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Abstract

The deliverability of a reservoir depends primarily on its permeabil-
ity, which, in many reservoirs, is controlled by a combination of
natural fractures and the in situ stresses. Therefore it is important to
be able to predict which parts of a basin are most likely to contain
naturally fractured strata, what the characteristics of those fractures
might be, and what the most likely in situ stresses are at a given
location. This paper presents a set of geologic criteria that can be
superimposed onto factors, such as levels of maturation and porosity
development, in order to predict whether fractures are present once
the likelihood of petroleum presence and reservoir development
have been determined. Stress causes fracturing, but stresses are not
permanent. A natural-fracture permeability pathway opened by one
system of stresses may be held open by those stresses, or narrowed or
even closed by changes of the stress to an oblique or normal
orientation. The origin of stresses and stress anisotropies in a basin,
the potential for stress to create natural fractures, and the causes of
stress reorientation are examined in this paper. The appendices to

• this paper present specific techniques for exploiting and character-
izing natural fractures, for measuring the present-day in situ stresses,
and for reconstructing a computerized stress history for a basin.
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Rationale for Finding and
Exploiting Fractured Reservoirs,

• Based on the MWX/SHCT-Piceance
Basin Experienceat

Introduction
Insights into naturally fractured reservoirs and in situ stresses were gained through

extensive studies and experiments performed at the U.S. Department of Energy's Multiwell
Experiment site. This report uses those insights to develop a rationale for the identification
and efficient exploitation of naturally fractured, low-permeability, natural gas reservoirs.
The lessons of the Multiwell Experiment have a wide range of applications because most
reservoirs are fractured, and because in situ stresses commonly control the conductivity of
natural fractures. Therefore the efficiency of stimulation and production of such reservoirs
often depends on an understanding of the fractures and the stresses present in the strata.
Moreover, such an understanding allows h)r the prediction of areas within a basin where
optimum conditions of stress and fracturing may have occurred and thus leads to an
exploration methodology.

The Multiwell Experiment (MWX) was a field laboratory designed (1) to characterize
low-permeability (tight) natural-gas reservoirs, (2) to assess the existing technologies for the
exploitation (stimulation) of this large but generally inaccessible resource, and (3) to develop
new stimulation technoh)gies (Northrop and Frohne, 1990). The project consisted of three
closely spaced wells located in the Colorado River valley in the east-central Piceance basin of
northwestern Colorado near the town of Rifle. The reserwfirs of interest were sandstones of
the Mesaverde Formation, which occur between the depths of 4000 and 8350 ft at this site.
I)ifferent depositional zones within the formation contain reservoirs of different character,
varying from blanket-shaped marine sandstones to narrow, lenticular sandstones (Lorenz,
1989), but all have low matrix permeabilities (usually less than a microdarcy), all are enclosed
in shale or mudstone, and all are extensively fractured despite the absence of major structural
deformation of the local strata.

The three MWX wells are arranged in a triangle with interwe!l spacing varying from
about 150-250 ft, depending on depth. A total of 4200 ft of 4-inch core were taken from the
three wells fi)r extensive rock property testing and reservoir characterization. During the
eight-year program, six individual reservoir zones were isolated one at a time, and each tested
and characterized with extensive reservoir draw-down, build.up, interference tests, in situ
stress measurements, and stimulation experiments. Complimentary geologic studies of the
core and of nearby outcrops helped to characterize reservoir shapes, sizes, and internal
heterogeneity.

Subsequent to the MWX program, a new project was undertaken at the same site, the
o Slant Hole Completion Test (SHCT), the design of which was based on the MWX findings

(Myal and Frohne, 1991). The SHCT project consisted of a deviated well, locally cored,
through the Mesaverde reservoirs. The hole azimuth was normal to the subsurface fracture

e trend. This well and core confirmed (1) that vertical natural fractures are pervasive
throughout the formation, (2) that they constitute the primary permeability system in the
reservoirs, and (3) that the gas in the formation can be accessed with deviated wellbores.

