

position. Relative fracture spacing can be predicted through the analysis of theses

parameters. In general, relatively stronger, more brittle rocks will contain closer -

spaced fractures. Therefore, any parameter that strengthens or embrittles a rock will

increase its fracture intensity during deformation.

4.5 NATURAL Vs INDUCED FRACTURES

Cores provide an important tool for direct examination of fractures. However, it is

important to distinguish whether fractures are natural or artificial induced Fig 14.

Sangree (1969) suggests various criteria for differentiating natural from artificial

induced fractures in cores.

The fracture is probably natural if:

1. Cementation is observed along the fracture surface. (Be careful that crystals on

fracture surface are not halite deposited by evaporation of core fluids or other materials

deposited from drilling fluids).In general, any fracture surface which appears to be a

fresh break (i.e., unweathered and free of mineralization) shouldn’t be counted as a

natural fracture unless there is some special supporting evidence.

2. Fracture is enclosed in core .one end (penetrating) or both ends (enclosed) of the

fracture occur in the core

3. Parallel set of fractures observed in a single core.

4. Slickensides (friction grooves) are observed on fracture. Unfortunately, iduced

slickensides are not uncommon, particularly in semiplastic shales or marls drilled at

shallow depths. This criterion should be used with care.

The fracture is probably artificially induced if:
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1. An uncemented vertical fracture angles in abruptly from the core edge in the down

hole direction (Fig.14) .Watch out for this type -it is most probably induced during

drilling or pulling cores . Drilling- induced fractures commonly split the core in to equal

halves, often with a slight rotation about the core axis.

2. Fractures are conchoidal or very irregular .Natural fractures tend to be relatively

plane .An exception occurs in highly porous, coarse-textured rocks where natural

fracture surfaces may be quite irregular. Some other criteria for distinguishing a natural

fracture include he presence of oil staining and /or asphaltic material in the fracture and

stylolites which grade in to fractures.

Fig. 14 Comparison of drilling induced fracture, natural joint, and open -gash
fracture ( after Sangree , 1969)
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CHAPTER 5

RESERVOIR CHARACTERIZATION OF FRACTURED

CAMBRIAN RESERVOIRS, Algeria

5.1 INTRODUCTION

Hassi Messaoud is a major oil field found in East-Central Algeria located at 800 km

South from Algiers and extends 40 km from North to South and 60km from East to

West (Fig 15). The field lies in the Grand Erg (sand dunes) Oriental of the Sahara. The

Hassi Messaoud oil field discovered in 1956 by the drilling of MD1, has a generally

North-South axis and the reservoirs are fractured Cambrian sandstones of Paleozoic era.

The field came on production in 1958 and has since been established as one of the

world’s largest oil field. In 1979 Hassi Messaoud’s oil refinery was expanded,

increasing its production capacity to about 9.5 MM bbrls /year.

Fig. 95: Map illustrating the location of the Hassi Messaoud and other oil and gas field
in Algeria
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In 1956 Hassi Messaoud was the first major oil field to be discovered in Algeria. It

remains the country’s most important oil and gas asset, currently yielding around

400,000 STB/day of high quality crude oil with 500 producing wells. The Cambro-

Ordovician sandstone reservoir is subdivided in to four layers: Ri, Ra, R2 and R3.

Significantly, it is estimated that only 15% of the field’s total reserves have been

produced. This is significantly less than for many fields of similar age and nature in

other parts of the world.

It has long been recognized that the faults in the Hassi Messaoud field are necessary for

the successful production from the Canbrian sandstone reservoirs. What is less

understood is the dual nature of these faults in that they can both control the

transmissibility through permeability enhancing fractures, and control trapping (sealing)

through permeability reducing diagenesis. The key to optimally exploiting this or any

fractured reservoir is the ability to predict the existence and properties of both. Without

these faults and fractures, the Cambrioan reservoirs would be classified as being tight

with matrix permiabilities that are less than 40Md, usually less than 3mD, and

porosities of between 3-8 %.In additions, the production history of the wells indicate

variability in matrix versus fracture contribution, which suggests that the field was

composed of more than one type of storativity-based, fractured reservoirs

Reservoir quality and compartmentalization of the Cambro-Ordovician Ra and Ri

reservoirs are believed to be related to stratigraphic, diagenetic and structural variability.

