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o ! ' v ABSTRACT -

The use of hydraﬁliz fracturing in the field of energy ;
,;gsaurges development has generated a need for'effe-*iye
methods to determine the size and- orientation ' -
fractures. Surface deformation monitoring F
considered as _onhe of the fedsible geophysica: -
order to understand its relevance, ve have tc¢ rs

well the surface deformation delineates
_ source parameters of fracture.
1 reviev past studies of hydraulic f- celd "

* . » st

experiments of deformation monitoring and © 2ms in
the behavior of hydraulic fractures. Ma g an,
analytical solution for the surface éis%;§ ) due to a
horizontal gennyﬁshageé»fract&re; I discuss a mét%ad to
determine ‘ the source parameters  from surface deformation .
measurements, and present a¥ measure to = evaluate the.
applicability of defgfmaaicn monitoring fa; investigation of

hydraulic fractures,. ~
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1. Introduction
Since itgfin;roduct@on.to‘ the. petroleum industry (Clé:k,
15@9), . the technique of hydraulic, frabtu}ing has been
applied as a tool for underéround waﬁte disposal, gg&therﬁal-

- energ recovery, solution mining and in-situ” bitumen

recove from oil sands and 0il ‘'shale deposits as well as
for conventional ~ oil/gas reservoir  stimulation. The

technique has received a considerable amount of theoretical

-
4

and experimental attention. Unfortunately, the analysis=%f
the behavior of induced fractures Js still inadeqdate. The
difficulty 'is that the  form of the fracture depends on
several yariable§ 'such as the dntefaction_ g;;weenl the
properties of injection £luid a;d the properties of the
formation rock, the. strength - tharactgristics of .Ehg
reservoir materials, the in-situ stress state, the initial
pore. pressure and the fluid penetration, and the
pre-existing fractures andAiones of weakness.

Hydraulic fracturing in a éroject should be designed to
create fractutes of a desired form for ‘the particular
purpose. The form of the fracture, especially its
orientation and size, is crucial. Nevertheless there have
been few cases in which the form of induced fractures could
be .well éetermined. One of the b{ggest problems in the’
application of hydraulic fracturing rglates to the methods
for the determination of the -size and orientation of
fractures. Geophysical techniques involving  .surface

measurement of . physical quantities and their changes



associated with hydraulic fracturing are regquired. Any
technigque sensitive to the presence of fractures should be
‘considered. The feasibility of seismié and acoustic
measurements, ground deformation monitoring and electric
potential measurements have been evaluated by field
experiments, - but the number of the experiments with

published results is quite small. Here I discuss the use of

ground deformation measurements.

1.1 Measurement and Analysis of Ground Deformation
The vaiug of ground suffasg.rdeﬁgfmatian measurements
for the determination of guantitative details of fracture
implies the detectability of small magnitude surface
deformation. and methods {2: the analysis of the resulting
data. Accurate measurements with high resolution instruments
and . construction of a éfactableg realistic fracture model
are the minimum Eequifgments;
| Even if surface deformations are measured accurately by
‘high resolution instruments, ¢this does not imply the
detection of the surface deformations due to the Elﬁid
injection into the_subsurface. The earth is not a stationary
but a deformable body which changes in internal structure
iéﬁd shape by natural and induced forces. The “types of

surface deformation are multifarious in terms of time scale,

patial extent and magnitude. The extraction of the signals

from the fluid 1injection _@peéatian; can not be attained



vithout suppression and estimation of the background hoise
and proper data processing for the signal enhancement. |

The major noise which should be taken into
consideration for the extraction of the signals from the
fluid injection is caused by tides and meteorological
éffects such as diurnal thermal strain, wind, barometric
fluctuation and moisture change, and the near-surface
enviroments such as the machinery for 1injection operation
" and fluctuating aquifers. Only some of them are periodic and

predictable. (Wyatt and Bergei, 1980; Savage and Prescott,

1873).

' Hydraulic fracturing 1is not always accompanied by
permanent deformation. of the ground surface. The period of
the fluid injection operations usually ranges from several
-tens of minutes to a few hqg;s, or a few days. The
measurements are reqﬁifed to follow relativelg! short timg
phenomena.

In order to analyze the observed surface deformation,
wve assumeq a mathematical vfracture model, and we need fe
understand the theoretical ground deformation due to the
‘model fracture. There are two ways to characterize the
subsurface deformationf' In one of them the subsurface
deformation is characterized by the displacement
dislocation, and the other assumes the forces‘a:ting in the
fégion of subsurface deformation. The Eomﬁlgxity of real

subsurface deformation;\hakes it difficult to suggest how

the distribution of the displacement dislocation or the

v
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forces should be modelled. Surface deformation associated
with fluid injection has not yet been ~ studied uffictently

that a strict fracture m@éel can be constructed.
We need a tractable and realistic crack model in order

to start the solution of this problem. Even if the crack is

earth model, analytical solutions exist iny for a limited
number of symmetrical gegmetéies (e.qg., Sih,1973; Kassir
and Sih,1975 '), and even those are complicated. These
saluﬁicns all have a singularity, a M ess concentration of

nfinity, at the crack tip, _which praba%}y plays an
important role in the propagation of the %%a:ture but is
physically impossible. Therefore the assumption of the

displacement or stress conditions should be reconsidered to

make the crack model more reasonable. For more complex crack
madelép numerical appéga:hes afgln,éuéally fequi:eé_‘it is
élsa important to understand how much the ;hearetical
surface deformation fields from\ t ggcféch model
"differ from the alterﬁative mgaei jﬁakgs into

consideration ‘such a phy 1:51%%;; mpossj¥ie“situation, and

how well the surface deformation delineates the changes of
the source parameters of fracture. | |
_ ?hére have beén few llhydraulir: fracturing experiments
ﬁheﬁe ground deformation was ﬁéasureé ;ﬁd"thé res&lté'
published. The reason for this seems to be the difficulty of

constructing a tractable, realistic crack model and of
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developing the techniques for field measurements. -

1,2.5§ufce Models in Volcanism and Seismelagy

There have been 52vergl scﬁrce models applied to. the
analysis of surface deformation %ssaéiateé with volcanism.
Yamakawa (1955) and Fukuda. (1944) assumed spherical m@éelsi
‘Walsh et al. (1971) studied a semi‘iﬂfiﬂiterline source

model. Davis et al. (1974) used an- ellipsoidal, -anelastic

source model for the interpretation of the Kilauea's

observation. Dietrich et .nl_ir (1975) calculated the surfac
displacements due to a variety of volcanic source shapes by
finite elements analysis. Swanson et al. (1976) applied ‘the
above five ifferent models ﬂg;fghg cbégfvatiéﬂs around
Rilauea's rift and compared the :esﬁlts. Koide et al. (1975)
discussed formation of fractures around magmatic intrusions.
Lachenbruch (1961) analyzed natural ‘extension fractures
which initiate atﬁthe‘suffaée and propagate downward.

In seismology, elastic theory of dislocation
demonstrated the equiéaleﬁce of small shear dislocation and
the double-couple force, the S0 called body force
equivalence (Steketee, 1958; Harujaga,19§3; Burridge and

'Knepefé, 5554), and then brought a significant advance

. regard to the elucidation of seismic source
relation of seismic source to shear fault movement has been
i ) N

substantiated by many observations. Many'earthquakes have

been described in terms of the time and spatial parameters



such seismic fault models, (cf., Yonekura, 1978). It is:

"~

©
furthermore noted that surface deformations and seismic
radiation have been explained quite reasonably by this
faﬁgﬁf simple model.

7Easi¢ mathematical treatments oY elastic theory of
dislocation for the calculation of surface deformation wer;
presented by Steketee (1958) and Maruyama (1964). Analytical
solutions for simple shear fault models with wuniform
displacement dislocation on a plane yere derived by Chinnery
(1960), who assumed a two-dimensional, vertical, strike-slip
fault, Press (1965), who analyzed a vertical, recdtangular
fault model with dip and strike-slips (and publishedi
incorrect results), and Manshinha and Smylie (1971), who
took account of arbit:arf dip-angle of a rectangular fault
plane. The static deformation field due to dislocatien in a
multi-layered medium has been studied by Sato (1971) and
Sato and Matsuura (1973, 1974, 1975). Nyland (1971)
discussed body force equivalents as sources of anelastic
processes, Other ”féﬁerén:e; are found 1in articles of
Ben-Menahem and Singh (1969, 1970).

Several attempts have been made to interpret static
displacement fields due to the occurrence of an earthquake
in terms of a dislocation function varying along a complex
faglt surface: In those analyses, tbe»ﬁﬂélccatian function
‘has been determined by using the Eith@éjéf linear inversion,
the least-squares procedure or the finite elements

modelling, under an assumption that the other presupposed



fault parameters are adequate. The feliability of ‘the
estimated results 'depends strongly on that of the
presupposed fault parameters. (Savage and Hastie,b 1966;
Canitez and  Toksoz, 1972; Mikumo,1973; .Jungles and
Franzier,1973; Alewine and Jordan, 1973; Nyland, 1973, 1976;
McCowan et al.,1977; Hiyaéhita and Matsuura,1978).

Earthquakes represent failure of geological materials
to resist tectonic stress. The stress is accumulated over a
period ©f time, and must be accompanied by deformation and
straining of rock. Laboratory experiments and the@reziéal
considerations predict that a change in the strain rate
should precede the failure. Therefore, it 1is a crucial
subject for earthquake prediction to monitor the temporal
and spatial extent as well as the mégnituée of the changes
in the strain rates preceding earthquakes.

The value of the deformation measurement is also found
in the fact that a substantial part of the fiulting
associated with earthquakes takes place too slowly to be
detected by most seismometers. There is the further
bgassibility that slow and 'silent’ éafthquakes ma§ result in
. significant displacements, and anelastic processes f@liéwing
earthquakes may strongly affect the stress enviroment. These
phenomena would be ‘accompanied by episodic  ground
displacements that might not be much smaller than those
associated with seismic events. Geodetic monitoring of

for example, the monitoring of long-term strain accumulation



patterns.and rates, medium-term episodic strain changes as
the preparatory phase of an earthquake, the detection of
short-terﬁ strain changes just prior to its fault movement,
and the observation of postseismic deformation as the
relaxation prséess of regional and local  stress patterns.
Not only the measurement of local strain accumulation and
release in and aroun¢ seismic active zones but also globél
tectonic deformation monitoring play a great role in the

study of the dynamics of the earth interior. ( NRC, 1981;

Nyland,1977; Thatcher, 13979; Savage et al.,1981; J.G.R

'~ Vol.85,No.B4,1980).

The interaction of a fracture and a free surface has
been studied also in the field of fracture mechanics; e.qg.,
“s§ih (1973), Erdorgan et al.(1574). Stress intensity féctpf5
on the fracture periphery are of much interest in fracture
mechanics, and stresses and displacements on the. free

surface are not given generally.

1.3 Previous Field Work

1 refer to four field experiments; (1) Ren Jen Sun,'
1969, (2) Holzhausen et al.,1980, (3) Evans et al.,1980 and
(4) M.D.Wood. Inc.,1979, in which the behavior of hydraulic
fractures was analyzed by using the ‘Sufface deformations
measured by either lévelling or borehole tiltmeters.

Previous field experiments suggest that fluid injection

into the subsurface certainly causes surface deformations,



and fu;the:mcri demonstrate that the measurement of surface
deformaticns één provide ang indication of the overall
geometry of hydraulic fracture and reflect major changes in
the facture behavior such as‘ a change in propagation
direction (e.g., from vertical to horizontal) or cessation
of growth resulting from intersection of pre-existing
natural joint or fissure.

The magnitude of the measured surface deformations 1is
large enough ccmpared with the resolution of the instruments
and the survey accuracy. The tiltmeter surveys reported that
tilt changes of ground surface are on the Qfééf of 0.1-2.5

m%cro:adians, (c£., (2), (3) and (4) ), whereas the
resolution of the tiltmeters used for the field experiments
is order of 10°? - 10°° microradians. The uplift survey in

one of the field experiﬁenﬁs reported maximum surface

Uplifti#Pf 4-12 mm. ( cf., (1) ). Unfortunately, the

specification of the levelling surveys 1is not clear.
kProbably the best attainable measurement a:Eﬁ;léy of
levelling survey is estimated by 4mm x (line length in km)%%,
The period of the " fluid injection Ddperations ranged
from several tens éf minutes to several hours, and for one
case, (2), it was as long as about 40 days. Even if a
frac;ufing operation was conducted over a long term, ground
tesponses were reperieé to be characterized by several
short-term events which suggest the reéetitian of growth and
coliapse of a fracture, The areal size of surface

deformation around the well is estimated to be roughly 2-3
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: times of the i&ﬁectioﬁvdepth (180-350 m). As a reference,
%‘e calculated size of the fractures ranges from one-fourth
to half of the injection depth in most cases. Although
results have not‘ipublisheé, the tiltmeter Surveys are
reported to have been conducted for hydraulic fracturing as
deep as 3000m. (M.D.Wood.Inc., personal communication).

Surface deformation in the previous experiments was .
meaSuraF by levelling or by tiltmeters. - The -p:éviqus tile
surveys, consisted of at most nine borehole tiltmeters, eight
" of which were installed in a circular array from the-well at
a radius of half- the inﬁection depth. The number of the
tiltmeters used does not seem to be sufficient. .

In order to measure compiex surface deformation more
exactly and delineate the fractufe behavior more clearly, wve
need to incorporate more observations of the measurable
guantities. On the other nd, we have to examine the
techhiques of the measuregent from the aspect of the
relation between the the accyiracy of each survey and the
predicted magnitude of suRkface deformation, the measuring
efficiency and the sensitivity of each measurable gquantity
to the form of the fractures. We could use opti;ai or laser
levelling, surface‘ laser ran§ing and spaceborne laser
ranging for the displacement measurements. The disadvantage
of these surveys is the difficulty of conBinuous operation.
For strain measurement, several strain meters are available,

such as long baseline Invar wire or fused quartz rod. strain

meter. For tilt measurement, several types of tiltmeters are
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available. In addition to tilts and uplifts, measurements of.
horizontal displacements and strains might be useful and

should be considered.

The mathematical fracture model so far used for
analysing the observed surface deformations is either a
-horizontal penny-shaped model, (Sun, 1969), or a
twvo-dimensional inclined model, (Pollard et al., 1979). Both
models assume a plane fracture subjected to :a: uniform
internal pressure in an 1idealized earth such as a
semi-infinite, homogeneous and isotropic, linear elastic
medium. In spite of the simplification, analyses of the
observed surface deformation led to the plausible
conclusions about the ffac;urg behavior., The two-dimensional
inclined fracture model was applied to one fracture ‘améng
sixteen fractures whose corresponding surface deformations
were analysed gquantitatively in the previous field
expefiégntsi ‘

In one of the field expe:imén;sf (Sun, 196%9), the
radius of the fractures was estimated from the volume of éhe
injection fluid. For such anréstimate of fracture radius,
the values of the elastic codnstants and the internal’
pressure should . be known, and an assumption about the
impermeability of surrounding rock should haid trué. Such
analysis is not always applicable to all cases. The
comparison between the observed and calculated uplifts
supports the validity of the mathematical fracture émedeli

The :glcglaticn of the fracture size from the observed
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uplift data, so éalleé "inversion prcblém“, ‘was not
discussed at all in this project. !

In the other three field experiments with tiltmeter
measuremeﬁts, the size of the fractures was estimated from
the -observed tilt fields by two methods. The theoretical
surface deformation field based on the fracture models is
expressed by the product of the quantity given by elastic
constants and internal pressure in the fracture and the
guantity given by functional relation between the
measurement point and the source geometry. The former
quantity will be called here "the amplitude factor” of the
surface def@rmafiani 1f the geometric relation between the
measurement points and the source allows, we can estimate
both of the amplltuée factor and the geometric parameters of
the fracture from the observed surface responses.

When the induced fracture is regarded as horizontal and
penny-shaped, eight tiltmeters installed in a :i;culaf array
around the injection well, ( such site configuration of the
instfuﬁents has been wused in most previous experiments),
provide sQEEéintiallf only the tilt responses at one .
measurement point. In Such case, the amplitude factor should
be known a priori to permit estimation of source parameters.
Nevertheless, the physical quantities vhich contribute zé
the amplitude factor are very uncertain. An estlmatg of the

nternal pressure in the fracture (dflVlng pressure) is very
difficult. The un ertainty of the driving pressure 'has been

overcome by using the concept of stress intensity factor.



Linear elastic fracture mechanics states that a fracture

propagates when the stress inteﬂsiﬁy'fastaf at the fracture

the mgterial; Then we have a relationship between the
driving pressure, and radius of the fracture and the
fracture toughness of the surrounding rock. It is also a
fact that esaimétian of the .driving pressure from the
fglatianshig requires a certain value of the fracture
toughness and the radius, which Fre usually unknown and
should be - calculated from the ébservatians. However,
assumptions about the order of the magnitude of fracture
size and tge fracture toughness gives a rough estimate of .

e the amplitude factor is

n

the driving pressure. On

estimated, it is easy to VdEﬁEfmiﬁE the . fracture radius.
Except for one example in whi;hb\zhe observed wellhead
pressures were used for the analysis, there 1s no
applicétian of the wellhead pfessure to estimate the é:i%iné
pressure.

The other method (Evans et ali.iéab) for determiniﬁgk
the gecmetrit parameters of a ffactufg was bésed_ on the

two-dimensional inclined ffa:tur;F model. The eight
tiltmgtgéé installed in a circular array provided
information to determine both of the amplitude factor and
the geometric parameters such as the strike, dip-angle and
length_ of the fracture. If the observed tilt field is
narmali;gé by the mégﬁituée of a reference measurement
point, the uncertainty of the amplitude factor is estimated

i



from the absolute magnitude of the measured surface
deformations. Once the geometric parameters of the fracture
are determined from - the éela;ivg magﬁitﬁde of observed
tilts, they lead to the amplitude factor. The driving

pressure estimated this way is valuable for understanding

the pressure distribution in a fracture and the in-situ

-]
oot

.fracture toughness. This analysis is essential when cdipared
with the previous one which depends heavily on uncertain
assumptions.

In the :i;tmeter surveys, the surface Eilt responses
have been monitored relatively dgnsely in time. If the
surface deformations had been analyzed in terms of the time
history of the radius and driving pressure of the fractures,
significant results which delineate the process of fracture
grovth might have been obtained., As described in Section
"2.3, theeries of fracture propagation predict that A‘a;
fracture is not necessarily a plane fracture centered at the
injection depéhi It seems that, in the previous experiments,
the data acquired under the limitation of the small number
of instruments and the site configuration Eid not stimuléte
the investiéatafs to verify the possibility of those

 Except for the wuse of observation vells, ‘most
diagnostic tesnalagie; for the inspection of induced
- fractures, such as vellbore impression pa¢kers, injection of
radiocactive sand intg'th; fracture for sﬁbsequent detection

with a well logging tool, lineament analysis, seisviewer
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imagery, borehole television and ' post-fracture well

temperature logs, suffer the dlsadvanﬁage that they give, at
best, fracture dimensions ‘and orientation at the uel{bﬂre
only. The fact that past -field e;perlments of surface

deformation measurements, somehow or other, delineated the

overall size of the fractures is valuable.