In addition to)the SHCT, DOE has also funded a cooperative program to extrapolate the
MWX/SHCT techn()logy to other parts of the Piceance basin. This program has relied on



industry wells for which DOE has funded coring, logging, or testing activities. These wells
have provided fracture and stress orientation data in other parts of the basin that can then
be correlated with the established data base.

Several important understandings came out of these programs: (1) natural t'ractures are
more common in reservoirs than is usually recognized, (2) natural fractures may dominate a
reservoir permeability system, especially where the matrix permeability is h)w, (3) natural
fractures may be stress sensitive, in that a) they can be closed when the in situ stresses change
during reservoir production, and that b) they may be ch)sed when the maximum horizontal
stress is not parallel to fracture trend due to a complex tectonic history of the strata, and (4)
natural-fracture permeability systems may be damaged by stress or fluid perturbations of the
reservoir during drilling, stimulation, and/or production.

This report will show how these understandings, along with ancillary studies conducted
by Sand|a, may be used to explore xor naturally fractured reservoirs and to enh_mce
production from them. The sections of this report outline the significance of fractures to the
system permeability of reservoirs (section l), and give the principles and examples of the
interactions between stress and natural fractures in a basin, both in terms of the origin of the
fractures (section 3), and in terms of the significance of stress and fractures in a reservoir
(section 2). The report also outlines a methodoh)gy by which these interactions can be
documented, studied, and ultimately, predicted for an unknown basin, by discussing the
sources of stress (section 4), as well as potential h)cal modifications to regional stresses
(section 5). The report then discusses the compilation of these data into a stress history of a
basin and how fracturing might be predicted from that history (sections 6,7).

The appendices to the report list specific techniques fl)r fracture studies. These include
techniques for optimizing the chances fl)r fracture intersection with a wellbore (A) and for
characterizing fractures in core (B). Appendix C presents equations for a stress history model
(the computer code for this model is presented in appendix F), while appendix D discusses
two of the more reliable techniques for measurement of the present-day in situ stress from
core. Finally, a computer code that allows the caluclation of the effects of severe topography
on in situ stresses is given in appendix E.

This re0ort is intended to provide a fracture analysis toolbox, with instructions and
insights fl)r the investigator wishing to find and exploit naturally fractured reservoirs.

1. Importance of Natural Fractures in Western
Basins

Fractures create quasi-planar breaks in the continuity ot'a reservoir that may or may not
provide an enhancement of the permeability system. Enhancement depends on the ,'atio of
the fracture permeability to the matrix-re)ok permeability. '['he permeability of an individual
fracture is a function of the width of the fracture, the roughness of the fracture walls, the
stress acting on it, and the completeness of cementation (if any).

Fracture system permeability includes the additional factors of fracture inter-
connectedness, distribution, and trend(s) within a reservoir. Narrow fractures in a high-
permeability reserwfir will be of little consequence, but fracture importance increases as
reservoir matrix permeability decreases. Even fractures thai appear to be c_)mpletely filled
with calcite may offer significant permeability, esl)ecially t() gas, under high-pressure, in situ
reservoir conditions in otherwise "tight" (less than l() microdarcy) reservoirs, l,ab()ratory
measurements of the fractures in the MWX sandstone reserw)irs (Figure l) show that
permeability even through tight t'ractures may be several orders ot' magnitude higher lhan the
sub-microdarcy matrix permeability. ()pen fractures that are confined t{) thin beds within
laminated reservoirs ()r that do not ('onnec! to adjacent t'raclurt.s may als() t)e (d' limited
significance to product:it)n; each fracture intersected t)y the wellbore, alibi)ugh individually
highly permeable, may not drain era)ugh ()1'the reserw)ir t()I)e ()t'consequence, This is t)ecause

I()



the essentially two-dimeilsitlnal w)lume of most fracture systems is insignificant compared to
the three-dimensional w)lunie of matrix rock, even if it is rock of relatively low-porosity.

Fracture strike is also an important characteristic, lf a single set of fractures is present, at
depth, reservoir system permeal)ility may be highly anisotropic, producing a drainage area

• that is significantly elongate along the fracture trend. Documented horizontal permeability
anisotropy due to unitlirectional fracturing at, the MWX site ranges from 8:1 to 100:1
(Branagan et al., 198,1), and limits lateral communication between closely spaced wells in the

" direction orthogonal to the fracture trend, Similar fracture-controlled permeability
anisotrop_es have been measured in ()ther formations (e.g., Kempthorne and Irish, 1981;
Elkins and Skov, 1960).