There is much evidence for reservoir heterogeneity especially around faults i.e.

variation in reservoir thickness, rapid changes in porosity and permeability, variable

production performance, variable water production. There is also evidence that fracture

intensity varied from north to south and that this affected well performance

The key to understanding The Cambrian Ra reservoir lies in the innumerable faults that

criss cross the field and that give rise to the fractures that are necessary for its successful

production. To date however, very little light has been shed on the nature and properties

of these fractures, and how they affect the reservoir and well performance .One of the

main difficulties has been to integrate data from geophysics, geology, petrophysics, and
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engineering in a consistent manner .Often the different disciplines will each have their

own somewhat different models of the reservoir. The lack of seismic data has also

increased the challenge of optimally exploiting the Hassi Messaoud field.

5.2 GEOLOGY

The Cambrian Ra of the Hassi Messaoud field is a low permeability, sandstone

reservoir (Fig 16).A sequence of coarse to fine-grained quartzites interspersed with clay

intervals compartmentalizes the reservoir vertically, whereas facies tract transitions

within cycles produce lateral variations in the reservoir quality. It is a relatively “clean”

sand package but diagenesis causes complexity in the lithology and morphology of the

reservoir.

Fig. 16 : Location map showing Zones 1A and 1C

Reservoir heterogeneity and compartmentalization is believed to be related to

stratigraphic , diagenetic,and structural variability,and pose a challenge to economic oil

production .While burial ,meteoric and fault related diagenesis is thought to play an

important part in controlling reservoir quality, it may be that the most important control

on reservoir quality and well performance is a combination of structure and

diagenesis , i.e. the faults and fractures that are as yet poorly defined in this area ,and
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how they affect the surrounding rock properties.Major strike-slip faults with

predominantly NW to NE-SW trends are present across the entire field. In addition, E-

W trending faults have also recently been identified. Many smaller-scale faults with

minor offset are believed to intersect the major faults additionally, numerous vertical

and subvertical fractures are observed with in the reservoir interval from core data and

borehole images. Fracturing is locally more intensive at the immediate proximity of a

fault.

Measured porosity and permeability values for the Ra confirm that the producibility of

this reservoir is dependent on the occurrence of naturally occurring fractures. Matrix

permeability is less than 100Md, and more typically less than 10Md.Porosity values are

in the range of 3-10% with an average 6%.The porosity cut-off used for net pay

calculations is 4 %. In the absence of fractures, this reservoir would be classified as

being tight. Instead, the Cambrian Ra is considered to be NFRs.

The reservoir evaluation of Zones 1A and 1C was done on a well-by -well basis that

followed a pre-determined drilling programme. For each well, the Ra reservoir was

characterized using old and new well logs, core porosity and permeability, core

descriptions, well bore imaging data (UBI), existing outcrop and subsurface maps. Well

test, pressure data and production.

The well production history from the intensely faulted Zone 1C shows high initial

production rates followed by a sharp decline, characteristics of production from a

fractured reservoir with minimal matrix contribution. This corresponds to a Type C

reservoir. The less faulted Zone 1A however has wells that have maintained their

production rates, with no pressure support. This suggests matrix contribution of stored

HCs that feeds in to the highly permeable fracture system, consistent with a Type A

reservoir behavior. Transient analysis of some wells confirms the geological features as

described, in addition to the production profile which was successfully rendered by

reservoir modeling. A careful analysis of well location and performance show that a

through understanding of the fault system is crucial to well success because the physical
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and chemical processes of fault zone diagenesis can create compact and impermeable

zones in certain areas. At the same time however, the physical process of fracturing

enhances the permeability that is necessary for optimal deliverability.

Once a viable geological model was built, flow simulations were conducted using

Eclipse. Permeability variations, fractures and faults were incorporated in to the

simulation to accurately predict reservoir response. History matches made by tying to

previous production and reservoir pressure history so that future reservoir performance

could be confidently predicted.