1.4 Plan of the Thesis

In this thesis, I first review th:‘ four field
experiments cited above, and some basic problems of
hydraulic fracturing; the initia ion and orientation changes
of fracture. Next, I discuss t‘fgfetical size of surface
deformations, using a horiz ,,al penny,-shaped fracture
model, inclined tensile aﬁé shear fracture models. Next, an

nversion scheme relating the surface deformations due to a

~ horizontal peﬂny-shaped fracture is introduced. The

resolution inherent of this inversion scheme is evaluated
against an estimated level .of measurement errors. The
optimum survey :cnfiguratignrand a possible E@m’!ﬁaaiaﬁ of
different observable data are discussed Efam. the point of
view é{ktha attainable highest resolution. Assuming that the
surface dgfe:mati§n5 éuriﬁg an injégtién epefatign-arg given
by a  time function, an ei@ﬁzz:Le procedure for the

determination of rates of fracture growth if shown’ N



2. The Behavior of Hydraulic Fracture

First, I

"

efer to four previocus field experiments; Ren Jen
Sun  (1969), Holzhausen et al. (1980), Evans et al. (1980)
and M.D.Wood. Inc. (1979), 1in which surface deformation
measurements were used to investigate hydraulic fractures.
The iaja: content of Ehese field experiments is tabulated in
Table 2.1.1 ét the end of Section 2.1 ). In the next two
sections, the basic problems of hydraulic fracturing; the

initiation and orientation changes of a fracture, = are

) L
revieved.
2.1 Previous Field Experiments Utilizing Deformation
Measurements : A
(1) Ren Jen Sun (1969) -
* Hydraulic fracturing experiments were caﬁdutteé at ORNL

(Oak Ridge National Laboratory, Tennessee) from 1960 to 1965

to evaluate the feasibility of disposal of radiocactive waste

by injecting grout mixtures into a sMale formation. Through

the experiments, the theoretical size of hydréuli:ally
induégd fractures was compared with field measurements of
“the surface uplifts. ORNL is located in the Appalachian belt
of faulted and folded Paleozoic rocks. All the 1injections
vere made into the lowermost unit of the Conasauga shale
f@éﬁ!tiﬁﬂ,'ﬁhiﬂﬁ is about 300 m thick.

The experiments congsisted of seven injection operations

and five uplift surveys. The behavior of one of the induced

16
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Ef?aigures is .as follows. The injection was made through a
i‘h‘s N R _ - . <
slot in ‘she casing at a depth of 285 m. The estimated

avgfbu:éeﬁ ‘mressure at the injection depth is 7.57 MPa.

Ffé:turiﬁg was initiated with water. The fracturing started

at 10.39 ﬁgﬁaxéfkpressure at the surface, then the pressure
fell quickly Eaké}ég MPa at a pumping rate of 0.57 m’/min.
and vin:feasgéA to 11.27 MPa as the rate was increased
slightly. Six minutes after the- fracture was started, by
which time 3.2-3.4 m’ of water had been pumped, the pressure
in a nearby observation well,. 9 m west of the injection
‘well, suddeﬂly- rose to 5.49 MPa, indicating that the
fracture had exteﬁéed into it. After the pump was stopped,
the water was bled back out of the injé:ti;n well, and the
préf%u:g in the observation weli fell to 2.45 MPa in about
100 minutes. The main injéatian of water-cement-bentonite

mixture was then started. The mixture consisted of 346 m? of

rout containing 201 tons of cement and 5700 kg of bentonite

[Tn]

. The maximum pressure for the slurry injection was

clay
15.8

8 MPa. About 40 minutes after the injection started, the
pressure qupﬁed to between 11,76 and 12.05 MPa,.

The history of pressure during the injection is shown
in Fig.2.1.1, The fact that the injection pressure was, in
all cases, gfeatér than the formation overburden pressure,
;indicates the occurence of* horizontal fracture. Study of
cores madé 'éfter !grcut ﬁinje:ﬁicns, élse showed that éhe
fractures were concordant with the nearly horizontal

bedding. Fig.2.1.2 shows the calculated and observed surface
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L3

upliftsg Fig.2.1.3 shows the observation geometry, the

measured sujp

ace uplift and the extent and thickness of the
injected sheet thaiﬁed‘ffcﬁ core-hole data for two
cases of ghe experiment.

The calculation of the theoretical uplift is based on a
mathematical model of a horizontal penny-shaped fracture
internally pressurized by fluid 1injection. For the model
fracture in an infinite isotropic and homogeneous,
impermeable, linear elastic medium, the fracture radius, a,

can be calculated from the internal pressure P, the total

vi}ume of injection fluid Q and elastic constants, say

Young's modulus E and Poisson's ratio ¥ , by the relation 1
3EQ 1/3
a-{ — — } .
The separation of the fracture walls is found to be
8PC 1 - V2 ) 2 |
—_— (8% -1r?) (2.1.2)

X E

vhere r is distance from the center of the fracture. The

'mg:igggfstpgrétieﬁ B occurs at r=0, and is found to be

, 8PC | — v? )
B = ——— a (2,1.3)

TE

In order - to use Eg.2.1.1! and Eqg.2.1.3 for the
calculation of the radius and maximum ' separation of the
Efgctugg chmed:unée: thé ground surface, it is necessary to
Eaée écé;unt of the'gfféét of the f:ggA g:éuﬁé surface.' It
has besﬁ, however, found that the influence is only 2-3

percent if the radius of fracture is less than one half of
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the depth of fracture, and is almost zero if the radius is
less than one fifth of the depth (Sun, 1969).
The fracture model from which Eq.2.1.1 derives ignores

the effect of cohesive forces near the éége region of a

fracture "on the stress and strain field. The fracture model

L]

yields an infinite tensile stress at the edge of the
fracture. A more realistic value for the raéius> of ag
Affaéturg should be derived from fracture models which take
account of cohesive forces and finite tensile stress at the
edge of the fracture. |

@ﬁe of the modifications of Eq.2.1.1 comes from the
fracture model proposed by Barenblatt (1962). In his concept
of a fracture, the fracture is divided into two regions. In
the inner region (radius a), the opposite faces of the
fracture are rglativgly far apart, ﬁence€ there is no
molecular interaction between them. In the edge region
(radius a to a'), they are sufficiently close to each other
so that there are cohesive forces between them. For  the
‘mathematical simplification of the problem, it is assumed
that: 1) The width of the edge region of the fracture is
small when compared with the size of the vhole fracture,
and, 2) When the fracture extends, the shape of the section

normal to the fracture surface in the edge region does not

depend on the pressure in the fracture and is alwvays the

same for a given material under given conditions of

temperature and overburden pressure.
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Under the pariicdlar case in which the forces of
cohesion are small enough and may be neglected when compared
'with the overburden pressure and the injection pressure P,,

the followving relation is found.

o= a/a _ (2.1.4)
(1-a2)?= (P -p3h) /P  (2.1.5)
where p is density of overburden material, q is

gravitational acceleration and h is depth. Then, the average
pressure over the entire circular area of radius a' can be
assumed as CXZP, where P=P,-pgh. In this case, Eg.2.1'.1 and

Eq.2.1.3 are modified in the form

’ { 3EQ /3 { . T
a’ = } ' 2.1.
16 ¢ {—y? )o®pP o ( 6)
8C 1 -y?) '
B =~ o’ P (2.1.7)
. L A =
(Sun, 1969, Eq.19 and Eq.20). .

The theoretical surface déformations of tﬁis fracture
model can Se expressed by the product  c¢f the maximum
separation (B of Eq.2.1.3 or EQ.2.1.7) and a quantity which
depends only on geometrig parameters, such as observation
coordinates, the depth and radius of theb fracture. For
converiience, the fracture model in which the magnitude of
surface deformations is calculated in terms of B defined by
EQ.2.1.3 will be called "the first model", and the other
model réléted with Eqg.2.1.7 will be called "the secdﬁd

model”.
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The calculated surface uplifts in Fig.2.1.2 are based
on "the second model”. Comparison between the :al:glated‘aﬂé
the Observed uplifts supports the wvalidity of the
mathematical fracture model. Fig.2.1.3b shows that, while
the cored grout sheet has a nearly circular shape, the
injected grout moved generally toward the north-east. In the
other experiment shown in Fig.2.1.3a, the gréué sheet has an
elliptical shape, the movement of the grout sheet is
greater, and no correlation can be found between the shape
of the grodt sheet and the pattern of uplift. The maximum
thickness of the grout sheets measured in cores is mugh less
than the calculated values. For example, the theoretical
value for the case of Fig.2.1.3a is 7.92 cm and the observed
thicknesses are on the figure. The discTepancy betwean the
measured and calculated thicknesses \was interpreted as due
to the fact that the ligquid phase of the injected slurry had
been squeezed out and the soild phase had been caﬁéacted by

the overburden pressure.

(2) Holzhausen et al. (1980)

A second example is the initial cycle of Steam
stimulation project of Canada Gulf Resources ‘(1979)
conducted in the Athabasca oijl sands region, Alberta,
Canada. The  hydraulic fracturing was carried out over a
depth interval of 308-317 m of an injection well in the
Cretaceous McMurray Formation. The ground deformation was

measured with a circular array of eight tiltmeters at a
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radius of 122 m from the HellAané an additional tiltmeter
installed 610 'm from the well. These nine tiltmeters wé;e
installed in shallow boreholes less than 7 m deep. The.
tiltmeters measure tilts in two ?erpgﬁdiculaf vertical
planes, and havezg resolution of 5x10°* microradians and a
range of 5x10* microradians.

The hydraulic fracturing was initiated th:ee- times by
cold-water ‘injection. The fracture caused by the injection
was interpreted as vertical because the fracture propagated
at downhole pressures of about 5.6 MPa whereas the minimum
péséible value of overburden pressure was about 6.0 MPa.

After the cold-vater injeztiaﬁ, steam injection took
place and continued intermittently for about 40 days. Ground
deformation during this phase occurred episodically over
periods of a fraction of an hour to a few hours. Gradual,
long-term changes, resulting from the increasing veiume §§
injected fluids and thermal expansion of theffarﬁatibﬁ. vere
reported to prove less distinguishable and less diagonostic
‘of formation response than the episodic short-term changes,
which were called "events”. |

The short-term events were typically preceded by
gradual increase of wellhead pressure over periods ranging
from sgvefal hours to more than one day. After the wellhead
pressure rose up to a peak value (8.0-9.4 MPa), ig fell
rapidly, reaching a minimum (6.7-7.9 MPa) within a few Hours
:ané then rising again gradually. The tilt response during

each of the events first changed rapidly as pressure
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dropped, then recovered taéard its former value, In most
cases, the recovery of the tilt field began before zhaﬁbéf
pressure. The overall tilt changes indicated uplift of the
ground surface duringAthe iﬂitial pressure drop, f@iléued by

s of its initial

éubsidense of the surface not in exce
uplift. Eight events amang eleven detected éurlng the period .
of steam injection were angly:ed quantltatlvely Figs.2.1.4a
and b shows the :hanges of the tilt vectors during the Elrsg
event and during the eighth event, fESpEEti?El¥, Figsgz;T.Sa
and b show the records of wvellhead pressure and the tilt
changes at an instrument site during the first event and
during the sixth and the seventh events, respectively,

The surface deformation during the stpam ‘injection
indicated the occurence of horizontal fractures. This was
supported by both the radially symmetric uplift of the
ground surface and the records of pressure. In any case, ther
recorded pressure did not drop below the estimated
overburden pressure %ff@fe the beginning of subsidence of
the uplifted ground surface. . 7

The transition from the initial formation of a vertical
fracture caused by thgi cold-water injection to the
subsequent growth of herf?éﬁtgl fractures was accounted for
in terms of thermal expansion of the oil sands during steam
injection. "As heating progressed, some vertical expansion
of the materiai should have ‘ been peséible, whereas

herizontal expansion may have been largely sup@ressed
L4
because of the confining effect of the surrounding rock. As
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temperatures ‘increased, this fracture should have been
closed by thermal e:pans;én-@f the oil sands. The resulting
horizontal ' suppression of expagsian would lead to an
increase in the magnitude of the horizontal in-situ 'stress
components, leaving the vertical stress largely unaffected.
It thus seems likely that horizontal fractures began.to form
vhen horizontal stresses began to overcome the vertical

in-situ compression.

The assumption of impermeable rock does not hold for
this test site. Therefore, the radius of fracture can not be
estimated from the relationship between it and the total
- volume of injgctgé fluid, Eq.?;1!1! In fact, it was reported
that z;e capacity of -the fractures estimated from the
measured tilts was only 0.2-2.8 percent of .the injected
volume of water-equivalent steam.

Estimates afrthe radius of the fractures were based on
"the first model” for a horizontal penny-shaped fracture. In
order té'estimate the radius from the observed ¢tilt, the
elastic constants and theqdfiving pressure of the fracture
!shsuld be known. ( This statement holds true for this
experiment because of the éaﬁfigu:atian of mgasurgmgnﬁ
points and the assumption of the shape of fracture.) For
this  experiment site, the values of the density of
overbyrden, the injection pressures at the bottom hole and
ﬁhe elastic constants of the surrounding rocks were
uncertain. Although the well-head pressures were monitored,

it has been thought that estimates of driving pressures vary

-
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by factors afvféur or five even when';ell head pressures are
measured. | |

The uncertainty of the érivihg pressure of the
fractures was overcome by using the concept of  fracture
intensity: factor and fracture toughness. Linear elastic
fracture mechanics stgtgs that a fra:the propagates when
the stress intensity factor at the fracture tip reaches a
critical value (Kic, called fra%tufe- toughness) of the
material. For a 'péﬂEYEShaPed_ E:aétu:e in an infinite,
isatrgpi:Aand homogeneous elastic body, the relation Eetween

the .stress intensity factor Ki, the driving pressure Pd and

the radius a is given by !
K, = 2P Va /T | (2.1.8)

( cf., The effect of the free-surface on the stress
intensity factor ié shown in Section >2.3 ). When the
fracture is in a state of mechanical equilibrium, the stress
intensity fractor is p§s£§$§§éé to be equal to the fracture

" toughness. Hence the driving ﬁfessufe is given by
Py= T Ke/ 243 (2.1.9)

The fracture toughness of the oil sands was assumed to
be under 330 KPa./m by. taking account of the fracture
toughness of :abcu; 336i1JDO RPa\fE for most rock. The
equilibrium driving pressure just. prior to structure
c@llapse>was deduced as 35-140 KPa. H@recvergl for the

calculation of the radius of the fractures presumed to be
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horizontal and peﬁnyishapeé; the shear modulus .of the
overburden materials was assumed to be between 1.2x10° and
2.6x10* MPa and the Poisson's ratio to be 0.3, The radius of
the fractures, respectively distinguished as a short-term
event, -was estimated by using these possible values of the
elastic constants and the driving pressure, and by comparing
the magnitude of ‘the measured tilts with the magnitude of
~the theoretical tilts which vary with vafiaéian of the

radius of fracture.

(3) Evans et al. (1980)

A .third example presents results of a tiltmeter survey
condbdcted in 1979 in order to determine the gecmetfic
characteristics of -fractures associated with nitrogen gas
injection into the Devonian shale in Know Country, Ohio.
Bedding of all the formations around the injection well is
approximately héfi:éﬁtal; and the shale contains high angle
faults of approximate orientation N70°E. x

The injection well penetrated to a depth of 341 m, the
upper 322 m of which was cased. The casing was perforated
between 305-314 m. The total volume of the nitrogen injected
during about 28 minutes is 400 m® calculated in terms of the
6.205 MPa. Eight tiltmeters .were installed in.a circular
array around the vell. A shallow wateftablé was repertéé to

have contributed significantly to the background noise level

H

of three instruments,
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The measured tilt changes are shown in Fig.2.1.6a. From
the inspection of the set of tilt waveforms, th§ tilt event
was divided into three phases. The tilt vectors accumulated
during each phase hre shown in Figs.2.1.6b,c,d. The
transition from Phase I togPhase II was identified by a
sudden change in the previously consistent tilt rates and
directions recorded by all instruments. The onset of Phase
Il marks a change in the evolution of the fracture growth.
Wellbore pressure and flow rate remained undisturbed both
dﬁfing and following the transition.

The gbservéd tilt vectors of Phase I suggest the
occurrence of a leong, almost vertical ffaétufE;;BaSéé upon a
twa=§imeﬁsianal:méégl for the free-surface displacements and
tilts due to an infinitely long fracture of arbitrary dip,
height (length along the dip airgstign);aﬂé depth to center,
subjected to a uniform internal pressure, (Pollard et al.,
1979), the strike, dip-angle and height of the fracture were
estimated. The complex tilt responses of Phase II were not
analyzed qﬁantitatively. The transition from Phase I to
Phase Il was explained by two possible hypotheses.

Fig.2.1.6b shows that the tilt vectors are almost
perpendicular to a direction of about N60°E and distributed
symmetrically vith respect to the strike. The dip angle and
the length along the dip direction were determined by
comparing the relative amplitudeéng the observed énd ‘thé
theoretically predicted tilts. The form of the tilt field is

depepdent only upon relative fracture geometry. Hence,
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Fig.2.1.86 ..... Examples of surface tilt
changes due to nitrogen gas injection
from Evans et al., 1980 ).
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assuming the center of the fracture remains at the depth of
injection during growth of the fracture, the height and dip
angle of fracture can be estimated from the relative

amplitudes of the surface Eff%s_ It was concluded that the

w

hase I could be reproduced almost

observed tilt changes of
fracture of half-length

7 de;§kesi

ratio of the observed tilts

exactly by a suitable pressurizec

183 m having a dip to the northw

The pEGEeéufe of taking tl
te the predicted tilts ié used to eliminate the uncertainty
of the other unknown fracture parameters, such aé driving
pressure and elastic constants. Assuming the appropriate
bounds on the shear modulus, 6.9x10°-17.0x10° MPa, and the .
Poisson's ratio of 0.25, the bounds on driving pressure were
estimated as 45-265 KPa. These values are uﬁégfsﬁacé to
represent the ﬁassible range of average preséurg operating

nitia

-

formation breakdown occurred under

[ =

in the fracture.
modest pumping rates at a downhole pressure of 6.204 MPa,

which thereafter increased to 8.962 MPa as a result of some

pressure of 2,758 MPa acted in the fracture. It is, however,
not necessary that such a high pressure exﬁends appreciable
distances from the wellbore. Indeed, consideration of the °
ffa:tufe toughness of rock makes it extremely uﬁlike that
driving pressures operating near remote " fracture edges

exceed hundreds of KPa. Consegquently, the values of driving
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pressure ‘deduced from both of the surface tilts and the
breakdown pressure suggést that pressure gradients exist in
léhe fracture.

Two hypotheses were presented to explain the transition
of the observed tilts. First, a :@mp;:isan with the tilt
vectors of Phase I and II‘reveals an approximate reversal'in
Ergﬁd on instruments located in the northeast quadrant and
suégests a partial collapse of the fracture opened during
the initial phase. This can be anticipated if the fracture
intersects a natural fracture system at the end of Phase I.
Also the sharpness of the reversals of the instruments #1,
to the north-east of the wellbore. Hé;EVEE, the tilt vectors
from instruments #4 and #5 do not conform well to this
scheme, | |

An alternative interpretation is that the fracture
ceased to grow vertically at ;he>end of Phase I and instdad,
flipped over into the horizontal plane. Physically this
could occur if thgfe vas a major change of the minimum
principal stress direction, such as that from horizonta to

vertical. The depth, D, at which the change of the prinéipal

stress direction is possible was calculated from \K
e (r V- 2-aF, | , o
P (2) = P, (0) + —— (2.1.10)
h h | — b : . _

vhere Ph(z) is the horizontal principal stress at depth 2z,
zaPv is the vertical principal stress at depth z, aPv is the

overburden pressure gradient and V is Poisson's ratio. At



first, Ph(0) 1is calculated by using the appropriate values
of p ,'P%(Z)iZlPV (overburden pressure), Ph(z) (breakdown
pressure) and z (injection depth). Next, the depth D is
estimated by the relaticﬁ

Pn (0)

— , - (2.1.17)
g&,-P(P/CléP)

D~ -

~EQ.2.1.10. The calculated depth D for this site is 170 m,
This value fits ‘well with the result from the analysis of
Phase I, that is, the center depth of the nearly vertical
fracture is 335 m, and the half-length of the fracture is
183 m. It was also pointed out that this estimated depth

places the top of the fracture near a lithologic boundary.