Tightly cemented fractures within a relatively permeable matrix rock may also produce
elongate drainage areas by creating permeability barriers rather than permeability conduits.
In this case, reserw)ir tlow would still be directed ah)ng the trend of fractures, but would
occur between rather than within the fractures,

Accordingly, it is important tt_ characterize the nature of a reservoir fracture system in
order to be able to predict and understand the effects of natural fractures on production and
drainage patterns.
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Fracturing _ll' strata restllis fr_ml Ihe anis_ttr_qfic stresses that tmiht up in t'.rmations

" dtiring tecltlnic nltiVeillelliS ltf the eari.h, l,'rliciures geliertilly l_riii tiaralh+l I.()a lihine defined
hy the illiixiiniinl and inli, rniediiile liriliCilliil stresses, and lillen ill l tie direcl_hln lit' tile leiist
lirincilllil slress. 'l'tillS, where llie tec,tlliiil' hislllry tit' liie strlita is ii_lt cllnipliciiled, frtlctilres
l,lilnlnlilily liiive ii sl rike thiil is llarallel It! the niiililiiillli hclrizllnliil llrincilliil sl ress, iilld lhere
iniiy lit, few i_r ii_Jcrtlss t'rltt'lilrl,s I_ llri_vicle the inll,rc_liilieclhlliS. In sllch ctises, ille in silll

11



stresses act to keep fractures open and permeable. However, hydraulic stimulation fractures,
which also parallel the maximum horizontal stress, will nc)t efficiently access such a reservoir
permeability system because the stimulation fracture will parallel the natural fractures. This
was apparent in the results of most of the MWX stimulation experiments (Branagan et al.,
1985) where the hydraulic fractures did not pr()duce the expected production enhancement
(although formation damage was also an important factor).

Where tectonic activity has continued to evolve after fracturing of the strata, the
subsurface stresses may have changed orientation and may no h)nger be aligned with the o
fractures that were formed at an earlier stage of basin evolution. In some wells near the MWX
site, severe topography has resulted in locally reoriented stresses such that stimulation
fractures may be directed across the natural fracture trend, enhancing stimulation potential.

Existing fractures may also act as planes of weakness that were reactivated during later
tectonic stages. However, if the existing fractures were either well.cemented or highly oblique
to the reoriented stresses, entirely new fractures may form if stresses are sufficient. The
Ekofisk field in the North Sea is an example of radial fractures caused by doming of the
strata being superimposed on regional northeast trending fractures (Teufel and Farrell,
1990).

Whether or not new fractures h_rm, reoriented stresses will act to press fractures of the
initial set closed, limiting permeability. Moreover, the conductivity of many fractures is
sensitive to changes in the in situ stress magnitudes, regardless of whether the stress
orientation ham changed, For example, the permeability of the natural fractures in the
Cozzette sandstone at the MWX site was degraded when the well was allowed unrestricted
flow (h)rmation pressure was reduced, higher effective stresses were created, and the
fractures were forced to ,:lose), whereas enhanced fracture permeability was created when
formation pressures were increased during injection tests (Warpinski, 1991).

Fluid flow along mineralized natural fractures has been documented in the laboratory,
although flow through completely mineralized fractures is limited (e.g., Morrow, 1990). Tests
were performed at Sandia on two fractures from the SH(Yr Cozzette core that, although
mineralized, are considerably more conductive than previous samples, having visible rem-
nant apertures within the mineralization. The results (Figure 2) show that even the highly
conductive samples have some stress sensitivity, although the planar fractures typical of
MWX samples were much more stress sensitive. The two Cozzette fractures were both about
60 8t)'_; filled with cement, but the available porosity was vuggy in nature. The higtmst
conductivity sample ham a fracture permeability of several darcys.