Particular attention was given to the new horizontal wells that had high IP but then

declined rapidly and produced water shortly after i.e. OMMZ 212, OMMZ 533 and

OMM 751.Observations on the reservoir heterogeneity in Zones 1A and 1C are

summarized in the reservoir quality map in the next sub topic, Fig 17.The evaluation led

us to some preliminary conclusions on reservoir behavior, and to introduce the concept

of fault zone diagensis in the Hassi Messaoud field.

5.3 FAULTS AND FRACTURES

Both Zones 1A and1C have numerous strike-slip faults, with vertical throws varying

from 10m to 60 m .The majority is in the 10-20m ranges.

Both sealing and non-sealing faults are found in Zones 1Aand1C. In the later situation,

these faults would act as migration pathways. Furthermore, some of the faults in

Zone1A show evidence of having variable sealing potential along the strike-slip faults.

For example, well test data for wells OMM31, OMM32, OMM412, and OMM413 don’t

show evidence of a barrier to flow but OMM33 shows the presence of a sealing fault.

Cores from OMM31, OMM32 and OMM33 were studied to validate previous core

description work done in the area.OMM31 and OMM33 show natural fractures that are

vertical, and either open, partially open or closed. The fractures are filled by a variety of
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material including silica, mud, pyrite, anhydrite, and siderite, indicating movements by

mineral-rich fluids. Silica cement was by far the common fracture-filler. Crosscutting

features were observed in a number of cores, indicating multiple generations of

fracturing and /or diagenesis (Fig 17)

Fig.17: Sketches of core from OMM 33

UBI data from Zones1A and1C were not available for study but the UBI data in one of

the newer horizontal wells in an adjacent area clearly show the presence of fractures,

particularly in the proximity to faults (Fig 18).The presence of open, partially open and

closed fractures throughout this wells evidence of multiple episodes of fracturing and or

diagenesis, and a hydrodynamically active reservoir. This is consistent with core

observations.

Cross- cutting features of at least 2 generations
of open & partial anhydrite filled fractures

Stylolyites
terminating against pyrite filled fracture

6
in
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At least one sub-seismic fault was identified. Fractures occur in preferential directions,

determined by the direction of regional stress, and usually parallel to the direction of the

nearby faults. Here the fractures are oriented NE-SW, consistent with the predominant

strike-slip fault trend in the field .In general the frequency and density of fractures

decrease with increasing distance from faults.

Fig.18: UBI data from OMNZ572

The western flank of Hassi Messaoud, which includes Zones1Aand1C, is structurally

low and wells in this area have a high risk of water influx. The aquifer is thought have

been encountered in MD350, located in the southern-most part of Zone1A .Both zones

have water-production problems but Zone 1C wells have higher water-cut rates than

the wells in Zone1A.There are three injectors in Zone1A (OMM41, OMM21,and

OMM502) but the injection program appears to have of limited success. Gas break-
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through observed in wells MD403, OMM40, OMM30, and OMM202and MD338 in

Zone 1A suggests that the injected gas has found preferred high-permeability pathways.

Also, there were probably undetected flow barriers that prevented the gas from

providing pressure support for the intended wells.

The absence of 3D seismic in the Hassi Messaoud poses a big challenge in optimizing

well placement because very often well encounter faults and fracture zones in

unexpected areas. The use of borehole seismic (VSP) which has proved to be fairly

successful in identifying faults that are below 2D seismic resolution .The VSP shot in

OMM702 shows a discontinuity in the reflectors in the NW direction between wells

OMM702 and OMM71.This structural discontinuity is most likely caused by a fault.

Besides being a proof of concept for multi-offset shear wave borehole seismic, the fault

detection also reinforces the theory that faults in this area can be both sealing and non-

sealing because while OMM701 is a good producer, OMM702 is dry suggesting that in

addition to other factors example, poor reservoir quality in OMM702, there was also a

barrier to flow between OMM701and OMM702.

5.4 RESERVOIR HETROGEINITY AND TRANSMISSIBILITY

There is much evidence for reservoir heterogeneity around faults in the form of

variation in reservoir thickness, rapid changes in porosity and permeability (reservoir

quality), changing fault sealing properties and variable production performance. Matrix

permeability is less than 100mD, and more typically less than 10Md .Well test

permeability values are generally higher than measured permeabilities in the producing

wells, by several orders of magnitude. Porosity values are in the range of 3-10 % with

an average of 6%. Reservoir thickness in both zones increases from east to west.