(4) M. D. Wood Inc. (1979)

A fourth example presents the measurement and analysis
of surface tilt responses associated with four hydraulic
fractures produced in horizontally beééédv 0il shale
formation and a subsequent injection of explosive slurry
into these fractures. This field experiment was conducted

near Rock Spring, Wyoming, in 1978.

o

Th four - hydraulic fractures were produced sépafately
at slightly different depths of 124§i18 i in a well during

_one month. The explosive slurry was injected through four
wells, each feeding one fracture, three months after the

last hydraulic fracturing operation. The periocd of each of

the hydraulic fracturing and explosive injection operations
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was on the order of 20-30 minutes. Eight tiltmeters vere
‘installed in a circular array at a radius of 48.8 m from the
injection well. One instrumeﬁt was 76.3 m awvay from the
injection well.

The measured tilt changes from the initiation of the
fluid injection to the shut-in are shown in Fig.2.1.7a for
the hydraulic fracturing, and in Fig.2.1.7b for the
explosive injection. The fact that the radial tilt changes,
in all cases, are non-uniform indicates thati the fractures
are not penny-shaped, but have irregular boundaries. From
the sense of the radial tilts, each fracture was reggféea as
horizontal. Whereas the relative magnitudes of the radial
tilts differs for the four hydraulié fractures, the overall
forms of the tilt fields are much the same, but are
considerably different from the form of the tilt field due
to the explosive injection.

To make analysis of the measured tilts tractable, the
radial tile changes at eight instrument sites were
individually assumed to have been produced by a horizontal
penny-shaped fracture. The result is eight different radii
for each fracture, which were regarded as an estimate of the
fracture boundary. The computation of the radius of the
fractures is based upon the same method as one used in the.
second examplgi cited previously. The value of fracture ﬁ
toughness used in‘the calculations is 373 RPaxﬁE. and the
shear modulus and the Poisson's ratio are 3.3x10° MPa and

Sl

0.16, respectively.
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(5) Some other examples of ground deformation mgﬂitafing
for the purpose of delineating the farm of hydraulic
Eractu:es are, : '
i) Tilt measurements in tunnel for hydraulic fractures
produced near a tunnel in bedded ash fall tuff at a depth of
4i5-% .in Nye Country, Nevada, (M.D.Wood et al, 1981)
ii) Tilt measurements for massive hydraulic fractures at a
depth of about 1500 m in Hatﬁezburg gas field, Colorado,
(M.D.Wood et al, 1981).

Except for an example cited in (1), the other field
experiments with tiltmeter surveys wvere conducted by
M.D.Wood. Inc. ( The present name is Fracture Technology

‘Inc. ), California, on and after 1978.



Table 2.1.1a and b ..... The major content
of the past field experiments in which
surface deformation measurements were used
to investigate hydraulic fractures. -

Index of references

(1) Ren Jen Sun, 1969

(2) Holzhausen et al., 13980
(3) Evans et al., 1980

(4) M.D.Wood Inc., 1979
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2.2 Inception of %Yﬂf!ulié Fracture

The inception of hydraulic fracture has been mainly
examined from the stand point of the occurence of tensile
failure on the wall of wellbore., There is also a possibility
'that the hydraulic fracture breaks out as shear failure. The
wvall of wellbore or the surrounding formation must contain
samé pre-existing cracks. Some wells must allow the injected
fluid to flow into the formation. Circumstances  of
wvell-fracturing can not be limited to a stereotyped form.
Various' criteria have been proposed fegafding fracture

initiation from each of these stand points. Here I will

review some of those criteria.

(I) Criterion based on tensile strangth of smoothed well

The criterion proposed first by Hubbert et al.(1957) is
that fracturing will start at points on the wall of wellbore
wvhere the effectigq stress is equal to or gfeaEEE‘ than the
tensile strength of the rock. Based on this criterion, we
can predict the direction and critical pressure of the
fracture inception, if the circumstances around the wellbore
are ccnsistEﬂf with simple models. In order to understand
the stress field around an injection well, we have to take
into consideration at least four kinds of effects. These
effects arise from (1) the regional tectonic stresses, (2)
the injection pressure, (3) the formation fluid pressure and
(4) the fluid flow through the porous rock from the wellbore

into the formation. In the following, it 1is assumed that
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rock around the wellbor? is ipfinite, elastic, homogeneous
and isotfopicq and' is under a nonhydrostatic state of

.regional stresseé with one of the regional principal
stresses acting parallel to the vertical axis of the
wellbore. * |

First, the wellbore is approximated by an infinitely
long e;rtical cylinder of radius a, in a very lafgé

‘tectangular plate of infinite thicknegs on which edges the

horizontal stresses 3; and g, act, as-shown in Fig.2.2.1.

The stress field around the cylindrical hole due to the

horizontal compressive stresses, G, and Gy , is given by

n oG . - y
,s::x -ﬂ.(]—‘é—. )+_6_—L2.6_-'L(,-ia-:+-3—?-)¢osze

2 r? r2 4
w  Gx+Gy al Ox - 6y 3a’ ,
a—T (1 + —)- I cos O 2.2.1)
See —L (e - — ¢ ) (

«» Oy-6x ~ 2a* 3a°
a (14

L rr = s

) sin 20

vhere compression is considered as positive,.
Next, let wus consider the stress field around a
cyiindrical ring subjected to the internal pressure P

(Fig.2.2.2). The stress field with the bouhdary.conditions

S;0reay=P , S (rab)= o0 (2.2.2)
is given by
) g8 P _a
Ser bl-a* r? p1- 33 ’
. (2.2.3)
) ah* . P a? p )
Soo T3 2 1_ a2
b*-a* r b~ &
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Fig.2.2.f ..... A cylindrical cavity
subjected to far-field stresses.
\ -
i
ks
.
Fig.2.2.2 ..... A cylindrical cavity

subjected to an internal pressure.
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. 5;? = 3

The total stress field around the hole. subjected to the
« internal -pressure P and the faféfield horizontal principal
stresses G. and G is obtained by superposing Egs.2.2.1 and
2.2.3., When the outer radius b is E@nsiééred to be very
large in comparison with the inner radius a, the total
Stresses at the wall of wellbore, r=a, are expressed in the

simple form

({}] . c,")r , i EZ)
Tiy = S + 54j

iél) ) . . )
Ter = P (2.2.4)
Y 4 D | . : - 7 .
T;i = (51"‘*3? )iz(d‘;ag )cos 280~ P

)

or = O

E
Here we assume that fracturing will first occur at

points on the Eéundary of iellbarg where some stress is
equal to or greater than the tensile strength To of thé
rock. EQ.2.2.4 1indicates that the only‘stress which can
become tensile at r=a is the Eangential'csmpcneﬁﬁ,7}:’; and
t%at the point which stress will first become ténsile is
cos20=-1 . ( @ i;§JLIZ) » and the stress is given by
36 -6y -P |

vhere G, < G, has been assumed. The fracture will start
along a plane normal to the direction of the minimum
principal stress. Denoting the critical pressure which
overcomes the tensile strength of the rock by Pc, we have a
criterion of the fracture initiation

P 2 365 - &, + To (2.2.5)

(Hubbert et al., 1957).
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Eg.2.2.5 is revised when the presence of pore pressure

is taken into consideration. The éifferEﬁce between the

‘internal pressure P and the initial pore pressure P, will be

denoted by

and the effective stresses of G, and O, by

»GXK = G!: = PQ

Syy = Oy~ Fo
(cf., in general, Eg.2.2.7 is given by G gHﬂi”‘ _fﬁ*'kg

(2.2.7)

Then the effective stresses around the hsle in porous media
of poré‘pressure P., caused by the far-field stresses G  and

Oy, and the internal pressure P, are given by

(2¢) n:\ u;) .
vhere Sg“” is obtained by replacing o; and G, in Bg.2.2.1
with G, and Gy, and S:j*’is obtained by replacing P in

Eq.2.2.3 with Pw, Consequently, the criterion of the
fracture initiation is given by
PZ 35‘;§,§—33+T§
or P.2 30% G‘—EF’

(Haimson et al., 1967, Eq.! 2), where Pc is the critical

(2.2.9)

value of Pw. As shown tacitly in the above discussions, as
long as such an infinitely long vertical cylindrical hole is
used as a model of well-<fracturing, there is kna prediction
of the occurrenée of horizontal fracture,

In an open-hole well-fracturing procedure, “the
prospective producing horizon is packed off ané fluid is

introduced 1into this zone. Kehle (1964) modelled the
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circumstances of vei%ifra:turiﬁg by a band of wuniform
pressure. and two.banésfaf uniform shear stress acting in a
cylihdrical cavity as shown in Fig.2.2.3, and obtained the
conclusion, from numerical analyses in which the radius of
the hole was taken to be 0.21 m§ that, for any packer length
{1.5, 3.0 and 4.6 m) and aﬁj pfassure interval (from 1.5 to
5.2 m at 1.52 m increments), the magnitude of the induced
tangential and vertical stresses due to the shearibands is
negligible (at most a few percent) in comparison with those
caused by ﬁhe band of pressure. Fig.2.2.4 shows the result
for the case of packer length 3.0m.

Two interesting regions of induéea stress are, (1)
either end of the pressurized interval where the tangential
stress i; zero and the vertical stress is approximately 94
percent of the pressure, and (2) the central part ( about 80
percent ) of the packed-off interval where the tangential
stress equals the pressure and the vertical 5tfessﬁis ZEEQ;X
The induced stresses in the centyal region of the packed-off
interval is shown to be almost identical to those predicted
when the cylindrical hole .is loaded along its entire length.

The induced stresses on the wall of inellbare,
are summarized as follows.

In the central region of the pa:kgdsgff interval,

"in the very ends of the interval
SPa.p , 8.0 S = -0.94 P (2.2.10b)

and other components are zero.
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Fig.2.2.3 ..... Schematic diagram of (a)
hydraulic fracturing set-up and (b)
$s§?¢iated boundary stress assumed by
Kehle.

&xpgcii?
5 Pl ¥

- 4

P a D

pressurited interval

Fig.2.2.4 ..... Vertical and tangential
stresses induced at the wall of the hole
due to stresses in Fig.2.2.3. ( from
Kehle, 1964 ).
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%

‘The total stresses at r=a, TV, are given . by

superposing Eg.2.2.1 and Eq.2.2.10.
’ »_ o . (X , (2.2, )
T, V= SIJ + $;$ (2.2.11)

[ ] -
When the pore pressure P, 1is considered, the effective

[

stresses of T, are expressed in the form
3€)_ o ), o OO L ,
| Tiy =5 * Siy (2.2.12)
where 5,/ is obtained by replacing P in EqQ.2.2.10 with Pw
of Eq.2.2.6. The concrete e;pressian of Tjngis,

in the central region,
ae

Trr = Pw
O _ g g - P ,
" Tee =360 - Oyy - R (at 8 = =zx/2 )
=SS;§S§;’—FV§2F§' ‘ A
3o - - ( - ,
Tgz = 64 = 63 - P (2.2.13a)
and in the end region, :
’ (3¢)
Trr = Fﬁ’_
Ge) _
Toe =3 Sy - vy (at @ = tn/2)
=36, - 67 -~ 2P, '

Ge

Tre = Opg = 09 Pu = Gy- Py = 0.94C P-P,) (2.2.13b)

(KRehle, EQ.37), where O;, is the effective stress of the

vertical component G, of the regional stresses.

Prom Eq.2.2.13, we observe that, besides the ténggntial

(3e)

stress To,° in the central region, the vertical stress el

Iz
in the edge region can become tensile. This suggests a
possibility that horizontal fracturing takes place. The .

.critical pressure Pc for the occurrence of a horizontal

fracture is given by
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C.., + T c,+T,.-P
P2 ’20_94° or 2 —-— ;4 = (2.2.14)

Next we will suppose that fluid flows from the borehole

into the surrounding formation. To simplify the flow
problem, the wellbore is again assumed to be an infinitely
long cylindricalr cavity. It 1is also assumed that the
formation has uniforﬁ permeability so that the fluid flow is
. axisymmetric, and that the injection fluid has properties
.similar to those of the formation pore fluid, and that the
fluid flow obeys ﬁércy's law.
The effect of the fluid §enetration~is demonstrated by
the stresses ‘SU“) caused by the pressure distribution P(r)
in the formation under the condition of ste#dy flow and with
the boundary conditions- |
S, P(r=ay = S Y(r=p) = 0 (2.2.15a)
P(rea) = P, P(rsb) =0 (2.2.15b)
The &stress tensor 50“” due to the pressure P(r) is given by,

in terms of the radial displacement u,

&) du _
S, = Aa + 2p <= (3X+2u)aP
) U
E — ~ (3IX*2p)a
S” AL+ 2’A r P) P |
o ' (2.2.16)>
S5 ha s (hespsp -
u
A = _J_L.l. + —
v dr r

and other stress components are zero, where A and K are

Lame's constants, and X 1is a material constant. Since we
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are supposing the state of steééy flow, the pfeésure

distribution P(r) satisfies the Laplace equation. The

boundary conditions Eq.2.2.15b determine a solution of th{s
differential equation. -
PCr) = P log(b/a) / log(b/r) (2.2.17)

On the other hand, the boundary conditions sqizﬁz,isg
determine a solution of a differential equation in terms of
u, which derives from the equilibrium equation. Finally, the

stresses su“‘are given by

1 1 L,
: a’ , b
s @ _SEP [ ”'@‘32 _ jé(,* % ) qaséf_}
rr 2(1=v)log(b/a) ¢ - "r  b*-a? re a -
E 2 2 b
e et {ites e gt
*  201-Wloa(b/a) ro b*-al r a
x E , | 32
Sz{:= 2P {|= 2)633—%@3‘?} (2.2.18)
' 201-v)Jeg(b/a) " b*-al a

(cf., Takeuchi, P149). When b is considered to be very large
compared with a, the stresses Eg.2.2.18, at r=a, are

simplified in the form

4y *

ST‘F = 0
W ) -2 '

‘553 = af —T:T P (2.2.19)
, =2V

‘SZ‘Z = oF I- Vv P

The total stress field is obtained by the superposition
of the stresses SU“ED due to the far-field regional stresses
Gx and 6y . ,&J“E’ due to the pressure difference Pw,

Sij'* due to the fluid penetration and the initial pore
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pressure P,.

43 ey o L aey s (&) - . -
Tl_) - 5(‘5‘ + 5,';‘ + 5'4 *?@ (2.2.20)

For convenience, let

1=2¥ N - ) Cr
XE ——— = /3(!‘2)-’) = 2'13 p=l--= (2.2.21)

R
(cf., Rice et al., 1976, p239) where Cr and Cb are the rock

matrix compressibility and the rock bulk compressibility,

respectively. Then the stresses 1, are given by

(%}

%F!‘ = P‘f + Pl?
Too = (Guy= 6,y)-2( 6y Gy 10528 -F, + 2NP, +P,
Tyz ® Gzz + Po + 2P, | (2.2.22)

From EBEQ.2.2.22, the minimum value of T,* is found at

e = *t EIZQ -
Te(;),wn" = chi—cj;y—:?_+2.quﬂf’a (2.2.23)
The effective stress of Tag is
—@,min. L ot e 5 o am o
~ Tee' = (P +P,) = 30%,-6yy-2F,+2nF, C(2.2.24)
The critical value Pc of the pressure difference Pw, which
will break the wall of wéllbore, is now given by
36, -0, ~2P,- T,
P, 2 ——2—2_2 (2.2.25)
- 2(1=n)

(Haimson et al., 1967, Eq;10)i
When the induced vertical stress T,;*' in Eq.2.2.19 is

combined with Tz’ of the Kehle's modef (EG.2.2.13b), the

given by *
= T *F’ 1
P> ?VAEEL ' (2.2.26)
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As ¢ < A< | where ¢ is the porosity of rock, and
0 < VY < o5 for rock, it Eéllaws @ < 2n < 1 . The
comparisons between EQs.2.2.25 and 2.2.9 for the horizontal
fracture and between Egs.2.2.26 and 2.2.14 féz the vertical
fracture suggest that the fluid penetration causes the
inception of either type of the fractures at lower injestiaﬁ
pressure than that for the ncnepeﬁet:atiaﬁ case., It is also
suggested that very rapid pressurization leads to a higher
fracture pressure than needed when pressurized fluid 1is
allowed sufficient time to penetrate the walls of the
wellbore. e

Heat conduction through solids gi?es rise to stresses
and displacements analogous to those caused by fluid flow
through porous media. Therefore, the above discussions can
'be applied to estimate thermoelastic effects associated
with, for example, hot fluid injections. The stress field
due to non-stationary fluid Ele; has been studied by Rice et
al.(1976) in more general form.
(11) Eziigrian based on fracture toughness of notched well

The previous criterion is based on a critical tensile
stress fracture and neglect of consideration of :rac}s in
the wall of the wellbore. Here, I wiilkrefg: to a e:itéricn
of fracture initiatian wvhich is based on linear elastic
fracture mechanics and. allows pre-existing cracks on the

vellbore.
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.Assume a cylindrical hole of radius a with two radially
opposed cracks of length L subjected to an internal pressure
P and the far-field stresses O and O, , as shown in
_FLg;Z.Z.S. The stress intensity factbrkxi at the ctaék‘tip
is given by -

K, = PHRL F(L/4)-(05 costx+O5ainX IF(L/a)¥RL °
+ (6 cosa-Cxcos2x)G(L/a) ML (2.2.27)
(Abou-Sayed et al., 1978, EQ.10), where F(L/a) and G(L/a)
are shown.in Table 2.2.1. Let Kic and Pc respectively deﬁcte
‘the fracture toughness and the critical pressure for crack
advance. From EQ.2.2.26, the critical condition of the crack

extension is expressed in the form

K
P = 1@ (6 -63)+03+ —————
: F(L/3) /ML
) G(L/a)
; I(®) = cos‘o~ m cos2X (2.2.28)

The functidn [(¢) is shown in Fig.2.2.6. Eq.2.2.28 states
& several features of the fracture initiation under the
éircumstances of the wellbore with such pre-existingv small
cracks. |
If G, = &, , the orientation of the pre-existing
crack does not contribute to the critical pressure, and only
the length of crack influences the critical pressure by a
tactor of K, / FcL/aYfml suggesting that fracturing in
the vé&lbore vith larger <cracks will start at lower

pressure, If I(x)= 0o , the critical pressure depends on

either principal stress.
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- Fig.2.2.5

subjected to far-field

internal pressure.

Crack in a borehole wall
stressag and

Fig.2.2.6
for different rat
Abou-Sayed et al.,

cv... llx) defined by Eaiiizizﬁ

io of L/a. { from
1978 ).