Thus it is important to reconstruct the geologictectonic history that strata have been
subjected to, and to characterize in detail both the stresses and the fractures within the strata
in order to predict (1) the behavior of a reservoir permeability system, and (2) the locations
fi)r the optimum deveh,pment ,,f fractures and stresses. For example, a set of numer_)us
fractures, if it. is oriented at a high angle t_J the maximum ()r intermediate principal stresses,
may m_t be as imp_rtant to the permeability c_!'a reserv(fir am a set of less numerous _r
narr_wer fractures that are oriented normal to the least principal stress. As re,ted, the
Ek_ffisk reserwdr provides an example of this behavior (Figure 3). The maximum permeabil-
ity _rientat i_m was fiatnd to he aligned with the maximum stress c_rientation rather than with
the maximum fractttre c_rientati_m ('l'eufei and Farrell, 1992).
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3. Fracture Mechanisms
Regional fracture systems are the primary concern ill reserwfirs of the western tight-gas

basins. Therefore, regional fractures are the focus of this section, but it should be recognized
that structurally induced fractures can provide additional fracture sets that significantly
enhance the "system" permeability.

Regional natural fractures are often attributed to natural hydraulic fracturing, but this is
a mistaken belief that was formulated without a thorough understanding of the mechanics,
poro- mechanics, and failure properties of'sedimentary rocks. Most regional natural fractures
are likely due to load-parallel extensional failure of the rocks. Such a failure mechanism is
well-known in the rock mechanics literature (Figure 4), and the characteristics of the type of
fracturing match the characteristics of the observed regional natural fractures.

The basic mechanism of regional fracturing has two criteria that must be met in order to
achieve load-parallel extensional failure (Lorenz, et el., 1991). First, there must be a
horizontal stress anisotropy, as due to tectonics or basinal subsidence behavior. Second, the
net confining stress on the rocks must be low, as would occur in overpreasured regions. The
first requirement is the mechanism that causes extensional failure of the rock am )referen-
tially aligns the natural fractures. The second requirement allows the fractures to be created
under relatively small amounts of horizontal stress anisotropy. If the net confining stress is
not low, then large stress anisotropies are needed, and the characteristics of the fracturing (if
it occurs) become shear in nature, oblique to the stress. Such fracturing is more typical of
more intensely deformed, folded, and faulted areas.

Regional fractures created under such conditions have characteristics that make them
particularly suitable as flow conduits. Since they are induced by compression in the direction
of the fracture strike, there is a dilatancy associated with the process that ()pens the fractures
and holds them open as long as the stress anisotropy exists. This persistent dilatancy alh)ws
for the fractures to be mineralized and, commonly, propped open.

The drawback of regional natural fractures is that they tend to be unidirectional, as there
is no mechanism to create cross fracture sets. As a result, the interconnectivity of these
systems is poor, and any hydrocarbon drainage will be highly elliptical.

Structurally induced fractures, on the other hand, may have conjugate or other multiple
sets, and these are superposed on the regional fractures if the structure post-dates the
regional-fracturing episode, Therefore, structure is important in these tight-gas reservoirs for
its contribution to the fracture system rather than for its usefulness as a trapping mechanism
(although trapping is obviously important for conventional oil and gas reservoirs).

4. Sources of Anisotropic Horizontal Stress in a
Basin

Because stresses both cause and c_mtr_flfracture permeability, they are an important part
of a fractured reserwfir permeability system and must be understood before fracture hwation
and behavior can be predicted.

Under ideal conditions, both horizontal stresses in a formation are equal and are the
result of lateral expansion of the strata due to the weight of the overburden. The magnitudes
of the horizontal stresses are primarily a function of the weight of the overburden as modified
by the Poisson's ratio of the strata (Jaeger ant! (;ook, 1976). Pore pressure and elevated
temperatures, attained by strata as they are buried, also ctmtribute an ist)trc)pic stress
component to the total stress system (Warpinski, 1989). However, the ideal situation of
ist)trt}pic horizontal stress is rarely (}btained under actual ge()h}gicconditions, and ht)rizontal
stresses are most cc}mmonly unequal due t(}tectonic mt}vemeats. Worldwide measurements
have shown that h(}rizontal stress anist)tr(}py exists even in (ltliescent basins, far from at'tire
orogenic regit)ns (e.g., Zt_l)ackand Zt_back, 1980).
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The effect of temperature is isotropic if the material is isotropic, and is given by

ASh --: ASH := _TEAT/(1 - t,),

where _"i' is the coefficient of linear thermal expansion, E is Young's modulus, and AT is the
temperature change causing the thermal stresses. For typical values of ofT (6 X 10 -6

in/in/°F) and E (5 × 106 psi), a 10°F change in temperature will induce a 300 psi change in
stress, a significant amount for any engineering calculations. (See also Appendix F.)

