DESCRIPTION OF COMPUTER PROGRAM TO SIMULATE WATER INJECTION
UNDER INDUCED FRACTURING CONDITIONS



1. INTRODUCTION

1.1. Waterflood fracturing simulator

The purpose of this computer program is to providesimulation an estimate of lateral and
vertical extension of waterflood-induced fractu(esth for clean water and produced water
injection), of vertical fracture (hon-)confinemetat target injection zones, of well injectivity,
and of the shape and extent of flooded zones. & developed by merging [1] a number of
existing fracturing [2] en waterflooding [3] softreapackages during the late nineties of last
century.

Applications of this program throughout the yeaewéh been mainly in the arena of water
injection for waterflooding, for reservoir voidageplacement and for (contaminated) water
disposal [4-17]. In most of these applications,arvahjection simulations were carried out to
assess issues around fracture containment, sweapjacativity.

In many waterfloods, fractured water injectors areommon feature. Unintended fracturing in
water injectors may occur owing to thermal effegarticularly in offshore areas) or due to
pore plugging by impurities in the injection watkttentional fracturing may be an integral part
of the field development plan, since the increasgettion potential may enable a significant
reduction in the number of injector wells drilldelurthermore, as a result of fracturing, water
purity requirements may be relaxed providing a ificent reduction in facilities costs,
especially offshore. However, once fracture lengtech a significant fraction of the well
spacing they can have a significant influence ereep efficiency. Furthermore, if the fracture
does not extend over the full height of the form@tinon-uniform sweep in the vertical sense
may be encountered which may alter field develogméams. Finaly, intended or unintended
fracturing may lead to out-of-zone growth, partazly when injection rates significantly exceed
leakoff rates owing to low formation permeabilitisd/or limited disposal storage capacity of
the target injection zones. Therefore, the accupageliction of fracture length and height is
required.

Our waterflood fracturing tool computes fracturendnsions, well injectivities, and flood front
displacements for water injection under inducedttrdng conditions. This applies both to
produced water injection and to clean (e.g. sedemmjection.



2.  FRACTURE PROPAGATION: PHYSICAL MECHANISMS INCORPORA TED
IN THE PROGRAM

2.1. In-situ Stress

The in-situ stress, as it affects hydraulic fraciris the local stress state in a given rock mass
at depth. The three principal stress componenteofocal stress state - typically compressive,
anisotropic and non-homogeneous - are influencexhgly by the weight of the overburden,
burial history, pore pressure, temperature, roadperties, diagenesis, tectonics and visco-
elastic relaxation. In addition, drilling, fractng or production can alter some of these
parameters, changing the local stress field.

The stresses control the fracture orientation igadror horizontal, and the azimuth of vertical
fractures), vertical height growth and containmentrface treating pressures, and internal
fracture plugging.

A geological formation in the subsurface that i$ partly depleted, is subject to virgin stresses.
Firstly, the vertical or maximum stress componeptwhich equals the weight of the overlying
rock mass (overburden) and can easily be obtaioed the integration of a density log. If such
a log is unavailable a rule of thumb of 1.0 ps{fi22.6 kPa/m) is generally a good
approximation of this vertical stress component.

This overburden is transmitted into a horizonte¢sd that, in a tectonically inactive are, will be
approximately the same in every direction. Consetiylec, = 05 in Fig. 2.1. The general
relationship between vertical and horizontal stiesss the principle of effective stress, defined
as the stress minus the pore fluid pressure. Hence:

01 = 01-P

with o,'= effective vertical stress
R = pore fluid pressure

Sometimes the effective stress is called the gmassure in the rock matrix.

The following equation provides the effective honal stress:
v
0, =0, =——0, (‘Eaton's rule")
2=9% =75
withv = Poisson's ratio

Assuming thatv = 1/3, the effective horizontal stress equals apprately one-half of the
effective vertical overburden. This value is quyteical for sandstone.