Two

Crack

0.707

F(L/a)

1e21

2.26
1.98
1.83
1.70
1.61
157

1.52 .

1 .43
1.38,
1,26,
1.20
1413
1,06

1,03

Table 2.2.1
function F
Paris and Sih,

Tabulation

of the

and G in Eq.2.2.27 ( from

1965 ).

56
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“If X = O , i.e., the orientation of the

pre-existing cracks is perpendicular to the direction of the

 minimum principal

tress axis, ther crack advances most
easily* If o = X/2 , the maximum pressure is required to
advance the crack, because J(a) > I¢(A) , & > 13 from

Fig.2.2.6. When the case of L/a=0.2 is examplified, the

difference of the “critical pressures for & = O and
x = M/2 is given by 1.5 (& = 63) ., where
[(x=%/2) " 1.25 and [(X=0)«-0.25 are read from

th 1is

Fig.2.2,6. On the other hand, if the crack len

Wy

considered to be large enough compared with the radius of

wellbore, 3 ,i_e;? L/a ~ == , it follows that
. ,
(X = 0) ~ I (x="/2),. hence there is no . difference between

these critical pressures. _
© and L ~ o (say, L/a=0.1), .

".

2P, ~ 365-0,+2K, . /2.26(WL (2.2.29)

1]

If X

wvhere the value 2.26 comes from Table Zgzgii It is observed
ﬁhat Pc in [Eg.2.2.29 1is related to 303-0, by factor 2,
where{s iﬁ Eq.2.2.9 the factor 1is 1, and that Eg.2.2.29
holds true withéut regard to the existence af!;efe pressure.
It is noted that Egs.2.2.27-29, in principle, can not wused
for the case L=0 and there is no consideration of the stress
intensity factor for shearing mode. |
(I11) Mohr-Coulomb criterion for shear failure

Coulomb (1733) proposed a <criterion éhat when shear

failure takes place across a plane, the normal stress and
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A

the shear stress ‘across this plane are related by

ITt 2 5, + | & (2.2.30)
where S, is a constant which is regarded as the inherent
shear séréngth of the material, and p;‘isra constant which
is called the _coeffi:ienﬁ of 1internal friction of the
.material. The coefficient M, is usually expressed as

My = tang (2.2.31)
and ¢ is called the angle of internal friction.

The two-dimensional case will be considered. The normal

:stress G and shear stress T acting across a - plane

perpendicular to the G, -G, -plane and jaking an arbitrary

r

angle X .with the direction éf least principal - stress Gy
(Fig.2.2.7a), are

20 = (0,+G63) + (G,-0G3)cos2x ,

o ) (2.2.32)

2T = (6,-03)5:n2X .

A very convenient method of graphically representing these

expressions, known as the Mohr diagram, 1is obtained by

plotting values of normal and shear stress with feipgct to

X, (Fig.2.2.7b). Then the -relation of Eg.2.2.30 is
represented. by a straight line, for example, AB in
Fig.2.2.7b. -
Bq.2.2.30 suggests that failure will not take place if
the values of G and T so found lie below the line AB, and
failure will take place if the circle on O and O, as
‘diameter just touches AB. The substitution of EQ.2.2.32 into

BEg.2.2.30 gives  another expression for this failure

-
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The Mohr diagram in 2-D.
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-
¢criterion
S, [(p +\)**F] ES[(HE *I)JT—’ELL] 2 ;Sa
1.

e., cot2X = 1 ip;

at X = £ (W4a+d)

Whén the presence of 'pcfg pressure P, is taken into
consideration, Eq.2.2.30 is revised as

Tl 2 S +p; (6=F,) (2.2.34)

As suggested by a shift of the Mohr circle in the 1eft

direction along O -axis in thedMohr diagram, an increase of

n

the pore pressure P, accelefates the occurence of failu

Mohr (1900) replaced the ;riﬁefian Eq.2.2.30 by a;
functional relation éhafacteristié of material

It 2 f(o) (2.2.35)

The curve of $(0) is called the Mohr envelope, and obtained
-experimentally as the envelope of the Mohr <circles
corresponding to failure under a variety of conditions. With
regard to the function {(gy , the coefficient of internal
friction is defined by |

alTl ” 5 AE)
M= 3o = tang \ (2.2.36)

Thé angle of internal friction hasrvalues_usuallg between
20-50 degrees and mést commonly not far from 30 degrees (
i ~ 0.6). Thé Mohr envelope is usually concave downward.
At suffi;igntly high pfessu:és, nearly all rocks dgfafﬁ
‘plastically, and the Mohr eﬁvelépes!becamgs approximately
parallel to the G -axis. 7

The tangential and normal stresses acting on a plane

. with an arbitrary orientation relative to three principal
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stress axes can easily be seen from the Mohr's
representation of stress in three dimensions (Fig.2.2.8). As
long as the failure strength through the body of the rock of
interest is assumed to be characterized by unique values of
S, and }; in Eq.2.2.30 or a unigue function f in Eq.ziZiSS,.
the Mohr-Coulomb criterion basically states that (1)

possible failure planes are always parallel to the axis of

the intermediate principal stress, and (2) this stress does

not affect th?_angle of the failure plane., It is so because

the line |Tl=S,+W;6 or the curve |Tl= $(0) will first
touch a point on the circle on O and Gy as diameter, gand

this circle represents a plane of Y =0 . Past labefatéry

experiments (e.g., iagi; 1971§ Hangdin et al., 1967),

however, have pointed out that the above statement (2) does

not ﬁézessa:%ly hold true. This will be described later.

Most seéimenta&y and metamorphic rock is anisotropic.
Representing the anisatrépy by the presence of a plane of
weakness, its effect é; strength can be seen by using the
Mohr ' s diagram. The inherent shear strength and the
coefficient of internal friction in the place of weakness
will be denoted by Sw and M, , respectively. In Fig.2.2.9,
let the point P, the line AB T = S,+K,0 and the line CD
T = 3, + 4,0 respectively be a stress state on the plane
of weakness uﬁder the principal stresses O, , G, and G5 ,
the critical condition of the failure in the plane of
weakness and that through the body of the material. Suppose,

now, that the principal stresses are changed up to o' , G



Fig.

[ ]

.8 ......The Mohr diagram

in 3-D.

R ket
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Fig.Q;iQQ " ..., Mohr diagrams for
discussion of (a) failure in a plane of

weakness and (b) failure through a body.
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and O, as shown in Fig.2.2.9a. The point P will mave-savthe
pcint P', and will touch the line AB. Failure first becomes
possible in the plane of weakness. On the other hand, there
is another possibility that failure first occurs through the
body regardless of the presence of the weakness, as a result
of, for example, the changes of three principal stresses as
shown in Fig.2.2.9b.

Extremity of aniscéfcpy is represented by the presence
of a discontinuity in the matgfial such as a joint, crack or
fault. Byerlee (1977) points out that the frictional

Strength can be expressed by the relation

C = 0.85¢ ; 0.5 < & < 2 kbar
T=05+060 : 20 <6 <20 kbar

T

(2.2.37)

and that this relation almost holds without regard to types
of rock, temperature, presence of gouge between

discontinuity surfaces, and roughness of the surfaces, i.e.,

[

regardless of smoothed surfaces, pre-made shear failure

surfaces or interlocking surfaces made by tensile forc

The frictional strength under the presence of pore pressure

P, is expressed by the relation

T = 0.1+0.6(6=P,) | (2.2.38)
(Byerlee, 1967). !
Criteria of shear failure may be expressed in the

general form

$(s, ,0;,65) = 0 (2.2.39)
One of the failure criteria which take account of the effect

of the intermediate principal stress 1is the von Mises



criterion proposed as a yield triterion, and is expressed by

- _ 2 - - 2, 2 ,

(6,-6;) +(5,-6;)"+(gy-6,)" = 20, (2.2.40)

where O, is a value characteristic of material. The von

Mises criterion has the physical interpretation that yield

occurs when the strain energy reaches a value characteristic

of material. On the other hand, it has been shown that the
relation

+{(5,-6,)}+ (6 2i(6,-6 )} = 3(@+G5)  (2.2.41)

31(0,-6,) +(6,-65)"+(65-6, )"} = 3(T,+G5)  (2.2.41)

explains rock failure well, and the function g is regarded
to be a monotonically increasing and almost linear function,

(Mogi, 1971). From the facts that the planes of failure are

observed always parallel to the intermediate principal

stress axis and thatg (9, + 0332 is related to the mean
stress acting on a Ea;*re plane, this failure criterion is

interpreted- such that failure will occur when the shear
strain energy reaches a critical value which varies with the
agan stress, Past observations (e.g., Mogi,b1972) alsar
indicate that the angle of the failure plane relative to G
or O3 axis depends on the magnitude of J; , whereas the

Mohr-Coulomb criterion can not predict the effect of O; on.

the failure.,
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2.3 Fracture Orientation Changes

Two examples of the change of fracture orientation have
been seen in Section 2.1-(2) and (3). It might be a rather
common phenomenon that a fracture changes its orientation in
the process of growth. Some factors of fracture orientation
changes are reviewed here.

Holzhausen et al. (1980) reported the initial formation
of a vertical fracture caused by cold-vater injection and
the subsequent growth of horizontal fractures during steam
"injections. The orientation change vas interpégtgé as a
result afi thetmél g;paﬂsién of the surrounding materials
during the steam injections, which led to the build-up of

horizontal stresses around the initial vertical fracture and

resulted in a stress state where the horizontal stresses
~ exceeded the vertical stress compression.

Without the thermal effect, change of fracture
orientation can be ‘explained Etam the more general
sténépeint of a change in the minimum principal stress
direction around an initial fracture due to subsequent fluid
injections. Dusseault (1980) explained the  change . of
Efactﬁre orientation as follows. "If the'iﬁjgétign rate is
:glativgly'rapid, then energy -dissipation due to viscous
traction on the walls. of the fracture can result in thick
fracture generation with rapid local overstressing,
particularly near the injection pcintiﬁiz is believed that
the minimum principal stress is increased to a value

somevhat higher than the intermediate principal stress
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before reinjection takes place. Fractures thereafter tend to

recur by fluid injection in the direction approximately

Lg ]

orthogonal to the original plane.” The numerical analyses o
Dusseault et al. (1980) indicate more clearly that regional
stress changes can be brought about by massive injection
volume, change of fracture orientation is extremely likely,
and thermal input enhances this pf@bﬂbilitfg The numerical
analyses are based on a vertical fracture model in layered
media with the assumptions of reasonable material property

and geometry related to the application of hydraulic

2=

fractur

[y

ng in the Cold Lake oil sands region.

Evans et al. (1980) reported that a significant change
of the surface tilt responses during the continuous
injection operation suggested a possibility of the
transition of the fracture orientation from vertical to
horizontal. The transition was interpreted in ¢connection
with the in-situ minimum principal axis direction varying
viEF the depth. The top depth of the initial near-vertical
Eraétu;e calculated from the measured tilt responses
coincided with a depth estimated by the analysis of the
in-situ overburden stress gfadignt, i.e., the depth where
the minimum principal stress .éirectign changes from,
horizontal to vertical. Although it éan not be'simply
concluded that the latter depth equals just the depth of the
occurrence of the horizontal fracture, as a rule the spatial
variation of pre-existing stress field could be a major

factor in fracture orientation changes.



Lithologic factors also must control the propagation of °
fracture., Evans et al. (1980) remarked that the calculated
top depth of the vertical fracture corresponds to a
lithologic boundary, and the overlying lithology must have
acted a barrier to prevent the prapagétian of the vertical
fracture. Dusseault (1980) described as follows. "It is said’
for the Athabasca o0il sands region that, in those areas

are originally created, the

where horizontal fracture
fractures tend to climb upward at angles of 10 to perhaps as
high as 25 degrees. The tendency for a horizontal fracture
to climb has often been explained in terms of éengity; if
air or $4p is injected, it is assumed that there is a
tendency for fractures to climb upward because of the
buoyancy of the air or gas. Another explanation axists: in a
material with variably oriented anisotropies (bedding
planes, joints), fractures will tend to climb along
appropriately arie;tgd bedding features and other lithologic
discontinuities.” Even if the uncertain 1lithologic factors-

are not considered, the tendency for a horizontal fracture

to turn upward can be predicted theoretically, as shown
below/¢

Several workers in fracture mechanics have proposed
theories which incorporate the magﬁituées of stress
intensity factors at crack tip, Ki (for open mode) and Kii
(for shearing mode), and predict the propagation direction.
(e.g., Sih, 1972, Erdorgan and Aksogan, 19‘74)'z These

theori€s state that a non-zero value of Kii should result in
’



propagation out of the original plane of the fracture in
dire:tiené governed by the sign of KRii. In tﬁ:gfalléwing, I
will refer to two of these theoretical predictions. One of
them observes the non-zero Kii resulting from the mechanical
interaction between the free-surface rand a fracture. The
Other analyzes the stress intensity factors of a fracture
subjected to the internal pressure and non-hydrostatic
regional stresses.

Pollard et al. (1979) used a two-dimensional fracture

model, and analyzed the stress intensity factors at the -

hydrostatic far-field

(7,1

tresses in a semi-infinite region.
The analyses led to the prediction that a shallow fracture,
vhose original plane is not vertical, tends to turn upward
at the ends and propagates toward the free-surface.

Assume an infinitely long fracture in an infinite
region.. The stress intensity factors at the tips of this
fracture are given by

K, =Pda (2K, ), K, =o0 ©(2.3.1)
vhere P is the wuniform internal pressure and a is the
half-length of the fracture. If the depth of the. fracture,
d, is sufficiently large compared with the half‘length, the
fracture may be assumed to be located in“an infinite region.
Such a fracture should propagate in 1Esieﬁn plane, because
Kii=0'

For shallow fractures, the mechanical interaction with

the free-surface must not be negligible. Fig.2.3.1 shows the



Fig.2.3.1 ..... Stress intensity factors
at the edge of an infinitely long (2-D)
fracture subjected to a uniform internal
pressure. :
h@;izcﬁtai fracture ( from Pollard et al.,
1979 ).

(a)z a vertical fracture (bl=z a-

o
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stress intensity factors normalized by K. and plotted versus
the ‘ratio d/a. In the case of vertical fractures
(Fig.2.3.1a), symmetry about the long axis of the fracture

" makes Kii zefo, but the values of Ki increase sharply as d/a
decreases to a limit of 1.0. Because of Kii=0, the vertical
fracture should propagate in its own vertical plane. The
fact thaé the value of Ki at the upper end of the vertical
fracture exceeds that at the lower end suggests that the
fracture preferentially propagates upward. In the case of
horizontal fractures (Pig.2.3.1b), the values of Ki at both
ends are equal and sharply increase as d/a decreases toward
zero. Non-zero Kii are now observed. The values of Kii ‘aﬁ
both ends are egual but opposite in sign, and sharply
increase as d/a decreases. The existence of non-zero Kii and
the signs of Kii at both ends suggest that a shallow
horizontal fracture should turn upward at both ends and
propagate toward the free-surface (Fig.2.3.2). It has been
also observed that varying the inclination, at constant d/a,
é@és not result in large variation in stf;ss intensity
Eactars,ﬁgx:épt wvhere the upper end of fracture is very near
the free-surface. Aﬁ {nelined fracture also will proceed out

of the original plane, generally tending towvard tﬁe

and the signs.
The comparison of the magnitudes of Ki in Fig.2.3.1a

nd b indicates that, for comparable d/a, Ki for a

horizontal fracture is greater than that for a vertical



Fig.2.3.2 ..... Interpretation of signs of
stress 1intensity factors and propagation
directions of a fracture.

o . . . W e . E = Lo g
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fracture, except where the _depth is very close to . the
surface.

An assumption of uniform pressure acting on fracture
walls is more or less at variance with reality, especially
vhen the frictional interaction between viscous fluid and
fracture walls is considered (e.g., McClain, 1969).
Fig.2.3.3 shbws the difference of ;he stress intensity
factors resulting from a type of pressure gradient in a

fracture from those resulting from wuniform pressurization.

a fracture characterized by the symmetric linear pressure
gradient are less than those for a fracture characterjzed by
the uniform pressure. On the other hand, it has been
observed that the ratio Kii/Ki for the former model is
greater than that for the latter model. This suggests that a
horizontal fracture maintained by the preséure with such a
gradient should tend to propagate toward the ground at
higher angles than those in which the pressure is
essentially uni%orm. |

When a symmetric, linear distribution of driviﬁg
pressure is given by

P(x) =P, - 4P x| , Pl@)=0, O%<Ixlsa  (2.3.2)
: thg stress intensity factors for a deeply buried Efaetufe
(i.e., the fracture may be assumed to be in an infinite
region) are given by

K, = (P, - 234P/‘[)4/E LY

(Lachenbruch, 1961, Pollard, 1976). In the case in which P,

0 (2.3.3)

W



2.0

LS -

0.0
0.0

Fig.2.3.3 ..... Stress intensity factors
for horizontal fractures subjected to
uniform pressure (solid lines) and linear
pressure (broken lines) distributions. |
from Pollard et al., 1979 ).
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is taken to be twice P in Eg.2.3.1, the total force
operating in the fracture is same as that for the model of
- uniform pressurization. Simple computation indicates that
the ratio Eq.2.3.3/Eg.2.3.1 in terms of Ki is about 0.726.

The stress intensity factor at the tips of a horizontal
penny-shaped fracture is shown in Table 2.3.1, .in which R
is the stress intensity factér ( Mode I ) for a penny-shaped
fracture in an infinite region ( cf., Section 2.1 ).

Next, it is shown that fluid injection into a wellbore
with a pre-existing érack of an arbitrary orientation
relative to the direction of far-field stresses tends to
make the cracks extend in a direction which is mofe nearly
perpendicular to the direction of the minimum principal
stress than the original plane was. This is pr;dicted by
strain energy release rate hypothesis (cf., Abou-Sayed et
al., 1978). Consider a crack of length 2L oriented at an
arbitrary angle & relative to the direction of the minimum
principal stress, as shown in Fig.2.3.4. The stress
intensity factors Ki and Kii for the pre-existing crack
subjected to the internal pressure P are given by

K, = (TLOY(P-Gsina— 6 cos’ex ) (2.3.4)
K= (VLS /2 ( 67-63 ) sim 26 (2.3.5)
(Rice, 1968), where G, and G, are the maximum ahd minimum
comﬁ?éssive far-field principal, stresses, respeétively._ If’

L
the crack extends 1in an arbitrary direction Y , the

corresponding release rate [(¥)is given by



KI/ Ka

E{E/ Ka

1430
1.667

2.50
5.00

1.2042
1.1863
1.1561
1.1§§Q
1.0759
1.0275
1.00399

0.0899
0.0822
0.0640
0.0514
DiOELB'
0.0082

0.,00062

a=radius of fracture
d=depth of fraeture

Ka

Table 2.3.1 ..
for a bhorizontal
(from Kassir and Sih,

%%PJEE, P=internal pressure

Stress intensity factors
penny-shaped fracture
1975, p225).

7.
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Fig.2.3.4 ..... Skewed crack under

far-field stresses and internal pressure.

13 -
?
T—d g4 A o0 B.d g
4 ,
Y - -
i
Fig.2.3.5  ..... Orientation of an
extending crack which maximizes energy
)release rate ( from Abou- Sayed et

al..1978).
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1 n-71 v/x
— (—
3+cos?Y I+'r")
and » denote Young's
respectively.

x [(l+3255;T)R%-+855n1'cas?’ﬁ.ﬁ,,* (9&52@33T3Rh%] (2.3.6)
E.