Many authors have suggested that stress anisotropies measured in undeformed/platform-
area strata are due to continental-scale plate tectonics, i.e., to drag at the base of the
lithosphere, several tens of kilometers deep, by convection currents in the ductile
aesthenosphere (e.g., Zoback et al., 1989,), or to distant ridge-push forces at the edges of
global plates (e.g., Bott, 1991). Hydrocarbon reservoirs and most of the subsurface stress
measurements that have been made occur in the shallowest parts of the lithosphere. Stresses
derived from base-of-crust drag or ridge-push are likely to be secondary effects at best within
the shallow strata of interest to petroleum geologists.

Rather, the stresses of interest for this report are those that have been imposed laterally
on strata in a basin from nearby tectonism, from local structure and topography, and from
volume constraints during basin subsidence and uplift. Stress from two or more sources may
be superimposed, and there are a number of local phenomena such as high topographic relief
that can alter local stresses. The following section outlines common sources of horizontal
stress anisotropy in sedimentary basins where hydrocarbon reservoirs occur and notes causes
for the superposition of stresses that complicate exploration for, and production from,
fractured reservoirs.

4.1 Horizontal Compression as a Source of Stress

4.1.1 Thrusting

Numerous linear thrust belts around the world have been produced by horizontal
compression at plate margins. Some of this compression is often transmitted through the
thrust belt into the stable platform area beyond, where it combines with horizontal
compression due to the impingement of the thrust belt itself into the strata of the adjacent
foredeep. Several good examples exist of measured maximum horizontal stresses and regional
fractures trending normal to thrust fronts, although the relationship between thrusting and
stress in adjacent strata is not universally accepted (e.g., Bell and Adams, 1990). Where
significant plan-view curvature of a thrust belt is present, the stress trajectory and/or
fracture strikes commonly change regionally to maintain an angular relationship that is
essentially normal to the thrust front.

Such thrust-front-normal stresses are apparently effective for a few hundreds of
kilometers in front of the source of stress (e.g., Europe in front of the Alps, the Arabian
platform in front of the Zagros Mountains; Hancock and Bevan, 1987), although the stress
magnitude diminishes with distance (e.g., in front of the Canadian Rockies; Woodland and
Bell, 1988). At present, there is no reliable way to predict magnitudes of stresses based on
amount of thrusting because of the complexities inherent in geologic systems. However,
although the magnitudes must, be measured directly, the stress orientations in many cases
can be predicted in the absence of structural complexity (discussed below) simply by drawing
stress trajectories normal to thrust fronts.

More localized thrusts, such as the thick-skinned Laramide block uplifts of the Rocky
Mountain foreland province, produce stresses in adjacent strata in the same manner.
However, because they impinge ()n relatively small areas, the stress trajectories commonly
radiate out from the thrust front as if it were a point st)urce once a sufficient distance from
the thrust frt)nt is reached. For example, a fan-shaped pattern of natural fractures radiates
across part of the Piceance basin directly in frt)nt t)f the White River (]plift (Figure 5). This
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pattern has been duplicated by a stress trajectory array modeled from an indenter stress
superimposed on a regional stress (Lorenz et al., 1991).

The depths at which these thrust-derived stresses are present depends on an number of
factors, including the depths at which the thrust fronts indent the adjacent strata (Hafner,

- 1951). Horizons of weaker strata may also dissipate stresses similar to thrust decollements,
such that stresses below the weaker strata may not reflect nearby indentation of the thrust
whereas stresses in overlying strata will. This is discussed further below.