Reservoir quality in Zone 1C is considered very poor based on permeability and

production data. This zone has numerous faults; there distinct permeability barriers and

the majority of the wells in are dry. Reservoir quality in Zone 1A is better, with a large

percentage of the wells being good producers. Fewer faults are also found in this zone.
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The production history from Zone 1C wells show high initial production rates followed

by a sharp decline example,OMM741,OMM75,OMM532,OMM54, OMM67. This is

characteristics of production from a fractured reservoir with minimal matrix

contribution. In contrast OMM31, OMM32, OMM33, OMM412, OMM413, all in Zone

1A, show their production rates to be maintained at or close to IP with no external

sources of pressure support.

5.5 DIAGENESIS AND FAULT SEALS

While it is known that faults in Hassi Messaoud are necessary for the produciblity of the

field, production data suggest that the mere presence of faults doesn’t in itself results in

a successful well. Fluid migration, timing of HC migration and intensity of structural

deformation appear to play an important role in controlling reservoir quality. The faults

clearly have been conduits to more than just HCs, as indicated by the presence of

various fracture-filling minerals.

There are two mechanisms in which permeability is enhanced is reduced in fault -zones:

1-Chemilal diagenesis: fractures are filled in time due to diagenesis caused by

percolating fluids through faults and fractures.

2- Physical diagenesis: grain deformation and pore size reduction at fault damage

zones.

Faults in porous sandstone reservoirs are usually surrounded by damage zones in which

the rocks are affected by a combination of cataclasttic fractures (granulation seams and

deformation bands) and small faults (slip surfaces). Cores taken from wells close to

known faults in Zones1Aand1C show typical fault zone degradation features such as

brecciation, small faults, cataclasites, quartz dissolution and reprecipitation,and

stylolites. Intensity of damage decreases away from these faults.
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Thus, faults or diagenetic sealing in Hassi Messaoud is caused both by precipitated

minerals in fractures and closely packed gauge minerals in damage zones (cataclasis)

Pressure data also suggests that smi-sealing commonly occurs.

5.6 INFLUENCE OF ROCK MATRIX

NFRs are heterogeneous porous media whose behavior is governed by the flow

interaction between the rock matrixes and fractures (Fig 19).The matrix blocks store

most of the fluid, but have low permeability. On the other hand, the fractures don not

store much, but have extremely high permeability. Primary porosity is created by

deposition and in the Cambrian Ra averages 6%.Secondary porosity is created by the

fractures but fracture porosity makes up less than 1% of the total porosity. The matrix

therefore acts as a source that transfers its mass to the permeable fractures that in turn

transports it to the well bore. Therefore, the producing capacity of NFR is governed by

matrix-fracture fluid transmissibility.

Fig.19: Idealization of fractured reservoirs (Warren and Root, 1963)

In the heavily faulted Zone 1C, producing wells have good initial rates, indicating that

there is trapped oil, but this initial rate is followed by a sharp production rate decline.

This is a characteristic production profile of a fractured reservoir where wells are unable

to maintain high production over an extended period of time. In Zone 1A, which is less

faulted, producing wells are observed to maintain their production with out any pressure
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support. What is interesting is that while the fractures are necessary for deliverability

and transmissibility, there also appears to be an inverse correlation between well

performance and fracture intensity.

From a storage point of view, fractured reservoirs can be classified as being of Type A,

B or C:

1. Type A -high storage capacity in the matrix and low storage in fractures.

2. Type B -about equal storage capacity in matrix and fractures

3. Type C - all storage capacity is in fractures.

Characterizing the reservoir in this manner helps the reservoir engineer in pressure

transient modeling to determine fluid flow behavior. It believed that when the fracture

intensity is too high the matrix volume becomes too small and subsequently and its

storativity is negligible. The fractures contain all the permeability and storage, and the

reservoir acts like a single porosity media. This would explain the sharp decline in rates

in Zone 1C wells: the fracture intensity is so great that the matrix is unable to make a

significant contribution to recharge.