Thetotal horizontal stresses follow from the effective ontal stresses as given below:
Vv
0, =03 :].—_I/(Gl- Ph + B
witho; = total vertical stress (overburden)

For the above example of = 1/3, and usingo;= 1 psi/ft and p= 0.45 psi/ft (= 10 kPa/m), one
obtainso, = a5 = 0.7 psi/ft (= 15.8 kPa/m), which is consideredoavenient rule of thumb
value for tectonically relaxed areas.

Note that the above formulas show that rock laygth higher Poisson’s ratio will generally
have a higher total horizontal stress. This exglaihy the horizontal stresses in shales are often
higher than in sandstones: shales have a highssdétos ratio.



In tectonically active areas, an additional hortabrstress component is present in a certain
direction. The result is the intermediate stre¢so(aalled ‘maximum horizontal stress’), which
is normally labelledo,. So the following picture emerges; > o0, > g5 (Fig. 2.1). The
horizontal stresses control the azimuth of theiegrhydraulic frac created, since the frac will
orient itself perpendicular to the minimum horizaingtressog (i.e. it will align itself parallel

to the maximum horizontal stresg) to satisfy the minimum energy principle.

More plastic material like shale, anhydrite andkeadt will transmit more of the vertical stress
resulting in a higher horizontal stress. Therefdréhese formations are bounding a reservoir
sandstone zone which is being fractured they wvaiitain, partly or completely, the vertical

growth of this fracture.

Burial or uplift of the reservoir zone and cemeiotathistory, pressurization and depletion will
complicate the calculation of the present-day mimmhorizontal stress. Consequently, it is
essential to measum@; by means of a minifrac procedure, determining ftlaeture closure
pressure (FCP in Fig. 2.2) which equads

At shallow depth (typically less than a few hundredtres) the horizontal stresses may be
greater than the overburden, due to tectonic gsessid horizontal fractures will be generated.

2.2. Reservoir depletion / pressurization

During reservoir depletion or pressurization thesitn stresses change. The total overburden
stress will remain constant, but the two tdiakizontal stresses will decrease (depletion) or
increase (pressurization).

If it is assumed that the formation behaves imadr poro-elastic manner, we can calculate the
reduction / increase in the total horizontal sieeassing the following equation:

Ao, =A03= Ay Apg
where the constantAs called the “poro-elastic constant” , which igep by
1-2v
1-v

A=~ )

where:
B =ratio of rock grain compressibility to rock migatcompressibility

V = Poisson's ratio
Ap; = reduction (depletion) or increase (inflation)}e$ervoir pressure

The poro-elastic constant ,Acan be measured in the laboratory on core sames.
sedimentary basins, values of the poro-elastictaohfiave been reported between 0.4 and 0.8.
The reduction in formation breakdown pressure o Bi2 (FBP), caused by depletion, can be
calculated using the reduced minimum in-situ seesfom above equations. The same
approach can be used to correct for the effeatesarvoir pressure pressurization.



2.3. Fracture propagation — general

Fracture propagation is governed by the followihggical processes (see also Fig. 2.3):

a)

b)

Flow of injected fluid towards the fracture tigiving rise to frictional pressure drop
within the fracture §pric). When laminar flow is being assumed, the friciopressure
gradient is related to the frac width in the folloggmanner:

P 1Q

& wir)f
w(r) = ‘effective’ frac width at distance r from welltear
K = fluid viscosity
Q = injection rate
Note that the ‘effective’ frac width w(r) incorpaes corrections for external filtercake

thickness. See under g) below for a further disonssn fracture width versus external
filtercake thickness.

Elastic opening of the fracture in response roirdernal (fluid) pressure distribution.
Driving force is the ‘net pressurép,, (fig. 2.3), which is equal to the difference betwee
the fluid pressure in the fracture and the totatimum in-situ stresg;. For a “long”
fracture (i.e. total fracture length > total fratuneight), the elastic opening relation is
2H

Wit :Fpr
W = 'Total' fracture width, i.e. including the extattiltercake
H = total fracture height
E’ = ‘plane strain’ Young's modulus, given bfg'= E/(l—Vz), and E the Young's
modulus.