, 401-v?)
(= ——2.
, E
vhere
material,
relationship between

the
Eq.2.3.6

al.,
length.

et
modulus and Poisson's ratic of the

1974),
assumed to advance in such a direction

into

crack

be
the direction of crack advance Tmax and the ratio K, /K, is
1 2.3.5

(Hussain

The crack will

that T%n becomes a maximum. Then
Egqs.2.3.4 and
to the

at a prescribed finite
such a sufficiently
(2.3.7)

of
proportional

advances
for

given by Fig.2.3.5,
:Substizuticn
that [T is
if the crack
long open crack to be stationary are satisfied only when
hence I, =iy =0

reveals
value of r%in;:), the conditions
From Egs.2.3.4 and 2.3.5, this condition is expressed as
(2.3.8)

(2.3.9)

Therefore,
situation

T?CT) o
the

2 3 )

P= Osina + chasiﬁ
53 )Shtzliig
Int/2

to

corresponds

¥

and C oy -
I1f O, and Gy are not equal, Eg.2.3.9 implies that
o = 0 or x !
X = 0O
that the pressure P equals the minimum compressive stress
Gy , vhereas the latter case , & =fM/2, corresponds to
the pressure p is'gqual to the maximum

The former case,

that
W} i ]

situation

the
compressive stress
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Now consider a problem; to which direction of these two
ssationary conditions does the pre-existing crack of neither
=0 nor x=xM/2 g:téné more likely ? We are considering a
crack tending to open due to the internal pressure, hence
K, > 0 ., Since ET; > Gy , EQ.2.3.5 indicates that Kii is
positive for & in the interval ( o, T/2), whgreag Kii is
negative for & in the interval (-W/2,0). This observation
and Fig.2.3.5 indicate that for & in the interval (0, W/2),
rthg predi:teéfénglg T of the extending crack is positive,
vhereas T is negative for & 'in the interval (-W/2, 0).
Consequently, this maximum energy release fa%‘- hypothesis
predicts that the pre-existing crack tends té extend in a
direction which 1is more nearly perpendicular to the

direction of the minimum compressive stress.



3. Theoretical Size of Surface Deformations

isotropic, homogeneous, semi-infinite elastic medium,

[ 4

3.1 A horizontal penny-shaped. fracture.

Analytical éxpressions for the surface deformation due
to a horizontal penny-shaped fracture have been obtained by
Ren Jen Sun (1969). In this E:actu;e model, it is assumed
that the surface of . fracture 1is maintained by uniform
pressure cf injected fluid, and that fluid flow into the
rock adjacent to the fracture is so small that the rock can
be regarded as impermeable.

The surface deformations at distance r from the center.
of a fracture at depth d and of radius a in a semi-infinite

%

elastic medium of Young's modulus E, Poisson's ratio v are

given by il
Uplift =
U= F!ai(ﬁsing-—&casi) ' ' o (3.1.)
Horizontal displacement =
a+a{*siw%
R e i erpom e
wa&e@s) + (a+a§3m§~)
*. drzaaiaﬂ :|n=§+ak¢ss§ }
(diﬁaeszaaﬂ:Slng*akaasé) + (aiﬁcas;*dJ§3|nikaksnne)z
v - (3.1.2)
5 ~

81
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Tilt =
C Te P (3.1.3)
Ha:izantal strain = »
’ gdﬁ | '. 3@1-77
S’F , | (3.1.4)
where - -

32 7 iﬁ a (3.1.5)
o o 2ad B
.9 = tan (-;Z:;;j;; ) (3.1.5)
_ 80-v?)

%
and P is the internal pressure of Eractsre (Ren Jen Sun,
1969, EQs.16 and 17). :

The internal pressure P may be expressed as’

P=P, - P7d (3.1.8)
where P, is the injection pressure and p7d is ‘the
overburden pressure, p is the density of overburden and 7 is
gravitational acceleration. The fracture model with :he‘
assumption of uniform pressurization has a stress
concentration of infinity at the edge of fracture. When the
fact that the stress must be finite is taken into
consideration (cf. Eqi2}1.5)i the relationship between the
overburden pressure, the injection pressure and the internal
pressure can be written

, YTI I -erd &1, _
p;%[1a(%f](ﬂ-ffi) (3.1.9)



k!

where P is the avérage of the internal pressure over the
entire surface of fracture. As long as the average pressure
is assumed to act uniformly on the entire surface of

frac;ute,‘ the analytical solutions, Eq.3.1.1-Eq.3.1.7, can
be used for the calculation of the surface deformations for
"'this model.

' Green (1949) and Sneddon (1946) studied the deformation
field due to a penny-shaped fracture normal ﬁé the surface
sﬁbjicted to the uniform interna; pressure’ in an infinite
elastic medium. In order to ,obtain the solution for the
semi-infinite medium, we put an {mage source of »the ;ctual
fracture at a symmetric position with respect to the
free-surface, and obtain a stress field which satisfies ~one
of the boundary cpnditions in terms of the st:esées on the
‘free-surface, i.e., On,¢=0 where n and t denote the normal
and tangential directions of the free-surface. In this case,
the other boundary condition, i.e,, O a=0 on the
free-surface remains unsatisfied. Subsequently we’héve to
solve the so called "Boussinesq problem”". Namely we need to
obtain a new stress function which satisfies the boundary
conditions of Gp,+=0 and the normal load ~as egual and
opposite to the normal stress resulting from the
superposition of the original and image fields on the
free-surface. Bg.3.1.1-Eq.3.1.7 are obtaineé by this
proced;re. Turning to the boundary conditions of the
frifture plané, the image source and the new stress function

give rise to additional stresses which are neither constant
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nor vanish on the entire fracture plane. This implies a
discrepancy from the initially specified magnitude and
uniformity of the internal pressure "of the fracture.
Accordingly Eq.3.1.1-Eq.3.1.7 are not exact ;olutisns to the
surface deformations due to the fracture normal to the
surface subjected to unifbrm interﬁal pressuré in the
semi-infinite elastic medium. In order to obtain more .- exact
solutions, the prdcedure - derive another stress function
~ which reduces the additional stresses én the fracture plane,
and solve the subsequent'"Boussinesq.problem' - should be
répeated.

Fig.3.1;1 is an example of theoretical surface
deformations due to a horizontal penny-shaped fracture.
General features of the surface deformations are;

(1) The maximum value of uplift occurs above the center of
fracture, and the amplitude decreases monotonically to zero
at infinite distance from the center of fracture.

(2) The radial displacement has zero value just above the
center of fracture and increases its amplitude to reach the
maximum value at some distance from the center of fracture,
and aft?r that, decreases to zero at infinity.

(3) The tilt field shows a pattern similar to that of the
radial displacement except for ,an opposite sign.

(¢4) The horizontal strain has the positive maximum value
just above the center of fracture nd has the negative
minimum value at some distance from [the center of fracture,

and after that, increases its amplityde gradually to zero at
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infinity. T , .
Figs.3.1_23—?? Shé& the maximum and minimum values af

the uplift, horiZontal ‘displacementf tilt and hef;zcntal

strain due to a grgcture ﬂitﬁ'?ariaus values of radius a and

depth d. The uplift ‘h‘efigzanta‘l displacement fields can

be expressed in the general form |

. £fdg(a/d, r/d)

‘and the tilt and hariéaﬂtal StfaiP fiélds, in the form-

f g( a/@ , r/d ) '
wvhere f depends only on the sinternal pressure and the
elastil’ constants of gatgfial; and g denotes a functional

relation of. each deformation field and the geometrical
parameters | of a fracture and abservgtiéz points. The
~funci:ion-g‘r.g,hates to Ehg shape of the surface defarmatién
fieids, ahd the quantlty f relates to the amplitude of the
fields. Thereﬁsfe the quantity f. will be designated as the
"amplitude factor” of fracture. The ampliﬁudg Eact&?%?éénd
the function ¢ are non-dimensional. . In Fig_3.1.é, the
variation of a and d is given by the parameter s/éi The
values in these figuégs are calculated by setting ,

| f = 1.0 ’ d = 1.0 km
For fractures at arbitrary ée;th d, the vertical axis _.of
Fig.3.1.2a (upligt) and Fig.3.1.2b fharizantal displacement)
should be multiplied by the factor 4 (in km), .

The following descriptions held-tg;g ﬁar.frieturns Eaﬁ

2

which'0.05 < a/d £ 1.0,
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.Fig.3.1.2 ..... The amplitude of extrema

- of the surface deformation due to a
horizontal penny-shaped fracture.

Maximum of uplift

a

b Maximum of horizontal displa:ement
, € . cimum of tilt

d . m and minimum of strain
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‘lax, of radial displacement

1]

- - — C;ESi@-Gf - (,3"-]@)
rax. of uplift - ¢

=

Max. of strain (ustrain)

1.0(§20.05) ~0.47(3=1,0) *(3.1.11)

vaxe. of tilt (uradians)

¥ax. of uplift (mm) ( " , . :
—_— — - — - = (1;D§D-E)d ) (3i1!12)
Max. of tilt (uradians)- : ,

Vo

Mines of strain

SR — =0.28(320.05) ~0.48(3=1.0) (3.1.13)
lax. of strain , -
: »

In EQ.3.1.12, 4 must have the-unit of kp. '

Th;se relations show that the ratios depend only weakly
if at all on a/d. This suggests that"’ it "is very hard to
estimate a/d (ar a when d is known) by the ratios of extra;a
of different kinds of data. Eg.3.1.10 indicates that the
measurement accuracy of “the radial displacements should be

at least four times of that of the uplifts, from the #aspect

of deﬁe:tability;_‘éimilarly the measurements of horizontal
‘strain shﬁulé be E;béut twice Aas accurate ~'as the tilt
measurements,  as :shaqn in EEq;351;11i The relation of
Eg.3.14.12 indicates tgargiwhen the depth of fractures is
about 1 km, the magniaﬁée of the tilts in micféradians and
the uplifts in millimetérs is comparable, but the former
becomes larger than the latter by Ehé factor d (in km) for
shallaver fracturés. However the above remarks hold trﬁe
énly wvhen the observations are near the extrema of each
- deformation field. As shown later, the locations of extrema
of the tilt and horizontal strain 'Eieldé depend on the

fracture parameters. Therefore, in the situation where the
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-
observations §¥e_restricted withih a narrov region above the
center bf 'fgaé;ure, the uplife ;nd the strain responses
might yield gregier deSectability than others.

Fig.3.1.3 shows where the extrema in £ilt, horizontal
displabeqent (or zero strain) and horizontal ‘strain occur in
Eerms ; of various values qof a/d. We migﬁ? expect that the
locatiion of an extremum indicates the fracture parameter
a/d, or the radius a of fracture when the depth d is known.
F;g.3u1.} shows ;hat fractures with a/d<0.5 do not yiglé
remarkably different lsca;iqns, but ‘those with a/d > 0.
yield semé difference in locations which dependsrlinearly 2
the parameter a/d. However, larger values of a/d do not giée
sh:Fp extrema. Therefore, from the aspect .éﬁ practica.
applicatiop, it Seems hard to estimate the radius of

- fracture :{ .or-a/d ) by finding the extrema or nodes, =,
Table 3.1.1 shows estimates of the\'magni;ﬂde uag
amplitude factor f for the fractures of depth 50 - 1000 m

The calculation 1is based on Eg,3.1.9. This taﬁle contains
three éases-of AP=1 MPa, aP=10 MPa and AP-infinit;, where
AP is the difference between the injection préssure P, and

‘the overburden pressure pvd, i.e.,

P = P, - pTd . (3.1.14)

The upper liﬁit of f, which corresponds to the case AP = oo

MPa, can be estimated by the following equations. Letting «x

be the ratio P,/ Pvd, Eq.3.1.9 can be expressed in the form
Fufofefs 0

where L
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. ) By )
s, € = R K
» -
DEPTHI(M) P=1 WPA Bei10 WEA ZPw o .
50 O 1B1E-03  O.446E-03; O S22E-03
100. O 210€-03 O .774E-03 O.104E-02
150 0.220E-03 0 103E-02 Q. 1STE-02
200. O 224€-03 O 122E-02 O.209€-02
2%0. ©0.226E-03 O 137€-02 O 361E-02
" 300 O 2286-03 O 149€-02 0.313€-02
3%0. O 2I9E-03 Q.159E-02 O 366E-02
400 0.229€-03 O 1€8E-02 . Q 41BE-02
450 0.370€-03 O 17SE-02 . O aT0E-02
500 0.230E-03 O.1B1E-02 O S22E-02
$50. | 0 2306-03, ©O.186€:02 O s78€-02
600. ©0.2316-03' O.1M0E-02 0.627E-02
§%0. ©.231E=03 O 194E-02 O.679€-02
700. 0 231E-03 O 197E-02 0.731€-02
7%0. ©0.231E-03 0.200E-02 O.783E-02
800  ©0.231E-03 O 202E-02 ©O.B3€E-02
. 8%0. O 231E-03 0 .204E-02 O BSBE-02
900.  0.231E-03 0.206£-02 O 940E-02
9%0 0 231€E-03 O 208€-02 O 992E-02
1000 0 231E-03 O 210E-02 O 104E-0O1
Table 3.1.1 ..... "Estimates of the
amp i tude factor of the surface
‘deformation due to a horizontal

oenny-shaped fracture, based on Eq.3.1.9.

s

x
Lk



. C_ 8-y o
£, = 22V C (3.1.15)
fy = (2x=1) (x-13/x2 '
We observe that .

f,(x»@) = 2
Then the upper limit of the anpiituée factor is given by
L Feay = 20,
According taiéhe fracture model from which Eq.3i1;9 derives,
the radius of the fracture is expressed as a function of the
internal pressure, as shéwﬁ EG.2.1.6. An infinite internal
pressure gives a finite amplitude factor, but simultanéauély

makes the radius of fracture infinite. Therefore, the finite

value of the amplitude factor does not imply "finite

amplitude of ground responses. -

In Table 3.1.1, the density p , Poisson's ratio v .and

Young's modulus E are so chosen that

-

p = 2.3 g/cc , V¥ =,0.3 , E = 10*MPa

For most :@Eks,‘Yauﬂg‘s modulus E.ranges from 10° MPa
(soft féck): to 10* MPa. As shown by Eq;3;1.1§, the
uncertainty of E affects estimates of thé amplitude factor
~ (hence the magnitude of surface defa:matiaﬁsjf vhereas the

variation of » does not remarkably change estimates of the

amplitudg factor.

'



3.2 An Inclined Fracture

The surface deformation due to an inclinéd
(penny-shaped or rectangular) plane .Eraiture (Mode 1,
tensile) is discussed from the aspeit of the computation as
well as the variability of the displacement field in terms
of ﬁpe change of source pafimetefg.

The displacement field was calculated by numerical
integration of the fundamental equations (Maruyama, 1964,
‘page  330) for the surface displacements due to a point
source. These gquaticn% derive f}em f:lastis theory of
dislocation, and assume that both Lame'$ constants have
equal values. The following four pfablems!gfe examined; . (1)
Variations due to spacing of points by which'a fracture’
plane 1is subdivided for numegizal, integration, (2)
Dependence of the surface displacement on 'the size of
fracture plane. (3) Variation of the surface displacement
with the dip-angle of fracture. (4) Difference of the

surface displacements resulting from different dislocation

distributions.

For numerical integration, the. selection of lattice

size is one of the problems. Table 3.2.1 shows the surface

displacements calculated by using several lattice sizes.
Fig.3.2.7a shows the geometry of the rectangular fracture
( a=b=0.4 km ) used for the calculations which vere made at

places dlong x-axis and y-axis. Supposing that the

£

nearlf equal to the exact values of the displacements, the
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- 0.5 km.
1.0cm

d = 085 km
a §°.2 km
D =10cm

d = 08 km
a = 0.2 km
Do= 3.0 cm
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g
) .
- HORIZONTAL FRACTURE ¢
(1) HORIZONTAL DISPLACEMENT /(X-DIRECTION) along X-axis
. 0.0 xm 0.2 XM 0. 4xM 0.6 XM 0.8 XM 1.0 kM~
IREE AR R 0.843 o 710 0.394 0.204 0. 109
1 x 3 0.0 0.662 0 &4t 0. 394 0 211 o 113
s x5 0.0 © 0.610 0.63% 0.393 0.211 0. 114
TR'RT 0.0 0.60% 0. 632 0 393 6.211 o 114
21 x 21 0.0 0.604 0.632 0.393 0 211 o 114
(2) UPLIFT atong X-axis
XA 3.086 2.11 0 887 0.329 o 128 0.0%47
3% 3 2. 46 1 89 0.919 . 0. 360 0 141 0.08%93
5 X3 2 43 1.87 0.921 . 0.363 0. 142 0 0%98
11 0% 119 2.4 " . 1.86 0.921 * 0. 36a 0. 142 0 0%99
21 x 21 2 a1 1.86 0.921 0.364 0. 142 0 0600
VERTICAL FRACTURE
(1) HORIZONTAL DISPLACEMENT (Xx-DIRECTION) along X-axis
OOKM O02KM O4KM OGEKM OBKM 10KM
1 x 1 0.0 0.0911 0 393 0.%08 0 472 0.394
3% 23 0.0 0 146 0 459 0.527°  0.470 0.387
s xS 0.0 0.1%3 0 464 0.s28 0.469 0. 387
1" ox 11 0.0 0.1%7 0. 467 0 %29 0. 469 0.387
21 %X 29 00 0 187 0 467 0.529 0. 469 0.387
(2) HORIZONTAL DISPLACEMENT (Yv-DIRECTION)  Y-axis
X1 oo 0.119 0 133 0. 101 0.0476
3 x3 0.0 0.120 0 137 0 102 0.0474
5 xS 0.0 0 121 0 137 0. 102 0 0474
1 ¥ 14 0.0 O 121 0. 137 0 102 0.0474
21 x- 21 0.0 0.121 0.137 0.402 0 0474
{3) UPLIFT X-axts
X -0 258 o0.110 ©0.393 . O 146 0 274 0. 148
3% 3 -0.2%8 o 173 0.397 0.321 0.213 0 138
S x5 =0.2%8 Q. 180 0.397 0.8 0.212 T Q.13% .
t1- % 11 =0.299 0. 183 0.396 0.317 0.2 0 13%
21 x 21 -0.299 0.183 0.396 0.317 0.211 0. 138
(4) UPLIFT along Y-axis
voxod <0 .29% -0.18Q ~ -0.0681 -0.00837 0.017Y = 0.0248
3x 3 -0.298 -0. 186 -0.0882 -0.00418 0.019% 0,0260
s xS -0.299 -0. 186 -0.0680 .-0.00394 0.0196 0.0261
11 %X 11 -0.299 -0. 187 -0 0680 -0.00384 ©0.0197 0.0261
21 x 21 -0.2%9 -0.187 -0.0680 -0.00382 0.0197  ©.0261
UNIT = MM
s
N
L
Table 3.2.1 .....  Dependence of
computations of surface displacements due

to a rectangular fracture on spacings of

points in numerical integration.
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crudest spac1ng ( 3x3 ) in this analysis yields a maximum
d1screpan:y of less than 10 percent' of the exact va ues, and

a spacing of ( 5x5 ) feduéeg the maximum discreppficy to a

few percent. The assumption "of a
results in the maximum éiscrepanc§ of about 50 percent. The
spacings of ;( 533 3 and (:5x5 ) arexabagf 0.26 x depth and
9.16 x‘deéth of the fracture, respectively. In the following
calculatians; all ‘the gridsgare square and g:ié intervals
aié'téken to be 0.08 km, ‘ |
Fig.3.2.2 shows the variation of the shape of the
d1s;@acem=nt fields (upllft and X-gomponenent of he:izantal
displacement) in terms of the ~change of one of the size
(garamethfs of the fracture, The éafculgticns ar: based on
rectangular fractures (herlzantal and vertical) with a fixed
value af a (=0.4 km) and two é;fferent values of b (30.24_km
and 1.68 km). The pr@files‘in'EiggB.z,z are ajong x-axis in
Fig.3.2.1, . Q} |
Fig.3.2.2a shows the normalized amplitudes relative to
the maximum value for the uplifts due to a Hhorizontal
fracture. The horizontal displacements due to a horizontal
or a vertical fracture ahé the uplifts due té ;ar vertical
fracture fgspeétively; do not show maximum amplitudes at
fixed coordinates, which do not necessarily coincide with
one of the calculation points specified. As a reference, the
horizontal ézsplacemeﬁts due to the hgrlz@ﬁtal EEHEEUEE;
normalized by the maximum amplitude of the cal:uﬂatisﬁs, are

shown in Fig.3.2.2b. Fig.3.2.2c shows the uplifts due o the
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vertical fraCtur;, normalized by the amplitude at the place
-above the center.éf the fracture,

It can been seen from Fig.3.2.2 that, without regard to
the difference of the size parameter b, the resulting
displacement fields have an almost similar shape along the
profile, whiéh is perpendicular te the direction of the size
parameter b. In order to examine the similarity of the
shapes of the two displacement fields resulting from
different values of b, we may evaluate the cross correlation
of these two data arrays. The.sfass correlation for each of
‘the four different displacement fields is shé;n in Table -
3.2.2, which deﬁonstrgﬁes’that the shapé of the surface
displacemd@nts along the profile d;peﬁds only weakly if at
'all on the size b. It is also observed from Table 3.2.2 that
the vertical fracture can reflect the change of the size
parameter b in the shape of the surface displacement fields
more sensitively than the horizontal fracture does.