The reservoir would therefore be characterized as a Type C reservoir. In Zone 1A,

production is maintained due to fluid recharge from the low permeability but high

storativity matrix, in to the highly permeable fractures, thus making this a Type B

reservoir. A dual porosity model would be valid for in Zone A reservoirs.

5.7 EFFECTS OF DIAGENESIS ON WELL PERFORMANCE

Most of the producing wells in the area are surveyed and analyses of pressure transient

tests are performed thought the life of the field (Fig 20). It is well known that in any

fractured reservoir, flow occurs through secondary porosity, i.e., fracture system, where

as the primary porosity, i.e., the matrix, contains the bulk of the reserves in-place. This

later may or may not supply oil to the depleted fracture system, depending on the rock

conductivity and size.
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Fig.20: Reservoir Quality in Zones1Aand1C

When it does, this behavior can be observed in a pressure test, which normally shows

three flow regimes: the fracture flow, matrix-to-fracture flow, and finally matrix and

fracture flow concurrently. The analysis of the double-porosity behavior yields values
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for storativity of the matrix and the transfer coefficient between the matrix and the

fracture.

The wells in the Hassi Messaoud, which show this behavior, have a high oil rate and

excellent oil recovery and vice versa. Unfortunately, there are numerous wells, which

show a modest initial oil rate and a rapid decline. The pressure signature of these wells

show that they are producing from a single medium and thus, exhibit, as expected , a

plain radial flow in the transient period.

The dual porosity behavior observed during pressure testing of wells OMM31and

OMM32 .The different results show a pressure profile of typical in dual-porosity

systems with time: with flow regimes of first radial flow in fracture system, then the

second radial flow in the whole system (matrix + fracture).The period in between is the

transition zone, where pressure response is dominated by the flow between matrix and

fracture. On the other hand, the well OMM 75, characterized by a rapid decline, and a

low oil recovery, does show a single porosity behavior, i.e., no matrix contribution to

the overall oil production and the testing of the well show a pure radial flow derived

from a single medium. This clearly demonstrates the effect of diagenesis, as it was

explained above.

5.8 COMPACTION PHENOMENON AND THE DUAL POROSITY BEHAVIOR

Each well undergoes numerous pressure transient tests over its life. In a survey of all

the tests performed on all wells, it is observed that for some wells, the Kh obtained in a

test, at a particular time, is lower than the one obtained in the previous test, one year or,

more after a certain production time. Fig 21 represents all the permeability reduction

observed for all the wells showing Kh reduction. The plotted values are only the results,

which are not affected by pressure dropping below the bubble point, and thus, the

results reflect a single-phase flow in the system. The Kh reduction could be associated

with the compaction phenomenon due to the over pressure state of the reservoir.
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Fig.21: Permeability reduction due to production in Hassi Messaoud

An over pressured reservoir is generally characterized by a gradient higher than the

hydrostatic gradient. During the initial production stages, rock compressibility is very

high and acts as an additional important energy to expel oil. Normally, as reservoir

depletes, i.e., pressure declines, the rock compressibility decreases till it reaches a

normal range. During this process, the pores have tendency of compacting, as the fluid,

which is supporting part of the overburden, is produced. This effect may cause a

permeability reduction especially in the neighborhood of the well where pressure

gradients are the highest.

The Hassi Messaoud field had initially a gradient of 0.7 psi /ft, therefore it can be

classified as an over pressured reservoir. In light of what is described above for over

pressured reservoirs, it is expected that it exhibit the same depletion characteristics, i.e.,

pore volume reduction permeability reduction.

However, from the pressure transient testing, it is found another class of wells, which is

characterized by an invariant Kh, regardless of the volume of oil produced over the

Years of production

Kh/Khinitial
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years .From further investigation, it is observed that these wells (second class) all show

a double-porosity behavior where as the wells in the first class, did behave as if they

were producing from a single medium.

This important finding leads to the following conclusion: The region in the field, where

matrix contribution is nil, production comes solely from the fracture system, and as this

latter depletes, reservoir pressure declines and compaction causes the fracture to close,

resulting in a decline on the overall flow capacity of the well Kh, as is documented in

Table 1 for well OMM75.