Assuming a negligible pressure drop over the patioms and no near-wellbore
tortuosity effects, the net pressudye,, is given by:

Ap,, = Bottom Hole Pressure (BHP) Fracture Closure Pressure (FCP)

Breaking of the rock at the fracture tip. Theiseance of the rock against being fractured
can be characterised by a material property, wisidalled “fracture toughness” (symbol
K|c). Laboratory tests have shown that in order tavgadlarge” (length > 0.1m) fracture,
a tensile stress T given

T= ch

Jrt

(L is the fracture length) is required to overcotie rock resistance. It should be noted
that for “small” fractures (length < 1 cm), the $éda stress T required to fracture the rock
is given by the rock tensile strength. For “intediage” fractures (1 cm < length < 0.1
m), the growth criterion is somewhere in betweeas#two extremes.

Since hydraulic fractures may be considered agélarthe net propagation pressuye,
IS, in the absence of frictional pressure drogjven by (see also Fig. 2.3b)

KC
Ap, = I

Jrt




d)

f)

Typical lab-measured values foi:kare in the order of 1 MRen (= 1000 psiinch) under
unconfined conditions and 3-5 M#a (= 3000-5000 psinch) under confinement typical
of reservoir conditions.

In-situ stress layering and gradient. The tatadimum horizontal in-situ stress,(z) is
not uniform but in general a function of depth ag(F2.4), characterised by stress
“jJumps” between different layers in combination lwi continuous stress gradient. The
example of Fig. 2.4 illustrates the classical sitimof a fracture initiated in a sandstone
which is bounded on top and on bottom by shalertayehe stress contrast between the
top shale layer and the sandstone layer is give8;bwhile the stress contrast between
the bottom shale layer and the sand is given by®8reover, the stress is characterised
by a continuous gradient g. As a result of thig, sipward and downward growth rate of
the fracture will be different from the length-wigeowth rate. The stress contrasts tend to
“pinch” the fracture width near the top and bottoamd thus inhibit upward and
downward growth. On the other hand, the in-sitesstrgradient will tend to favour
upward growth.

Fluid volume balance, which means that fluid padhinto the fracture equals the frac
volume plus the leak-off volume. In water injectiapplications, the fracture volume is
generally negligible compared to the leak-off volum

Poro-elastic and thermo-elastic effects duriradex injection

When water is injected into a hot reservoir, botoaling of the reservoir and an increase
in pressure takes place in the part of the resefiamided by water. It can be shown that
temperature reduction leads to rock shrinkage, livban result in a noticeable decrease
in the total minimum horizontal in-situ stress arduhe fracture (thermo-elastic stress
reduction). The pore pressure increase, on the didned, results in an increase in the
total minimum horizontal in-situ stress around fitaeture (poro-elastic stress increase).

Fig. 2.5 shows a schematic picture of a water tigadracture surrounded by zones of
different fluid mobility (plan view). Immediatelyusrounding the fracture, there is an
impaired zone, which is caused by ‘deep damage’rasult of dirty water injection. This
zone will be further discussed under point g) beldle cooled zone is extending beyond
the impaired zone. The size of the cooled zoneeisrthined by a heat balance, i.e. the
heat absorbed by the (cold) injection water shanéladqual to the heat transferred by the
cooled zone to the cold injection water. Beyonddbeled zone, a warm injection water
zone extends, beyond which there is finally thegiwioil (in the case of waterflooding) or
aquifer (in the case of disposal into an aquifer).