The 'above observations suggest that, s long as
1 observations are made along such a profile, they do not
ﬂfovide enough information é@ detgrm;ﬁe the size parameter

b. In order to estim;te this dimension of the fracture,

Fig.3.2.1) should be available. On the other hand, the above
mentioned weak dependence implies that a 2-D fracture model
can be used for the determination of the other %auf:e
parameters. Even if the overall shape-of a deformation field

depends to some .extent on the variation of b (for example,
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Table 3.2.2 ..... Cross-correlations of
two displacement fieids resulting from
.different values of the size parameter b.



the uplifts due to a vertical fracture shown in Fig.3.2.2c,
wvhich yield the 1lowest corfelatian in Table 3.2.2 ), the
shape of the deformation field over a relatively ' small
measurement area (for example, x=0.,0 *iOEZ km) can become
independent of variation of b, and the rglgfive amplitudes
can be expected to be conserved. ;f the defa:matian field
over the small area responds well to changes of the other
source parameters such as length a and dip-angle of the
fracture, 2-D fracture models can be ;sed for | the
determination of these parameters. It should, however, be
taken into cohsideration.ﬁhat the small size of a must not
result in significant change in the shape of displacement
fields due to Ehanges of its value, and that the estimate of
displacement dislocation or driving pressure directly
depends on the absolute magnitude of cbse;;eé displacements.
The maximum amplitude of the displacement fieléé'dﬁe to each
of the fractures with Qarioas values of b is shown in Table
:3;2.3. | :

Fig.3.é.3 shows the uplift, horizontal displacement,
tilt and horizontal strain fields due to a penny-shaped
 fracture with a dip-angle of 60 degrees, radius 0.2 km and
the geometry sbown'in'Pi§.3.2.1b.rThe latter two fields wvere

calculated by applying bicubic spline analysis to the former

° k3

DBCEVU) .

Figs.3.2.4a and 4b illustrate the profiles of the

-uplift and the horizontal displacement (x-component) along
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Fig.3.2.3 ..... -Surface deformation fields
due to an inclined penny-shaped fracture

- with a dip-angle 60 degrees and

characterized by a constant displacement
dislocation.
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UPLIFT
DUE TO AN INCLINED PENNY-BHRFED FRACTURE

A ——— ———T T

ﬂ-, «8

Fig.3.2.4a ..... Variation of surface
uplifts due to an inclined penny-shaped
fracture with various dip-angles.
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A4
HORTZONTAL DISPLACEMENT (X-DTRECTION]
OUE TO AN INCLINED PENNY-8MAPED FRACTURE
L]

— R S T , |

0.5

Fig.3.2.4b ..... Variation of . surface
displacements (horizontal) due to an
inclined penny-shaped fracture with
various dip-angles.




the x-axis due to a fracture wieh the same geometry as the
one shown in Fig.3.2.1b and with éa;iaus éip—aﬁgleé (Dipiéi
30, 60 and 90 degfegs).” These figures show tth the
~displacement fields due to an inclined fracture are very

sensitive to the change of dip-angle.
of

The assumption constant displacement dislocation on
the plane of fracture is at variance with real conditions.
Here the displacement dislocation will be giveh by the

symmetric and linear dj

s
o
il
g
-
o
=
rt
et
(0]
o |

D(r) = D, - aDirt , 0 g irt g a
where r is distance from the center of fracture to the
center of gqrid cell, and a .is the radius Qf fracture
(Fig.3.2.1c). .

Fig.3.2.5 shovs ﬁhe'diffe:gn:e between the magnitudes
of the surface displacements due to each of the two model
frasgﬁfesi ané of which 1is characterized by the constant
éispla:ement dislocation and the other is by the symmeﬁric,
linear displacement dislocation. The geometry of the former —
model fracture is same as one in Fig.3.2.1b, and the
distribution of displacement éislacatiéh for the-latter
model was given by D, =30 mm and  aD=30mm/0.2km, which
yields an identical cavity for the two model fractures.

In Fig.3.2.5, a sguare in each grid represents a
calculation point, and the shadow shows the degree a?\fhe
difference in percent between the amplitudes of the

resulting two displacement fields. A large difference of the

amplitudes occurs at the places where the displacement 1s
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very small or the spatial gtédientAof the fields is steep.

In general, changes in the'displacement éislacatiaq on
the fracture plane do not significantly change the overall
sh#pe or the amplitude of the surface displacements. This
iﬁplies that appropriate seleétion of the ébsefvatisn points
for an inversion analysis permits us to adopt the simple
-fracture model = characterized by constant éisplaﬁeﬁgﬁt
dislocation; It is also seen from Fig.3.2.5 that, if strike
and dip direction of a fractufe can be inferred roughly in
an experimental site, observations over the hélfé;fea in the
dip direction aéross  the strike above the fracture center
(i.e., the regibn of  x <« 0 in ;éig.3.2;1) might provide
useful information for an analysis based on the simple
dislocation model. The assumption of uniform préssurizatian
in a fracture results in the separation of fracture walls
having elliptical cross section. The characterization of
displacement dislocation distribution by an elliéti:al form
can be easily assumed to yield displacement fields similar
to those resulting from a constant displacement dislocation
distribution.

The above resuits are concerned with a particular Easé,
(a typical length of a fracture)/(depth)=0.4. The
variability of the surface deformation fields in té:ms of
changes of the source parameters. such as dip-angle énd

dislocation distribution should be examined in view of the

methods which will be used for inversion analyses.
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3.3 A Shear Fault Model

In the previous two sections, surface deformation has
been discussed by assuming that a tensile fracture will b?
prcéuced by hydraulic fracturing. As described in Chapter 2,
there is also a péssibility that h?éfauli: fracture bhreaks
. out as shear failure or as :dEbinatian of shéaf and tensile
‘Eailufesg It is necessary to understand the ground response
associated with the presence of shear cracks.

Analytical expressions for the surface éisplac;ments
due to an inclined rectangular shear fault model with
constant slip have been obtained by Manshinha and Smylie
(1871), under the siiﬁlifi:atiéﬁ that both Lame's constants

are egqual. An example of the surface deformation fields due

to this ffacéurg model is shown in Fig.3.3.1. The tilt and
horizontal strain fields wvere calculated by a;plgingggiéubié
spline analysis to the uplift and horizontal displacement
fields, respectively. , e

x We have to observe that the tilt and uplift fields in
Fig.3.3.1 shov roughly circular shapes. If we assume that
hydraulic fracturing must always cause tensile failure, we
would incorrectly infer from such roughly circular
deformation fields that the induced fracture must be
horizontal and have a circular or square shape. The example *
in Fig.3.3.1 also demonstrates that measurements of the
horizontal displaﬁemegt and strain fields are 1indispensable
to determine source parameters of the fracture. These

suggest that wuse of a particular kind of deformation
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Fig.3.3.1 ..... Surface deformation fields
g:; %o an inclined rectangular shear fault
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measurements, limitation of the number and inadeguate

deployment of measurement points can not provide

information to delineate the form of fractures,
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enough
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4. Determination of Source Parameters of a Horizontal

. ~ i
.

Penny-shaped Fracture

4.1 Basic Procedufo

One of the possible measurements at a measuring point
at distance r - from the center of a fracture of radius a,
amplitude factor £ and at depth d can be expressed 1in the
form

G =fg(a,d, r)

As seen from Eg.3.!.1-Eqg.3.1.7, the function g (and G) are
highly non-linear"!!xirespect to the unknown parametérs, a
and d. The depth of fracture, d, may be usually regarégd as
a known parameter because the depth of gormation of the
fracture 1is controlled. Hovever, there is no evidence that
the fracture is induced at the position centering around the
depth of fracturing operation. Therefore it is more general
to regard the depth o¢f fracture as one of the unknown
parametefs. S ' , - il
Por simplicity, it is assumed that the depth is a known
parameter. The function g is still non-linear with respect
. to the parameter a. Here we observe that the parameter f
appears iinearly in the observation eguation. We assume
several arbitrary values of a, for example, at an increment
of Aa, and apply the léast-squares procedure to a set of
measurements. We can determine f for ‘each of the assumed

values of a. Then we obtain the least-squares errors

113



resulting as a function of a, E(a). We may expect a
; .

particular value of a which yields the minimum value of

E(a). This value of a might possibly indicate the rough
estimate of the actual radius of the fracture. If the
-observed data is n&ise-frée, this particular value of a
should indicate the exéEF value ( within the certainity éfié
. a ) of the fracture radius.;Ingpractiée, we can not expect
any field data without noise. Here I discuss the degree of
resolution for ﬁhe fracture radius when measufgmgﬂﬁs are
disturbed by noise. In other words, the problem is to

understand how well the surfacé deformation delineates the

changes of the source parameters.

4.2 Resolution - Basic Concept

Let a, and ; respectively be the true wvalue of the
radius and the amplitude factor of a fracture considered.
Supposé one of ‘the possible measurements at the j'th

measuring point of distance r yields the value G} due to

- the fracture. We can express Gi in terms of the actual

’ . o o :
response of the surface, ¢ 3J » and a "noise component”, N,
in the form |

+ N; : , (4.2.1)

where

° \J
gJ. .)g( é'g ’ fJ )

When we assume an arbitrary value of a, we have the model

equation »



s :
G. f g( a , ﬁj) = f g L - (4.2.2)

: J .
in which thé unknown parameter f appears linearly. Then we
can apply the leasé-squafes procedure to a set of
measurements G, , j=1~J, in terms of the model equation.

' - . F - @ 2
ECa,,a) = 2 (G, -f3) — o
. 3
oE/3a =0

(4.2.3)

It is straightforwvard to show

Z(Gr‘) ! 7(2?3*14 )‘ '
M 3; - 25 ?J 3 3}7 (4.2.4)

= — > = o iT
Substitution of Eg.4.2.4 into Eg.4.2.3 yields the

corresponding least-squarés error

(G k) e 2
E(a,a) = & { G - z‘;g;;;—i 758

3
_ {F;(f:gk*“h)éh _}2

(4.2.5)

> 90 2 7 .
= ;C{Sj*h‘j) (4.2.6)
Using the notation for inner product -
(A, B> = Zs,(ﬁg_g) ' O (4.2.7)
Eg.4.2.6 becomes '

[

b
,_-«-.mm

N
v

) . ez °
E(a,,a) = f { <9,3)

e Welwo
L ]
[ o T ¥ T

N

+2f { {%,N}'* :

A

A AN

[T 3 S -R
i

[T ] P4

"

o L]
Substitution of g = g into EQ.4.2.8 yields
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(4.2.9)

E(a,,a,) corresponds to the least-squares error with respect
to the true value of the fracture radius. From Eq.4.2.8 and

: L2 e 5
e - Ema < (<355 <035
| . <8,3>
- , 3. a 53;4} (4.2.10)
4-2{5 ({'3,}4)5 '<3§g . )
<3,3>

In EQ.4.2.10, the first term on the right hand side is
always positive, whereas the sign of the second term can not
be determined Sefinitely because this term depends on the
nature of function g and noise N. This suggests that E(a,,a)
does not necessarily have the minimum value at a=a, (a,. is
the true value of the fracture radius). .«
Fig.4.2.1 schematically illustrates E(a,,a) and the

concept of the resolution relating to this inversion scheme. .

W
L]
o
o o
LL ]

Ih the practical analysis.of the actual measurements
curve of E(a,,a) is obtained by calculating BEg.4.2.5, and
eventually represented as discrete data series corresponding
to discretely specified values of a.

Suppose we know the noise level, <N,N) . We may
represent the noise level by a horizontal straight line as
shown in Fig.4.2.1. The curve of E(a,,a) and the line {N,N>
should yield intersections, for example; at a=a, and a=a,.

We can not judge which point on the curve of E(a,,a)



a, & 27 a3

Fig.4.2.1 ..... The least-squares error as
a function of an- wunknown non-linear
parameter a.
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corresponds to the true value of a, but from Eg.4.2.9 we

[V,
‘D‘

understand just that the true value of a (=a,) must lie
that |

a, ¢ a, ¢ a,
1f the noise level is high, for example, as illustrated by
the btoken line in Fig.4.2.1,

0 < a, < a,
In this case, the lover limit of the estimate of the
fracture éaéius equals zero.

Here we will examine the range of a which satigfies the

condition |

E( a,,a ) E( a,,a, ) C(4.2.11)

<
-

Eq.4.2.6 indicates that E(a,,a) has the minimum value zero

vhen )
' oo
G." = fq. *+ N, = 0O , j=1~3
741 ggi‘r ,J ol i (4.2.12)
or Gj - 4‘33 + Nj = ’EQJ ’ j=1~3 ]

where & is introduced as a constant. Substituting Eq.4.2.12

in the form

o ., ) ¢ rtxd-N.)/F (4.2.13)
T R A g |
- into the second brace of Eq.4.2.8 , it follows that

il <3,3%
o oo ’, .
E(a,a) = F° (<93~ —am )
<8,9> (6.2.14)

. e .3
o (KNNy - SN e

)
<8,3>

E' represents the minimum of E( a,,a ), which results from

Eq.4.2.12. In general, the coupling between the noise and

signals shown in EQg.4.2.12 wmay be excluded from the



119

q

consideration. Accordingly, the inequality S
E( a,,a) > E' : (4.2.15)
is always satisfied. From Eq,4.2.9 and Eq.4.2.14, we can

express the condition to satisfy Eq.4.2.11 in the form

o @ 3 - 2
° ’ {8,9> ) o <95NY
£, -l ) = 2(NNI~ ) < 0 (4.2.16)

<3,3> . <9,3>

Neglect the term of (%,H} V{S,é}(this is'pasitive value),

and revwrite Eqg.4.2.16 as
<3,3%
Q5 o o 3 B
£2(¢3,35 - =222 ) ¢ 2<NND (4.2.17)

. <9,3>
It is obvious from the above procedure that the values of a
which satisfy Eg.4.2.17 simultaneously establish Eg.4.2.16

and Eq.4.2.11 as well. Let

.t IO 37 } . (4.2.18)
G% [ J( <9,9> ??gf%‘g |

(4.2.19)

Eg.4.2.17 can be expressed in thgﬁfarm
a - ' i 5 -

Gq(8+.8) can be regarded as an indicator how the
function g=g(a,r) changes 1its overall shape (gjij:1éj) in
terms of the changes of a. G$g(8.,d) represents the degree
of similarity between the figures of %sg(a.,ﬁ ) and §:g(a;5§

), j=1-J. For example, let J=2, and

%i! gla ,r,) Sis g(a+aa,r, ) 89, = g, - 5.
iigh,g) iigﬁ*ﬂjg) A%!§Z=§;



Then Cg is given as
N
3" + 9,
Consider the two figures shown in Fig.4.2.2. It is clear
that the two polygons, ABCD and EFGH, are similar figures.
£ the valuesrinéicated in Fig.4.2.2
| line, and

Indeed, substitutianb of

yields Gg =0. If J=1, the "shape” of g is just a
regardless of the variation of a, the shapes of g are alwvays
similar figures. Hence C% =0. quéiz;is will be expressed in

the form
_ : o e
B 2 B N et el
, » <(9,95¢8,3>
second term in the  brace is related éa the
the two data arrays, S anc éi
’ scig?diaf

'The'

ctoss*co;relatign betveen
Accordingly Gy can be also =éeﬁsiégred as a
correlation - function of g in tgrms of the dual vafiablgs, a

Q(asaa,r)

and r.
ili.r)
44+
zdb Za}s G
1+
E H
y - frz
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4.3 The Resolution Related to the Model Functions g

I will evaluate & using the model function g for the
_surface deformation fields due to the horizontal
'penny-shaped fracture, and examine whether or not the
function g has the sufficient characteristics to satisfy the
condition> exptessedrby EQ.4.2.20 under a given noise ;evel_
-it is noted that the theoretical estimate of the resolution
should be made with respect ‘f’o ffG; , whereas the resolution
( error estimate ) for the analysis of actual observed data
should be evaluated against Oy . _

+Eq.4.2.20 indicates that large a variability of Gg
with chénges of a is preferable in order to determine the
' radius of fracture accurately. C%(a.,a) depends @ﬁ the
fracture par#mgters, a and d, and the geometry of measuring

points, L . js1~ J. We need to understand how the function

6; depends on these parameters. We are free to design the
site configuration of measuring points, if the ‘gituation

S . \;- )
permits. It is natural to choose such a configuration of

measuring -points thit yields as high a resolution as
possible in the determination of fracture parameters.