FRACTURESIN CRETACEOUSAND TERTIARYSTRATA
IN FRONT OF THE WHITE RIVERUPLIFT

,.. NORTH

....-,
GRAND

_ ._ HOGBACK
- "" MWX

" WHITE RIVERUPLIFT
,at

GRAND JUNCTION .,,
m,-,." --

" ._ 50 ml
- I I

..-" ".- _ 80 km

(FromVorbooklindGrout,1984)

Figure 5. Natural fracture pattern that radiates out from the White
River Uplift, created by stress trajectories radiating away from the thrust
front during thrusting.

4.1.2 Basin Subsidence

Few if any basins subside at equal rates in all parts of the basin, as this would require
vertical, parallel basin margins and a nonspherical earth. Rather, subsidence is commonly
greatest in certain parts of the basin (a faulted margin, the center of a basin, etc). The strata
must accommodate strain as volume constraints are met during subsidence within the basin
boundaries into a sphere of diminishing radius. Because most basins are wider than they are
deep by orders of magnitude, and because the radius of the earth is so large relative to the
common depths of basin subsidence, this mechanism rarely adds significant strains to the
strata in a basin.

However, significant strain can result during subsidence in especially narrow, deep
basins. For instance, Upper Cretaceous strata in the foredeep adjacent to the Idaho/
Wyoming thrust belt are about 6000 m thick, whereas they are less than 2000 m thick over
the Moxa Arch 55 km to the east (Weimer, 1961). In order to lengthen the 55 km line along
the original depositional surface to its position as the hypotenuse of a triangle after
deposition and burial, about 0.2% strain must be accommodated (Figure 6). Moreover,
because the hypotenuse is not a straight line but is convex upward due to lithospheric
elasticity, an additional strain of 0.06% is imposed for a total strain of' nearly 0.3%, which is
sufficient to fracture in situ strata over geologic time. Thus the strain (which produces stress)
across the short axis of a narrow, deep basin exceeds the strain/stress along its long axis, and
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anisotropic stresses result. If the stresses are of sufficierJt magnitude, they may l)rodtwe
fractures aligned parallel to the long basin axis.

Strain from Lengthening Line to Hypotenuse

Foredeep Arch
llll IIIII / I IIIIII1 II I I I,IIIIII I I I

40 ml 5,500 ft

19,000 ft

13,500 ft , _ "'

_O'OS-'v_'_'__ _1=431ft

__"_ %F. = 0.204%

Figure 6. Strain due to lengthening of a depositional surface to a
hypotenuse during asymmetric subsidence in a narrow, deep basin such
as the Late Cretaceous foredeep in southwestern Wyoming.

Price (1974) recognized a variant of this phenomenon that involves consideratic)n of the
curvature of the earth's surface. Ideally, as the strata in a basin subside, they are subjected
initially to lateral compression as their length, measured along the curved surface of' the
earth, is shortened to the length of the line measured across the chord of the earth l)etween

! the edges of the basin. This assumes that there is no subsidence at the basin margins.
The magnitudes of the stresses and strains set up by the compression will be a function

of the width of the basin, i.e., how far the strata must subside, and therefore how much
shortening there will be before the originally curved surface line is concordant with the
straight chord line. Less subsidence will be required in a narrow basin than in a wide basin
to achieve this condition, and if a basin has a h)ng and a short axis, the stress set up across
its short axis will be less than that across its wide axis, leading to asymmetric horiz()ntal
stresses. Chord-line depth is actually relatively shallow. For instance, h)r the Piceance basin,
the two main axes are i00 and 250 km across, and depths to chord lines at the middle of the
basin are less than 100 m and 600 m for each axis respectively.

Stress anisotropy remains as subsidence continues beyond a chord line, but fi)r the
opposite reason: extensional strain results as the reference line, theoretically pinned at the
basin edges, is lengthened in an arc during continued subsidence. Extension across the
narrow axis of the basin will always be greater because the radius of the theoretical circle is
smaller, and short-axis-parallel extension would be initiated at shallower depths than that
across the greater dimension of the basin. This again would cause asymmetric horizontal
stresses that could lead to fracturing. (Note that the extensional strain referred t() does nt)t
lead to true tension, but rather merely decreases the subsurface compressiona] stress in that
direction.)