In our waterflood fracturing program, the poro-étasnd thermo-elastic stress changes
are calculated based on the geometry of Fig.Th&.equations are:

Aaporo—elastic = Ap [ (pfracture - pf )[ gp (L! H ! Bflood front)
Aatham—dasic = AT |:](Tfracture _Tf )DgT (L’ H ! Btemp. front)

A, = Poro-elastic constant (refer chapter 2.2)
At = Thermo-elastic constant (typically 100 ki) which can be expressed as

E
=g —
Ar 1-v

a = Thermal expansion / contraction coefﬁciem'b

E = Young’'s modulus

v = Poisson’s ratio

Prracture= Pressure in the fracture

pr = reservoir pressure

Tacture= T€mperature in the cooled reservoir zone immeljiaround the fracture
T = Reservoir temperature

gp » Or = Geometry factors that depend on the fractureleagth L, its height H and the
penetration depth of the injection water fronf,(Bony) or cooled zone front (Bojed fron)
see Fig. 2.5. Note that both L and H ang Bt/ Beooled frontdepend on injection time.

Note that the thermo-elastic constant As proportional to Young's modulus E.
Therefore, for the same thermal expansion coefficie a stiffer rock will develop more
thermo-elastic stresses as a result of cooling thaofter rock. This appears to be
generally in line with field observations.

In the case of a propped hydraulic fracture stitmma which is of relatively short
duration, the pore pressure and temperature péoetrdepths into the reservoir are
small, resulting in only a very small change in diverall stress level. However, for water
injection fracturing the pore pressure and tempeeapenetration depths are significant,
resulting in non-negligible poro-elastic and therefastic stress changes around the
fracture.

The net change in stress level will be dictatedhgybalance between the increased pore
pressure and the decreased temperature. The otleaalje in the total stress is obtained
by adding the individual changes to temperatureceon and pore pressure increase. To
illustrate these effects, Fig. 2.6 shows changesoial stress owing to temperature
decreases and pore pressure increases for a thjmgbdy permeable North Sea sandstone
after 2 years of high rate water injection.

In this case, temperature effects are dominatiseawis the pore pressure effects, and
the overall reduction in stress amounts to abo@b 1 the estimated minimum initial
stress of 500 bar.

Figure 2.7 shows an example of the vertical distiilm of these changes in total stress
due to cooling, indicating that this effect badicaémains confined to the reservoir due

to limited heat conduction into the (impermeablap and base rock. This is tantamount
to a stress barrier at the boundary between reiseand cap and base rock, and hence a
growing fracture may be confined against this learri

In contrast to the above example, water injectiom itypical tight carbonate reservoir,
can lead to increases in the overall total strass tw pore pressure increase which



9)

outweighs the thermo-elastic stress decrease PR&). Thus, in this case, any initial
stress barrier which may initially exist betweere tteservoir and cap rock may be
eliminated after prolonged injection.

Formation impairment around the fracture (sé& f&8-20] for further background).

In spite of numerous efforts to date, no modeltexisat satisfactorily predicts the degree
of formation damage induced by (produced) wategcitipn as a function of oil/solids
content, particle size distribution, etc. Therefooair waterflood fracturing program
adopts a very simple damage model, which contamsnaber of parameters that can be
calibrated to laboratory tests and field tests. &tfiect of formation damage as a result of
water injection under induced fracturing conditidvas been taken into account by:

- An impaired zone around the fracture (see Fi§),2which is characterised by a
uniform degree of formation impairment

- An external filtercake on the fracture face withiform permeability
- Internal plugging of the fracture
Below, each of these three points is discussedrthdr detail.

Impaired zone.

The impaired zone (see Fig. 2.5) is the formatiosaammediately adjacent to the
fracture, which becomes impaired as a result ofacnimated water injection. Laboratory
experiments suggest that impairment of the formatioound the fracture is largely the
result of injected oil-in-water, plus some very dnsalids. Most injected solids do not
penetrate into the formation. The residual formapermeability to water in the impaired
zone has been measured to be approximately eqtia tendpoint relative permeability
to water. Therefore, the endpoint water relativergability (input parameter) provides a
good estimate for the ‘damage factor’ of this zone.