The hnalytical evaluation of G is difficult. In order
to obtain Gg(a.,a,J), the model field of g(a,r;), j=1~J,
was generated by the foliowing specification,

£ = 1.0 4 = 1.0 (km)
a, = d4/5 , 24/5 , 34/5 , 4d/5 , 4
a = 4/20, 24/20, 38720, , , , d (aa=d/20)

J =10, 20, 30 , 40 , , , 100
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The interval of measuring points (ar) = a/50

and £y = 0.0 (4.3.1)
In the following, the variables a, and a of the function Gy
(a,,a,J) appear in the form
| Cfg( 2, ,3,+042,7 )
d.,~a/d , aa=d/20 , zgé‘ £, *2. .-
The function &3 for each of the uplift, the tilt, ‘the
horizontal displacement and the

‘5: ,g-r ) gg and Ci_

strain 1is identified by

Since the calculation of G7 is based on the model data

generated by f«1.0 and d=1.0  km, comparisons of E% for.

arbitrary values of f and d with noise levgl,(Eqii.EQZO),i

are made by

£ d 6: < {20,
d0; < {20, o

i o (6.3,2)

. {'G? < 42—6;f '
vhere ST (g-U,T.RfS)' denotes the snoise level for ta'
respective deformation field. ’ , o ; '

Fig.4.3.1  shows Cy(a,=0.4,a,J450). This fiqure
ok »

illustrates general Eegtures'QE most Og with fixed values of

a and J. The following features can be seen,

(1) Og behaves almost linearly with respect to t Laa,

especially in the region of € > 0 and small values cf ¢-9 .
Gg o= t Raa K\

AN

\
(2) In general, G; has steeper slope for ¢ > 0 than that for™
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éla 2.-22.J))

Fig.4.3.2 ..... Schematic diagram of € (a,
a J) showing its dependence on the number
of measurement points, J.
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0, i;e., _ |
3.3'<a.,a,-_gaa.1_) < 653(3,,a,+24a,3)
This suggests higher resélution of the uppe} limit of "an
than that of the lowerblimit. . .
Fig.¢.3.2 illﬁstra:es the dependence of Gg on J (number
of measurement points), C% has the §teepest slope for a

particular number of J, ( -3?). The following relations are

found.
50~70 for g
- 50~80 for a
J = ' (4.3.3)
60‘~90. for GE
30~50 for Og

vhere a/d = 0.2 ~ 1.0. Since the parameter J corresponds to
span length df measuring points, the above-rqlaiions can be

~

replaced by the relations between the length of the span, T,

( 0.6~1.0 )a for

and the depth of fraéture, d. NG
( 1.0~1.4 )d fer Oy
Lz Jxarz Jx3 - o (¢.3.4)
>0 (1.2~1.8)d  for o |
Cs

As shown by EQ.4.2.20, the larger value of 6g is more
desirable in order to obtain high resolution. Therefore ‘E
will be referred to as the "optimum measuring span". It ig
va{ous from the nature of this inversion method that a
longer span of measuring points does not always yield higher

resolution in the determination of the fracture parameters,

The magnitude of the surface deformations all decrease
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toward zero at large distances from the center of fracture, .
and the overall shape of the surface deformation field ;
becomes more "similar”. |
The above relations, Eg.4.3.3 or Eq.4.3.4, are
_illuétrated by Figs.4.3.3a-d. These figurep also indicate
that 5;(3.,#.-Aa,3) of larger a, changes lii value more
drastically than that of smaller a, vith changes of J. This
feature is significant for G7 and Op . |
The ratio of Oglas.a.- 2a,J) / 5%(;.;3.-Aaiai10) is

rabulated in Table 4.3.1. Suppose the tilt responses

associated with g fracture at depth 500m ané of radius a
-100m-( a;-d,z ),- ang the ﬁﬁise level such that the
resolution of m ( bi in Fig.4.3.4 ) for the fracture
radius is attained by the optimum span of measuring points |
E-SOOm ). The; Table 4.3.1 ( see * ) indicates thagi-if the
~span length is J=10 ( L=100m ), the attainable resolution (

b, in Fig.4.3.4 ) is as low as 20.9 m.

Next, comparisons’ between G, Sz Sy and G  are
shown. The relation of Eqg.3.1.12 has’shcvn that the signal
levels of uplift and tilt fields in terms of max imum
amelitude are related by the factor (1.0£0.2)d in the ratio
of uplift/tilt;WOn the contrary, the analysis of resolution

factors, results ,n the relations

dG,(aO,ao—Aa,JﬂO)

Orla,a,=sa,J=1C) (4.3.5a)



Fig.4.3.3 ..... The curve of Ggla, .2, -a -
a,J) as a function of J. ‘ o

.. Cula, ,a,-aa,ud)
.. Ogxla, ,a,-2a,d)
vons Orlag,ap-2a,d)
-»-,--O's(ao.ao'ﬁa.h”

QOO
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377 SD.9§ 29,0 5,67

O
.

3

630 26 .6 33.9 Lol
9,36 43.7 50.7 - 6.67
0.6 13.7 9€,0 86 .2 1041

‘O\ D‘

tC 19.5 i85, 255+ 16.7

Table 4.3.1 R (ag.agﬂa.T)fS‘a’la;.a;éa‘dgiﬂ)

C=6(J=J)-

G=G(J=10)

- — > — = — —Noise Leve|

»
o
»|

by Cc(J=J )

b " o (J=10)

Fig.4.3.4 ..... Difference of resolution :
factors b resulting from changes of- J. ‘
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. , ' ~
d0la_,a, =-aa,l=J ) :
C o - o ~ - AN
~ = 0036 (a =Ved,; ~C.52 (a = e,
T \ o] 0
Grlay,a -6a,J=d )-

_ : (¢.3.5b)
where d has units of km, and the '{S;ﬁos have . units of

mm/microradian. S

Assume that the noise level of the ‘uplift data in
millimeters is comparable to that of the tilt data in
~microradians. Eg.4.3.5b suggests that, if measuring points
are arranged to the optimum span, the analysis of the tilt
responses can yield a more unambiguous solution than that of
the upliff"daga, as iong as the depth of fractﬁre is
shallower than 2 km - 3 km and the ratie of radius/depth, is
less than 1.0. On thebother hand, Eg.4.3.5a suggests that;
if measuring points are limited to a.narrow area above the
center of fracture, the uplift data can be more useful tﬁan
'the tilt data for the analys§§ of fractures at dépths dgeper
than 250 m - 500 m. >

‘The ratios of O5 /G~ shéw_ﬁheArelations

G;(ao,ao—Aa,leO)

) - Le75 (ao=C.2)~7.9u (30:1.0)
Gr(a,,a -Aa,J=10) : N
(4.3.6)

]

Gg(ao,ao-Aa,J=3“)
O'T(aofao-Aa,JzJ )

where the units are microradian/microstrain. The ratios of

0.84 (a,=0.2)~C.2¥ (a_=1.0)

G, /Gp show the relations

1

GL(aO,a -8a,J=10)

0

- = 15.8 (a,=0.2) ~23.2 (a_=1.0)

(4.3.7)

~
OLlag,a -aa,J=d )
g
J

O}(ao,ao-Aa,Jz'

)
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where the units are mm/mm. The above felaﬁiens all show
different feature from the relations of Eq.3.t'.10-Eq.3.1.12.

Several examples of gquantitative details afxﬁg are.

: CTS(E.:D.Q,aa-;a,J)i Assume we have surface deformation
fields due to a fra:tufe of radiué 160m, amplitude factor
10°° and at depth 400m. Table 4r3*3 gives the upper limi;féf:
"the noise level which will allow determination of the fadiﬁs
af‘ f:aétgre within the. certainty of +20m from the

measurements (.  Ar = d4/50 = 8m ). The values in this table

are calculated by usiﬁg Table 4.3.2 and Eq.4.3.2.

So far, the resolution functions §; have been evaluated
by setting a confiquration of measurement p@iﬁtﬁ, wnich .
shéuld be discussed as a variable of §§g‘H=fe suppésing the
five types of measurement ceﬁfigﬁfatian shown in Fig.4.3.6,
! examine which configuration yields the maximum resolution
for each of the deformation fields of wuplift, horizontal
displacement and tilt. The results are summarized in Table
4.3.4. The optimum configuration, which yields the highest
resolution, 1is shown in the column of "Best". Assuming that
a resolution 20 percent lower than the highest resolution is
the minimum acceptable measure, the corresponding reasonable
configuration 1is shown in the column of "20 percent
all@wéﬁie“i

The comparison of the resolution factors attained by

the respective optimum configuration for the three
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Tilt

Hori.

“o.0f Span  Uplift Hori. _Hori
Fts. Length , Disp. 7 Strain
( mm ) ( mm ) (prad.) (pstr.)
J L : B
10 a/5 64.24 - 6.225 4b2.18 193.8
20 24/5 2164 42.54 292.0 627.3
30 - 3a/%° 353.9  103.8 6€76.1 900, 1
40 4d/5 42345 160.7 9781 888.0
50 d 436.7 195.7 1112, 798.9
60 6d/57 2.4 - 209.9 =11?24- 744L.3
00 ma/5  4L00.0  211.2 1083, - 709.6
80 8a/5  377.3  206.1 1029.  678.3
90 9a/5 356.9 198.6 975.3 647.6
100 24 33G,0 190,5 927.1 . 618.5
Table 4.3.2 ..... ’égtg_so.a.a,sgaiu)
Uplift Hori. Tilt Hori.
‘Disp. ' Strain
( mm ) ( 2am ) (Htad.) (gstrain)
J=10 0.018 0.002 0.030 0.137
(L:BOH]) ‘
J=J 0.124 0.060 0.795 0.635
(L= ) (400m) (560m) (480m) (240m)
Table 4.3.3 ..... Estimates of the wupper
1imit of noise-level to attain a
resolution of +20 meters for the radius of
fracture. A
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’
BEST 20% ALLOWANCE
Type—2 - Type-+4
Uplift ' L =08-1.2 L = 06~1.0
) J = 9 13 - J = 2 ~1
Type—~1 Type-3
“Tile - L= 1.0-1.6 L= 08 ~1.0
’ J = 51-81 J = 5~6
..asd < 0.6 a/d < 0.4
Try'p‘e—-d '
L =06-1.0 same as t!ie'lgft
Horizontal 1= zw.J
Disptacement —
08< a-d < 1.0 0.6 < a/d < 1.0
Type-5 ’
L =1.0-158 same as the left
J = 2-3

[T O

radius of fracture
depth of fracture
number of measurment points

span length of measurement points ( depth~')

Table 4.3.4 ..... The optimum and minimum
acceptable measurement configurations.
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deformation fields indicates
Gt Gr

for the fractures which 0.2 < a/d < ;_D. This aﬁalygis
‘also indiéates that resolution factors for the tilt‘ and
horizontal displa:ément fields égpené=ﬁeavily on the type of
measurement :égéigufaticn; gspegiélly for the fractures of
large a/d. This probably résults from the fa:ﬁfthat the
location of the extrema for these fields shifts :émafkablg

Cen vl 1. .
with changes of the radius.

* In.the analysgs of observed surface deformation data,
the amplitude factor f is obtained as a function of the
variable a (see Eq.4.2.4), like the least-squares error E(a)
(see EQ.4.2.5). If we can estimate the order of magnitude cf
the amplitude factor of actual fracture, we may expect that
the behavior of f(a) can determine a possible :ange'af'the
fracture radius. The behavior of f(a) may be evaluated by

the calculation of

) o {§,§>
. -Fg-F ———
N <9.9>
Similaf to @E(a.,afJ), f will be expressed as ;3
(a,,a,Jd).

Fig.4.3.7 shows frla,,a,J=10)/f . The values in this
figure are calculated by wusing the model tilt field
generated by the previous specification (Egq.4.3.'). The

i e i ,
following features of fq /f are found.



gt

100 , w %f‘:ﬁgagig
o - 0.8

0.6

Fig.4.3.7 ...... The amplitude factor as a

function of an unkhown - parameter a,
ﬁc:rrﬁa]ize? the true value of the amplitude

" facture, -

141
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(1) %gjri of smaller a, has steeper sl8pe.
(2) In the region of £ <0 ( under-estimate of a:), it shows
>ma:e‘distinc% differe%ceK from the actual value of thei
amplitude Eaetgf.' . |
(3) The behavior of fgshé dégs nétvdepend on the kind of
data (g=U,T,R,S) and the number of data points (J=10 ~
j=100) and all show an almost same curve as Fig.4.3.7.

(1) and 62) sﬁggest that, if the order of magnitude of
the actual amplitude factor can be estimated, the fesulting
values of f(a) determine the lower limit of possible values
of the fracture radius, especially for fractures of small
radius compared with the deﬁﬁh of fracture. It is noted that
I :

L)
the dependency of fq/+ on a, and * fsa shows the opposite

feature to that of GJg.

\
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4.4 S/N Enhancement by Combination of Two Kinds of Data /J

There are several measurable gquantities, such as

uplift, Etilt; radial displacement and -strain, relating to a

fracture. When some éembinatign of these measuféble '
guantities is considered as input data for the inversion
problem, we may expect some enhancement of the sigﬁal _ta
noise raﬁia!‘ngg 1 will consider the simplest case in which
two kinds cf'cbsérved data, P' and Q', are cambiﬁed in the
form

. : ’ Z'j = F'j + x;'j “(Lelel)

where j denotes the j'th measuring peint, and x is
introduced as a variable parameter (it will be called the

"stacking factor") and assumed to be iﬂdép&ﬂééﬁtj with

respect to js Incorporating the combination of Eq.4.4.1 and

the inversion scheme de#gribed in the previous section, I

will obtain an equation for the determination of a specific

value of x which will yield higher resolution than that

. Consider a fracture of radius a, and amplitude factor
o :
f, and express the observed values of data P and Q at the
j'th measuring point of distance r; in the form

[ 33
(a_,r.) p; + N, : :
P, e 2 iJ v_i‘;] . (L!‘il-i-ig)

i1

o
1]

oy

P! .
-

ey

]

Iy
H
Ty,

wvhere p and q are the model fuctions for the deformation

fields due to the fracture, respectively relating to data P
(P g ‘
and Q, and N and N are noise components of data P and Q,
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respectively. Define a function

and let
. e - e 7 ) ) N
25 = Py + oxay (Lelio3)

In the same way as in the previous section, the following

notations are used.

Gy = q(a,rj) (4elheb5)
Ej = z(a, ry ) ' (heliaS)
{A,B) = Z B (Lola?)
. 3 J J
Denote G defined by Eq.4.2.18 for the functions p,q and 2z

by G6,, Oy and G;. Also denote & for the noise éampcnencs

by ’cj‘,ﬂ'P, S, , and G,.+ respectively. These O are given by

ng
e 0 - o e 3 . . K ST
JOZ = (B, D=3, DY¥/B, By C (4e4.8)
2 e o 2 e 2 e = Y
JG;% = 4a,2)=¢3,a)7/<a,a> (hebse§)
JG;E = (E':Z)if%lé}a/{ip%} - : : (LH'L#-.]O‘
_ AL 2A LA : . )
JOL o = XN,ND . (holio11)
S TR : o : 7
i P3Py (P ) 2 f'i) o) S
JG; . = (N, D+2x N+, D (Lalhol3)
]
In the Eeilcwing, it ' is assumed that
‘i‘g4‘,ﬁ,> = D (Q-Q-‘L})

Substitution of Eg.4.4.3 and Eq.4.4.6 into Eq.4.4.10 yields

the expression of O, in terms of p and q,

Ag+h, X+A XA 0, X
502 = e O T TR
3, < = — il
z 5@*51x+§§gé - beseld)
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-where
Cag = (3 BBy Py=B DY
Ay = 20 B AXEPY (BB B> -
=B, DY B,3>=¢ D, PI¢P,3D ) o
A, = <P,P><d,0a }+E<p.q><p,q>+<q.q><P.P) _
L a(P,3)25¢P,a)2=2¢D, )< Py D =2CB BIA D e
Ay = (B,AE, D<A 3
L =B, 8)K8,3=¢Prd<E,2) o (Webl16)
Cay = <8AxED-d,0° -
L By = (BB
'/1 B, = 2(P,d) )
[ By = <3,
Let e . o B R, :
(R)P': cs*/fc?-‘p . . {4.4.-,1,'?)"*
(E)q = 5‘/f_6“q ; S (&-A.PS)
(R), = 0,/Y20; ; (Lotia19)
ﬁSubstitutian of Eg.4.4.13 and Eg.4.4.15 into Eg.4.4.19
yield®
1 (A+Ax*Ax*Ax§*Ax'%
(R), = {J ?EQ Dgx )fﬁ = x*_~i§— } (4elhe20)
where .
D, = éﬁ*’pg , Dy = z§~!q2 | (hoba2l)

(R)z expresses the resolution resulting from the combination
z=p+xq. (R)z maybe behaves such that it has the max imum
value at a specific value of x, which is the most desired

"stacking factor" for the enhancement of resolution because
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larger values of (R)z correspond to higher resolution.
Eg.4.4.20 indicates that, if the information about the ratio
CS;_P/O:\'q . is available, tﬁb’ desired value of x can _,be

estimated by examining only the character of the functions )=}

and q.

The degree of the resolution enhancement resulting from

]

the combinatjon can be evaluated by the ratio

(R) /(R), or  (R)/(R),
The ratio is wunderstood as follows. Fig.4.4.1 illustrates
the resolutions relating to the function p Valone, q alone
and the combined function z=p+xq. Here we assume the
linearity of O -curves, which has been described in Sectiéq
4.3. The resolution in the determination of a (radius of
f:actqre) can be expressed by. a range between two
intersections of O -curve and 3 ~level. The resoluﬁian

factor b shown in FPig.4.4.1 is given by

, 2 o3, :
b, = aa f oa,a) a = ajtaa (444,22)
Denote b for p, q and z by bp . bq and b, .. The ratio
bz / bp is written in the form
_Ea.z OHJ-/ Oﬁ@-: G (Lela23)
b.p c, o~p (R), :

and expresses the degree of the enhancement of resolution.
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Gp
\ /Ec:.p R
"1 —
Vv ao‘b‘: Oo a.oo‘;
¢
1
Y
Fig.4.4.1 ..... Resolutions resulting from

_data P alone, Q alone and the combination
Z=P+xQ. .

*
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4.5 Determination of Time Varying Fracture Parameters

Denote the radius and amplitude factor of a fracture at
time t by a, and ", ,.

| a, = acty , § = et (4.5.1) .>
and let G,, and Suj be one of the observables at the j'th
measurement point of éistan:e r and the corresponding model

function, respectively, |
9,j =~ 3., Gy . f.gca.r) - (4.5.2)
where, for simplicity, the depth of the fracture has been
assumed éa be a known parameter, and ﬁcise components are
not considered. The leasﬁ-squares' méthcd with sveep
procedure for the non-linear parameter a ( This procedure
has been described in Section 4.2, and will be denoted by

LsM*) gives the relation, for the data set at time T,

f . 960 o (4.5.3)
i < Q. §.> ) .

Similar to Eq.4.5.1, let
a, = act,y ,—. 5 = (ad;,r)
= s 32j % 9Caa.r (4.5.4)
fa= fetyy G;j = ;29(11.5) ’

The LSM™ gives the relation, for the data set at time t,,

f,oa S5 G0 (¢.5.5)

< 92,9,
Then we can calculate the change of fracture parameters

during the time= t,~t, as

af® -, - f, , (4.5.6)
aa* =~ a, - 3. (4.5.7)

If we have several sets of observed data at various times
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[,

during the growth of the

parameters can be interpreted as time varying functions.
Next, one .of ‘the alternative methods for the

calculation of 43 and af will be discussed. We have the

equations

G- Fo 9o (@) A{,@,sisbx
and ’ - :
4G, = Great.j ~ G |
. mggLJ o (4.5.9)
= af- Gy *éa‘F ‘i‘ | (4.5.10)

t.

If the appropriate initial value of f and a can be

specitied,' and the observed data at more than two measuring

" points are available, a3 and of can be calculated by using

EqQ.4.5.10.
—_ Define\e and E by

99 ,
e = af g, . + aaf, - AaAG, . :
J _ t, t) . . ;
) da it J (4.5.11)
E = Ce.e)
Apply the least-squares procedure to Eg.4.5.11
OE JE e an
It fallows that -
5. lea 9><3%§1>’<3T§% a0 84 >
; 2
<33 aa aa> ‘%ﬁ (4.5.13)

racture, the fracture source

15
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<9.9)¢ 4G, 335~ <aq 9>¢q. %) 1
<{9q, 5\}\33 —ﬁs>—gg 3i> f

33 aa.