4.1.3 Basin Uplift
As strata in a basin are uplifted, an opposite effect to that just described may _)(,(,uri/the

basin edges are pinned. However, this is rarely the case. It is more likely, since uplift takes
the strata out of the realm of lateral constraints, that the basin margins will have little effect
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on the strata. As the strata are uplifted, however, they will be subtending an arc of a sphere
of slightly larger radius and will be subject to a release of some percentage of the previous
horizontal stresses, equally in all horizontal directions if uplift is uniform (Figure 7).

If the previous horizontal stresses were asymmetric, as is most likely, then an equilateral
stress release will still leave a remnant stress anisotropy, which will govern the orientation of

" any stress-release fracturing. Thus, stress-release fractures will fl)rm parallel to the previous
minimum horizontal stress, as the h)cked-in elastic stresses rebound against the direction of

. the previous maximum horizontal stress (see experimental results of Gallagher et el., 1974;
Rathore et al., 1989).

4.2 Calculating Stress Trajectories Due to Thrusts
There are simple analytical solutions that can be adapted for estimating the stres,

trajectories induced by a thrust fault, such as the White River thrust which is found on the
east side of the Piceance basin. Given the geometry of a distributed h)ad (Figure 8), the
stresses can be calculated (Jaeger and Cook, 1976} as

az = Xh'{Ok ......02 - sin(Ol - 02) cos (01 + 02)},

oy = X/_'{Ol _- 02 - sin(Ok - 02) cos (Ok + 02)}, and

r,y= Xhr{sin(01 - 0_) sin(0k + 02)},

where 01 = tan .......l(x/(y-a)) and 02 = tan-k(x/(y+a)), and X is the load per unit length.
'}Such simple solutlt: ns can be superposed to yield more complicated thrust geometries.

For example, a calculation of the effect of the White River thrust in the Piceance basin
(Figure 9} is obtained by superposing two separate thrust plates h)cated in offset positions.
The stress trajectories fan out from the source of the load, giving a radial pattern. It should
be noted that these calculations assume plane strain behavior, so they may not be
appropriate right at the surface. At, depth, they should provide good estimates of the stress
trajectories.

Radial Extvnslon

Tectonic Stress _/_ _ _ _ -""_..

R lal Ex et, ston//¢,

• "\ .I ",

Figure 7. Stresses in strata created by unift_rm uplil't and radial release
()t' ct)nt'ining stresses.
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GEOMETRY FOR DISTRIBUTED LINE LOAD

X

........

.....1 Figure 8, Schematic of the geometryfor a constant distributed load applied
Y to a semi-infinite region,

_ _ qmnim omaa0 mmmm _ mmmul _ n

Figure 9. Stress trajectories c'alcu-

.. .. .. -- -- --. .- .- .... ._ lated from simple distributed Loads as
representations of the White Rover

... ... ._ ... .- _. _.. .._ .--- ._ thrusts, lane orientations indicate the
orientations of the maximum stress',

._ .- -" .- _ ._ _ _ I -" length of the line indicates the relative
stress magnitudes, (Compare to}Figure 5,)
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4.3 Calculating the Horizontal Stress Due to Basin-Wide
Strain

The component of the horizontal stresses due to the horizontal strains imposed on a basin
• can be calculated in a straightforward manner. Assuming that there are tectonic strains, %

and H (also, since cH is defined as the maximum stress direction, _H > %), then the stress
components due totectonics, Sht and Sm, are

Sht = E_h/(l _-v _) + vE_H/(I _-v 'J) and

SHt _ Eeh/(1 ....p'_)+ pEeh/(1 -- p2)

Thus the stress in each of the horizontal directions depends on the strain in its direction and
the strain in the orthogonal horizontal direction.

5. Local Modifications of Regional Stresses in a
Basin

in the absence of heterogeneity, stresses will be uniform or will at least change uniformly
over large areas. This ideal condition is rare. Among other effects, formation properties
change laterally and vertically, stresses change with time or may be superimposed, geologic
structures may provide significant "free" surfaces within a formation that may alter the h)cal
stress array, and strata may be warped by flexure to create local, structurally produced
stresses. These effects and others are examined below.