External filtercake.

Laboratory experiments also suggest that the iejectolids make up an external
filtercake, which covers the fracture face. The saeements indicate that the filtercake
permeability is between 1 and 2D. The filtercake permeability appears to be loveer
low-permeability rock and for heavy oil.

Internal plugging of the fracture.

Once external filtercake starts building up on freeture face, conventional filtration

theory predicts that no newly injected solids W# able to penetrate into the formation
adjacent to the fracture. For a slowly growing fuae (as is the case for water injection)
this may eventually result in a situation in whitte filtercake thickness becomes
approximately equal to the total fracture widtlesulting in internal fracture plugging by

injected solids. This is particularly applicabl tases of very contaminated water
injection into formations with very leak-off.

In such cases, the ‘effective’ fracture width coafgproach zero, resulting in very large
frictional pressure drops. Within our waterflooddturing program, the water flow in the
fracture for thick filtercakes is assumed to balsed in ‘wormholes’, which form in the
filtercake. Wormhole formation results in a sigoéint reduction of the frictional pressure
drop. The degree of internal fracture plugging dticlwr wormholes start to form is
provided by the user by means of the input varighleThe variabld, is defined as the



ratio between the ‘effective’ frac width and thdalofrac width at which wormhole
formation starts.

An order-of-magnitude value fdg;; may be estimated as follows. Consider the forces
acting on an individual filtercake particle sitting top of the external filtercake. Injected
fluid flow towards the fracture tip will cause shefarces, and (leak-off) fluid flow
perpendicular to the fracture face into the foromatwill cause normal forces. The shear
forces tend to drag the particle away from thefilake, whereas the normal forces tend
to keep it where it is. The critical effective fraddth at which a filtercake particle will
start to be dragged away can be estimated by aygpdyistandard slip criterion relating
normal and shear forces acting on this particle rEsult is

2k L 2
Werit (r) == COS_I(LJ 1- (Lj
D . Of L L

L = One-wing fracture length
k. = External filtercake permeability

r = Distance away from the wellbore (in the fraeduOs<r=< L
D_..= Diameter of the filtercake particle.

part —
f = Slip coefficient. A value of £ 10°3 has been estimated based on the results of earlier
laboratory experiments.

The above equation shows that the critical effectivac width at which filtercake
shearing starts increases proportionally with tngase root of the fracture length. Since
generally theotal width w,,, of a propagating fracture also is approximatelypprtional

to the square root of the fracture length, theorfiit may be assumed independent of
fracture length.

The above equation can also be used to estimaiedan-of-magnitude value fdg;. For

a typical filtercake permeability of 1D, fracture length of 100 m and particle diameter
of 1 micron, one obtains a value fogpy in the order of 1 mm. For a ‘typical’ maximum
water injection fracture width of ca. 10 cm, thisplies a value fof.;; in the order of
0.01. This is of the same order as the value tlaat ebtained by matching simulation to
field data of produced water injection with veryntaminated injection water.

2.4. Fracture containment

In most intervals to be fractured the formatioriagered, with layers of heterogeneous rock
properties, and the stress field exhibits gradiant$ discontinuities which influence the three-
dimensional fracture propagation.

To date the following four factors have been idédiin having a pronounced effect on vertical
containment (all four can be addressed in our drawy program):

minimum in-situ stress contrast (see also unded2above)
Young's modulus (stiffness) contrast

apparent fracture toughness (overpressure) contrast
permeability contrast

Often contrasts in in-situ stresses and elasticpeatees are interrelated and occur
simultaneously. A simple rule of thumb is that mes$ contrast of more than 1000 psi (7 MPa)
acts as a stress barrier and causes the fractbeetodally contained.

When a fracture runs into a zone of high leak-bfhay become impossible for the fracture to
penetrate that zone significantly, leading to dadtive containtment by that zone.