Ad» (4.5.14)

vhere numerous subscripts have been omitted. Although £his
procédure ‘can be an alternative to the method described in
EqQ.4.5.3-Eq.4.5.7, it gives rise to sévgral problems, ?hish;
will be discussed in more detail.

A first remark is concerned with the initialization of
a and f. EqQ.4.5.13 and EQ.4.5.14 require the initial values
such that 'a % 0 and f*0 . This is so because the
calculation of éa“ requires non-zero value of f as shown in
Eq.4.5.14. It suggests that an adai;iéﬁal tool (such as LsM"
) should be prepared in order to determine the initial value
of a and f. 1If the initial valuesr are not speéified
correcgly, the error which might accumulate should become
serious. Usually the initial value can not be séeéifieé by a
unigue correct value but by some bounds. Therefore it is

necessary to) examine the results obtained by different

possible injtializations.
A secdnd remark is concerned with computational effort.
Suppose that we first calculate A&, and obtain the result

of aa@a=0. In this case, we can use the eguation
] <aG, 9> ,
Af = —0 — , (4.5.15)
< 9.9 )5

instead of Eq.4i5,53. EG.4.5.15 is obtained by substituting

Ad =0 into EQ.4.5.10. Probably we would first compute only
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the numerator of Eq.&.?.lé for the caléylation of aa. When
the result is 43 =0, Ve do not need to compute the tefm
4 %%:,%%:) in thg denominator, and we can simply determjﬁe
af by EQ.4.5.15. This suggests significant reduction of
computationﬁl effort.‘Similarly if we first .cilcdlate af

and obtain the result af =0, aa can be calculated by the
equation |

AG’I l ’
A = -S—————E—Z-—~ (4.5.16)

29y f
‘A third comment 1is concerned with the inherent error
contained in the solutions, 43 and At , obtained by

EQ.4.5.13 and Eq.4.5.14. The true value of aAf is given by

, G900
af* = §, - 4, = S LD SRR TR (4.5.17)

<9%.9,> <4.,97
Suppose that eacp element in EQ.4.5.13 and Eg.4.5.14 1is
given Dby quaﬁtities ~in  terms of time T, and t,.
Substitution | o | ( ..
49 =59, -9, , G, = 9, , &, = # 9, (4.5.18)
into EqQ.4.5.13 yields '

af = £, - #, - aaf (4.5.19)
where ¢

2¢9,,9,%43,9,>
<ql,gv>< ql'ql>_/‘ ql.q1>r

aaf - (4.5.20)

AAf represents the error originating from Eg.4.5.13.
Similarly we can ihagine that 4& of Eq.4.5.14 also yields
some difference from A3%. However, af in the case of

Eq.4.5.15 yields the correct solution, because the basic
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equation, Eq.4}5.10, is a siiﬁle- linear equation Qith
respect to the parameter af only, |
Here, let us consider ‘the error source of aaf and
construct a procedure to reduce the error. The error :cﬁes
from the treatment of Eq.4.5. 10, Tne original eqﬁatién_ of
£q.4.5.10 is -
AG = G, - G, |
= aF&-*%AQ*gFag ' . “ 521)
Eg.4. 5 10 is an gppta:;mat;cn of Eq.4.5, 21 as the result af
regarding _
| afag | « | afg, + faq | | o (4;5i22)

‘and discarding the higher terms of

« am 39 a"‘g (4.5, 32
Rt TR o - S - s
hence
29 : (6 & 24
ag = aa 3a (4.5.24)

In order to deal withrsqié,S,Zl as a linear equation, we
adopt the approximations EQ.4.5.22 and Eq.4.5.24, Here, it
is assumed that only the approximation Eq.4.5.24 is

satisfied. Eg.4.5.21 can be rewritten into

AG & af (g, +49) + aq ¢,

= 4%.-9, + ag¥f, (4.5,25")
o 99 ! ( .
_ 4.5, 2¢
= 4t q, * 43%'aal| 5.25)
EQ.4.5.25 suggests a way to reduce the inherent error for

43& and af. If g can pe estimated ir advance, it 1S better



to solve Eq;iis.zs than Eq.4.5.10.

Once ve obtaine aa and af by Eg.4.5.13 and-Eq.4.5.14,
" we have the approximate values of q, and a3 ¢
r . = 0 + a: 3; & .
gz = g(a,ra3) or = q, aa?aﬂ.,lx (4.5.26)
89 = 9 - % .  (4.5.27)

" Then Eq.4.5.25 can be exp:esséd in the form
aG = atg) + aaf, & | (4.5.28)

Applying the least-squares procedure to Eqiigs_za,'ue can
get the alternative sclugian for af and Aa by using the
equations which are obtained by replacing gzwith' g; in
Eq.4.5.13 and Eq.4.5.14. The iterative pfaceéufer -
calculation of nev g, and application of LSM - must tend to

£ 5 1 \. ) 5 = '
yield more accurate solutions. For example, the iterative

i

t
Af¥mfgfyfm--mmmmsomozae e
._J"%!E;_
. I
- | 1
B ) :
Cof = af®e aaf :
|
= = Lari - -
gy * 7 iteration — gs
Fig.4.5.1 ..... Schematic diagram showing

convergence of in iterative computations.
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calculations for af are made by

. <aagp( 3 32 - (g g_gxée 8>

AF: - (‘-5-29)
(3,323 3,_ <q;. 2y

23 .34

The tendency of 9, =~ 9, naturally results in EA;:§‘g¥¥;
Consequently, af’ might possibly * behave as shown in
Fig.4.5.1, where g is assumed to be a positive function.
Another iteration scheme iS pé5Sible. In Eq.4.5.25"', if
g,” and a9’ are respectively substituted for 3, and "aq
the unknown parameter is only af . Then the leaét%squarg§
procedure can be applied with respect to af , and leads to

the solution

‘ / <AG-4g'f, | g,)> S L ,
- S A e e " (4.5.30)
( 32’32> ) ) ’ .
On the other hand, the calculation of Aa is based on the
equation
3? , o

A& is calculated by

<aG- afS; 37 }

+<§§ §;> (4.5.32)

Ad

W

Using 43" of Eq.4.5.32, calculate 3, and ,4ag’, and repeat
the computation of Eg.4.5.30 and EqQ.4.5.32. The behavior of

Af’ with the iteration is given by
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A
(83,9 o
at’! ], =227 _ ¢ (4.5.3
: e, 9,y (4.5.33)
This derives from the substitution of
aG = $.8,- fa, , 48; = 3,- g, (4.5.34)

into Eg.4.5.30.

In‘%rder to take account of the higher terms 1in the

Taylor's expansicn of ag , .(Eq.4.5.23), 6 following two

methods are considered. One is based on the equation

Aj (a3} + 2Bj(a3)) +2Cj = 0 (4.5.35)
where g 29
0 - _\( AJ él‘ %|§|!J

) " .
> ii Jag » i = - )
E_j = ‘Fi d a2 ‘,J (4.5,36)
Ci.= at's, - aG;
-

£

The above equations are theufesult of adding the second term
.of \the Tayl@r‘é e?gansian to Eq!4;5,25.“5in:2 one available
root cf the above polynomial equation is

| ' ) )2

%E;*(Ej’ZMij

~adj = . — (4.5.37)
4 Aj
The-least squares solution of 43 is given by
| { aaj , 1) . L
Aa E —— — — 14:5;38)
< vt

As l§ng as the fracture begavés such ‘that a2 >0 and
B;® - 2A;C; 2 0 , EBEqQ.4.5.38 can ,hbe ,uéed in place of
Eq.§.5.32. There is, h@vever,! a ' possibility that
sz._ ZAJCJ < ’g ’ and/or A& < 0 occur in practical

a
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A

computations, due to mis-estimates in earlier stages of the

calculations as well as noise disturbance in observed data.
when EQ.4.5.38 is used, the calculation of g, in EQ.4.5.36

should not be made by gij "9, but by

%,

higher term.

= §g(a,+sa.r;), because EQ.4.5.35 has taken account of a
Another approach for the treatment of the higher terms
of 49 is to apply appropriate non-linear inversion methods

to the equation

'gaz ./

0G = a3Cq;eaafdd LOBTpR L
instead of EQ.4.5.28 and/or Eq.4.5.31. Howaver, the usage of
any non-linear inversion method has no advantage unless it
can reduce computational effort and yield fast convergence.
Otherwvise, f and a can be calculated by the method described
in the first part of this section.

 Suppose that two kinds of data are aQZilable; There is
a éiffetéﬁt way to determine 43 and af. Two kinds of data

will be distinguished by the notation of (1) and (2). We

have the eqguation g
= : _ )
(4} o)y ) 3_1
Y = . q. Ad:
aG; = af g; + 2233 | |

¢} N3 qu
Ay = -gq. + 44— |.
AG& ,A¥8J 2a'y
The solution of this binary simultaneous equation is
At = , Aa = —2 (4.5.41)
Dj D;




where : ‘ 3 o
(4] (1—‘! (1) !
D' = Bﬁg) - i
o 4 2aly Jaa ly
w 2 (1 .‘i
. o= E3 ) - AG 2. & a
AJ AG; 2aly G dal, (4.5.42)

gy 1) [£1) [{3)

' 2o o
784G 9;5465)

#

If appropriate intial values for f and a are specified, aa
and af can be determined by using the observed data at, at
least, one measuring peint. If the absg;yed;data at several
measuring points are available, the lgaséisgua:es solutions

of a8 and af are given by

\ R (4.5.43)
A = <D, B> (4.5.4

<{p, D>
L J
The inherent error resulting from Eq‘4-5;43 can be reduced

in the same way as the iterative computations described

previously.
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4.6 Observation Equations for Geodetic Measurements

| A horizontal penny-shaped fracture thesreti:all§ yields
a displacement field with radial and ver}iéal components, It
is a reasonable choice to adopt a‘geodétic network such that
measuring points are arranged radially from the well Site,

Let (i) and (3) denote two measuring points located

radially at distances r, and ri , respectively. Also let

R and @, denote the slope distance and the vertical

~angle between these two points at time t from the inception

of a fracture of radius a and amplitude Eaét@: f. The
displacement vector at the point (i) during the time t will
be denoted by U = (U, .w ). " The: change of ‘the

displacement vector during the time interval At = t,- t,

will beé denoted by AU = ( aU, ., aW, ).

First, suppose that we measure the slope distances, R,

and the vertical angles, 8, at time t=1 and t=2,

Fig.4.6.1  ..... Parameters defining
geodetic measurements and displacement
vectors at the points (il and (j).
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Referring to Fig.4.6.1, we have the relations.
Ryc038; - R cos8, = alj - AU; (4.6.1)
Ras5ing, - R, $tn®, = aW - A@z (4.6.2)
If t=1 is substituted by the time of fracturing start, t=0,
Eqs.4.6.1 and .2 are given in terms of the absolute

displacements.
(4.6.3)

‘ - (4.6.4)

R, 088, - Rycos8,
ilsinél - R, sind,

There is no radial displacement at the well site, r=0,

& G

Us
W

Therefore,if the point (i) is supposed to be located at r=0,
Eq.4.6.1 and Eq.4.6.3 are simplified into the form
| (4.6.5)

(4.6.6)

Eligsel - Rjcos8,
R,c0s8, - R, cos8,

When the measurements of R and O are given iﬁ terms of the

S &

changes '
R

R, = R + 4R ) R, >> | aR | ! (4.6.7)

*

8, = 6 + 28 y 181> (a6

Eq.4.6.1 and Eq.4.6.2 are rewritten as
aR 030, ~ 28 R/ sinG, = AU - A'Df ' (4.6.8)
ARSinG; + 4B R,cosH, = AU - AW, (4.6.9)

Let g and h be the model functions of the uplift and the

1]

radial displacement, fespeetively; We can eigress the
éisglaéemeats and its changes, Ui, Wi,aUi,aWi, in the form..
U %Eh(ati ") f '

Wi= §9C3, 1)

ST éh'
AU, = afh(ae >+ éajt*éi t v

(4.6.10)
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AW, = 4% §(8, N 3*&&-&.2%3_3‘ tr
Substitution of EQ.4.6.10 into EQgs.4.6.1 and 2, EQs.4.6.3
and ¢, or Eqs.4.6.8 and 9 yields the relations between the
fracture parameters, (a,f) or (aa,Af) and the measurements,
(R-0) or (aR ., a08).
Let :
h(ae, ri )

hij,t = h(a., r)
Jij,e = 38, ry)- 8Cae, i) o
2a %jrj aitn '
2. . ,L‘l‘) 23 |
iyt 2altr  2altrn
‘From Egs.4.6.1 and 2, we have
. j/ B :
Rycos6, ~ R cos6, = As-!hij,q + aa4, hi}.l : (4.6.12)
Rasinb, - Efgne.g-a53§J ‘dafi&SJ (4.6%3)
From Egs.4.6.3 and 4, we have
Ry 05§, - Rocosh, = jih;‘jgi , o (4.6.14)
Ras$in0 ~ R, sing, = *fiSijil (4.6.15)

Next, sdppose that we make measurement of the slope

distance R alone. Denote the coordinates of two measurement

points, (i) and (j), prior to the presence of the fracture

by (fi,zé) and (5 .;J)irr25pec§ively_ Letting
Piif‘s\jﬁi‘" y EEASEQ!QL

Ty = U -0, W, =W -W,

‘S

we have the relations
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Lo = 252:_—_ ri‘)z *2‘&1 - — : : (4;6;17)
) Lt = th - (Y'~-"’U' )1 -+ (2“".'“—:‘)1 ’ . (4;6-18) :
Lty Y s ty :
It can be considered practically that

TP S ) TT. r .2
Uiy W‘S <« ,r‘sU‘é' < iy
and should be, from the aspect of the theoretical model,

that

- Ty~ o0

It follows that, _ 7
Ly ~ Lb + 2 YB'LLS ' - (6-6;195

Since the above equation does not involve the vertiéal

'~ component of the aisplacements and makes the prablgm

trivial, the following is based on EQ.4.6.18  and the -

eguation
AL - ASBB-*Aa_l’:t—'-
oa

'Then we have an observation equation which relates the
change~of the slope distance 4R and the changes of fracture

parameters, aa and af, in the form
’ ' 2 L (4
e aR = ASCNthift*B*Siyt ) + 41(*thﬁ,t*3t3q,t)5t .6,20)

where
. * + ¢ ’
he = Py v S ‘ (4.6.21)
Be = 2y * 53¢ |
- On ‘the other hand, from Eg.4.6.19, we obtain the observation

equation

Q{‘AR = Y\LS( 45'}'\"3'4 + A&&thgj,t ) (4.6.22)



’ S. Conclusions

The application of surface deformation measurement to the
study of details of induced fracture requires an
understanding of the accuracy with which surface deformation
delineates changes of fracture source parameters. These
include the shape, size, dip, strikeraf fracture as well as
the pressure acting on the fracture surface and the
displacement dislocation across the fracture plane. In order
to analyse this problem, we need tractable and realistic
fracture models and appropriate inversion methods. Once
these tools are available, we can examine surface
deformation data in terms of the attainable resolution for
‘source parameters when noise of def d characteristics is
superposed on the data.

Fractures result in several measurable quantities such
as uplift tilt, horizontal displacement and strain. Some of
these deformation fields are more sensitive to some of the
source parameters than other fields. The sensitivities,
= A}
which can be calculated from information in chapter 4, will
‘indicate in particular cases the optimum observation
strategy to be used. Paftiéulaf locations will be sensitive
to some of the source parameters and particular measurement
configurations will be sensitive to others. For example a
single line of tilt meters distributed in a radial direction
with a spacing calculated from the results in chapter 4
Gauld be indicated if equidimensional horizontal fractures

are expected. The conventional strategy of a circular array

162
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does not exploit all possible information.

A horizontal penny shaped fracture model is ;at alwgfs
adequate for a study of the form of fractures induced under
various circumstances. It is necessary to extend Ehe
analysis to more general fracture models which have a dip or
a shape which is not circular but which are still tractable.
As long as a fracture plane can be .assumed to be
:éaractesized by a uniform internal pressure or displacement
dislocation, the surface deformation field can be expressed
in the form |

Gj m-g( n ,fj)

uﬁiéh consists of a linear parameter, m, depending on the
internal pressure or the éigplaéemgnt dislocation, and
several non-linear parameters, mn . dgpenéing on geometric
source parameters. Even when a fracture does not have a
plane vstfuctufg or uniformity - of thé pressure or
displacement dislocation, the surface deformation field can

be - expressed by superposition of the basic model equation,

in the form

6y = Lo g My v Tieyy )
" We can apply an inversion scheme and a method of resolution
analysis like that described in the previous chapter, to
these equations.

The; detectability of small magnitude surface
deformation 1is the minimum requirement to wutilize such

measurements. Accordingly we have to examine a survey design

from the point of view of detectability. Often measuring



points are located at places where the latgest ground
responses are predicted. We may expect that some of the
source parameters can be estimated by finding the location
yielding the maximum ( more generally, the extrema or nodes

) of the deformation field. We can not, however, discuss the
‘applicability of éhe deformation measurement from such an
aspect only. Indeed, a sensitivity analysis shows different

ases., In one case, the maximum

[

results for these two
amplitude is compared, and in the other the resolution
factor is compared.

Su;prisingly, in the literature on hydraulic fracture,
it is generally assumed that failure will occur by tensile
fracture. In fact, many in—situxstress measurements have
been inferred from .hydrofracturing data based on the
criterion for the occurrence of tensile fracture. There is,
however, a possibility that fracture takes place as shear
fracture or as combination of shear and tensile fractures.
Basically wve havl to regard the failure mode as one ~pf the

unknown source properties. It must be considered that the

measurement of surface deformation can be used for the
determination of the failure mode if it is used properly,
iand that the possibility of such an analysis is one of the
virtues of this geophysical method.

If we may assume a relatively simple geometry of an
induced fracture, or if we may infer a rough geometry of a
fracture in terms of strike and dip, it is mathematically

possible, to estimate the distribution of pressure or
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displacementrgaislgcatiaﬁ on the fracture plane (a:*gianes);
by subdividing it (or them) into several grid cells each of
vhich can be regarded to be 'chgfaztgrized hy uniform
pressure or dislocation.

If the surface deformation is analysed in terms of the
history of the source parameters, we could obtain
significant results which delineate the process of fracture
growth. We may then expect that these analyses could provide
important information to substantiate or to revise
theoretical predictions. Moreover, we expect that the

surface deformation measurement reveals the in-situ behavior

of hydraulic fracture which can not be investigated bf
laboratory experiments. For example, the determination of

in-situ fracture toughness is one of the possiBle studies.

Measurements of the terrestria Jeformation agsociated

with volcanic activi -he occurence of earthquakes can
alse be treated by the techniques developed here. These
studies differ ffaﬁ the investigation of a man-made
subsurface deformation due to hydraulic fracturing only in

scale. The areal extent, magnitude and time scale of
hydraulic fractuf; are much smaller than those of earthquake
and volcanic deformation.

Since hydraulic fracturing is conducted at relatively
shallov depths. it is possible to obtain information about
fracture parameters by direct measurements using observation
wells. This implies that we can use more control data for

-
the analysis of measured surface®deformations$ Results from
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the surface deformatién analysis supported by such an
advantage must play an important role not only in the field
of energy resource aevelopment but also in geophysics

itself.
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