Table 1: Well OMM 75 well test permeability data

On the other hand, the wells, which exhibit a dual-porosity behavior, i.e., with a

substantial matrix contribution, do not undergo a permeability reduction, as is shown

for well OMN853B in Table 2. This is mainly due to the constant supply of fluids to

the fracture from the matrix, keeping it open throughout the production stage.

Table 2: Well OMN853B well test permeability data

Year Test

Kh
(mD-m)

1974 DST 1020

1987 PBU 440

1994 PBU 41

Year Test
Kh

(mD-m)

1979 DST 1480

1985 PBU 1276

1994 PBU 1165
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It is noted that the oil recovery per year for well OMN853B is much higher than for

well OMM75, compared at the same level of reservoir pressure. This correlation

between transient testing behavior (single-porosity vs. dual-porosity) and the variations

of Kh over years of production exists for most of the wells. This clearly demonstrates

the effect of compaction on fracturing. Matrix and fractures are both characterized by

their individual pore compressibility. If matrix does not supply fluids to a depleted

fracture, this will close due to the high fracture compressibility. This finding has a

tremendous impact on the importance of fracture mapping throughout the field as well

as on coring. Once this is achieved, it should result in better infill strategy for

maximum oil recovery.
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CHAPTER 6

CONCLUSION AND RECOMENDATION

6.1 CONCLUSION

This work has demonstrated that, NFRs are important HC targets which are found in

different parts of the world and include: fractured sandstones, fractured and or krastified

carbonates, fractured basement rocks (igneous and or metamorphic) and others. NFRs

are formed naturally due to local, regional and or different geological phenomenon that

exerts stress on rock masses as well as diagenetic processes. They classified based on

their mode of origin as well as the interaction between the relative porosity and

permeability contributions from both fracture and matrix systems.

For NFRs to be excellent HC reservoirs there should be a good petroleum play analysis,

the early water and / or gas breakthrough, and lost circulation control due to the

presence of fractures with best optimum location of wells should be studied in

detail.Fracture properties such as fracture morphology, fracture width and permeability,

fracture spacing, degree of mineralization with in fractures, degree of fluid

communication between matrix and fracture porosities (dual porosity system), and

compaction as well as fluid and rock properties affect the NFRs production performance.

NFRs can be characterized in different scales: from micro-to megascopic using outcrop

studies, core analysis, well test analysis, and well log information and others.

From the integration of these, reservoir permeability for the NFRs can be quantitatively

evaluated. When there are no major fractures to act as conduits or where there has been

significant mineral alteration and deposition in the fractured zones, pressure decline can

cause the fractures to close off and production rates to drop.
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Identification of natural fractures and differentiating them from induced fractures are

important when dealing with NFRs. There are different types of direct and indirect

methods to identify fractures in the subsurface, though there is no single conventional

techniques provide for identification and characterization of the distribution and

geometric characteristics of the fracture in the wellbore, however all techniques

demonstrate the presence of fractures in one or another way. Fracture denial does

nothing positive for our exploration and development activities and can only lead to

poorer technical and economic performance.

A systematic and integrated approach is important in characterizing fractured

reservoirs, which are more complex than single porosity reservoirs. Fractured

reservoirs in Hassi Messaoud show a number of distinctive characteristics such as

rapid changes in porosity and permeability, changing fault sealing properties and

pressure transient response. Reservoir heterogeneity and fractures heterogeneity is

often over-simplified in the characterization of NFR leading to inaccurate simulation

models. Compaction has an adverse effect on well productivity in areas where matrix

contribution is negligible.

6.2 RECOMMENDATION FOR FUTURE WORK

NFRs can be found in multiple lithologies that may contain two or more fracture

systems and may accommodate multiphase fluids which make them complex and

challenging than the single porosity system. So having potential HC accumulation as

exemplify by existing producing NFRs, they usually failed to attract much attention of

the petroleum industries. Therefore, due to their potentiality with current rising oil and

gas price, I recommend that the industry should further focus closely, use the different

techniques and implement the latest different technologies to understand their complex

dual porosity, their technical and economical constraints and other behaviors to exploit

the resource efficiently.
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