The fracture geometry can be influenced in the detigqm stage by selective perforating. For
instance, by specifying that the fracture shouldl meak through the cap rock, the fracture
length can be maximised by positioning the perforatin the bottom of the pay zone.

Geologic discontinuities such as faults, jointstra fractures) and bedding planes, are
frequently associated with discontinuities in itusstress. Consequently these discontinuities
can also arrest lateral or vertical fracture pr@p@ag. This has been demonstrated in mine-back
experiments, which also revealed that when a frdgrbpagate through a joint, an orientation
change or the creation of multiple fractures tolgce. So far no method has been developed to
quantify these effects via simulation.



3. EXAMPLE INPUT

Company name

well name

Location

Date

Description Example case of water injection

Comments

INPUT

GEOLOGICAL MODEL

DepthTop LayerName
(m3

0 Overburden
990 Cap rock shale
1000 Injection zone
S000 uUnderburden

DepthTop DepthBottom LayerHeight StressTop StressBottom StressGrad
(m3 (m) (] (MPa) (MPa) (kPa/m)
0 930 930 0 15. 54 15. 8
930 1000 10 15. 64 15.8 15. 8
1000 5000 4000 15.8 79 15. 8
5000 1e+004 5000 79 158 15. 8
FormPresTop FormPresBot FormPresGrad
(MPaj) (MPaj (kPa/m)
0 9.9 10
9.9 10 10
10 5o 10
5o 100 10

ROCK PROPERTIES

DepthTop Permeability Porosity YoungModulus PoissonRatio FracToughnes

(m3 (md) -2 (MPa) (-1 (MPa=sQRT(m))

o 300 0.3 5000 0.25 1

990 1.5 0.03 5000 0.25 1]

1000 300 0.3 5000 0.25 1

5000 300 0.3 5000 0.25 1
Fracture toughness exponent -0.5 -

FORMATION FPARAMETERS

Poro-elastic constant 0.6 -
Thermo-elastic constant 100 kPa/=C
GeoThermal gradient 0.03 *C/m

Reservoir temperature 5O *C



Reservoir temperature 5O
Heat capacity of rock 2560 K1/(m==~C)
Connate water saturation 0.3 -
Residual oil saturation 0.1 -
Total reservoir compressibility 1.5e-006 1/kPa
Formation fluid viscosity 0.5 mPa=s
Endpoint rel. perm. of oil 1 -
Endpoint rel. perm. of water 1 -
IMJECTION FLUID & FILTER CAKE

Inj. water viscosity at inj. temp. 0.5 mPa=s
Inj. water viscosity at res. tTemp. 0.5 mPa*s
Inj. water heat capacity 4185 kKJ1/(m==*C)
Inj. water density 1.02 g/cm=
Damage Tactor 0.1 -
Permeability 0.02 md
Forit 0.01 -
Kappa 1 -
FRACTURE DIMENSIONS

Init. fracture height upwards im
Init. fracture height downwards im
Init. fracture depth (TV) 1050 m
Init. fracture Tength im
Max. Tracture length 1000 m
Max. fracture height upwards 1000 m
Max. fracture height downwards 1000 m
Drainage radius 1500 m

WELLEORE HYDRAULICS

5# Description DepthBoTAH DepthBotTY SectLengthaH SectLengthTv
(-30-2 (m] (m] (m] (m]
o o o o o
1 1050 1050 1050 1050
5# Description DepthBoTAH InnerDiam guterDiam FrictionMult
=20-2 (m) (mm) (mm) -2
o o o o 1
1 1050 o 22.06 1
Init. fracture depth (AH) 1050 m
INIECTION CYCLES
InjTime InjDuration InjrRate solidsLoadng OilLoading InjwatsurfT
(mon) (mon) (m=® /day) (vol ppm) (vol ppm) )
o 240 1e+004 50 200 40
InjwateHT
(c

40.1
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