5.1 Variations in Pore Pressure
Pore pressure is an important factor in determining whether strata are susceptible to

being fractured. Formations containing high pore pressure are more likely to fracture under
otherwise similar conditions of anisotropic stress and rock properties than formations with
normal pore pressure. Therefore, if conditions of concurrent high pressure and anisotropic
stress are reconstructed for some time within the geologic history of a formation, natural
fracturing can be expected. Moreover, if parts of a formation were more highly pressured
than others, the high-pressure areas are more promising targets for fractured-reserwfir
exploration.

Pore pressure varies through both time and space as a function of mechanisms such as
relative rates of sedimentation, burial, dewatering, compaction (e.g., Fertl, 1976; Dickey,
1979), and the onset of hydrocarbon maturation and the resultant generation of gas.
Overpressured conditions may be reversed over time due to pressure leak.off. Underpressured
conditions may be present where rapid uplift and erosion has occurred. Reconstructing the
geologic history ors formation in order to decide whether overpressured conditions once
existed is not _Jverly difficult, although the magnitude of such conditions van rarely be
quantified or dated precisely.

Spatial variation in pore pressure within a formation is just as important. Some parts of
" formations are often buried more deeply and/or more rapidly so that they may be more

highly pressured than shallower areas of the same formation. Similarly, if hydrocarbons
. capable of generating gas are only present hwally in a formation, that area may become more

}highly pressured than c_ther areas despite _therwtse similar cmlditions.
The Mesaverde Formation prc_vides an example of present-day lateral variation in pore

pressure (ranging from m_rmal pressures in reserwfirs at the western margins of the basin to
significant overpressuring in the deeply buried reserwfirs near the MWX site). The formation
also contains evidence to suggest that paleo-pore pressure varied. The latter condition is
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suggested by a set of fractures that is apparently limited to the deeply buried, central l)nrts
of the basin. These are dominantly west-northwest trending fractures that formed between
about 36-40 re.y. ago under conditions of high pore pressure and regi(mal anisotr(_pic
horizontal stress, The less deeply buried, less pressurized parts (_f the formation ah)ng the
western edges of the basin were subjected t() the same stresses, yet did not fracture at this
time. Fracturing of these zones of the formation did not occur until several million years later
under conditions of stress anisotropy that were slightly difl'erent in origin and orientation
(Lorenz and Finley, 1991). Thus the fracture domains irl the strata ()f the Mesaverde (_rmlp
are vertically and laterally separated, depending ()l_ _,iriations in the magnitude ()f the
formation pore pressure. Fracture domains are not zoned parallel t() f()rmati(m boundaries,

Pore pressure variations also affect the total stress in strata, as cd) is one compc)nent of
the total horizontal stress. Data from the Vicksburg formation (Salz, 1977) provide the classic
example of how pore pressures influence horizontal stress (Figure I0). Data fr()m MWX
(Figure II), while more limited, show the same trend of increasing horizontal stress with
increasing pore pressure.

5.2 Stress Decollements
Vertical zonation of stresses and fractures may also be caused by layers _Jfweaker strata

that allowed physical, lateral motion of rock, as in a thrust decol!ement. An example of this
is given by Becker et al. (1987) for the Jura Mountains area in front of the Alpine thrust belt
of Europe. In this locality, a zone of relatively ductile anhydrites and halites separates a lower
domain of regional northwest-trending stress from an upper domain of stresses which radiate
from north-northeast to west (Figure 12 a and b). The upper, radiating pattern is due to the
indentation of the Jura Mountain bh)ck into the European craton, which was in turn a result
of the regional northwest compressive stress.

Thus the ductile strata allowed thin-skinned thrusting, and the thrusting imposed a
secondary stress on the strata in front of the thrusting, but only at the shallower levels above
the ductile zone. Whether the shallow strata also contain a secondary fracture pattern is not
reported, but would be a function of their fracture susceptibility and the magnitude of the
secondary stress. Regardless, if fractures had been formed by the northwest regional stress in
these strata prior to thrusting, the present oblique stress orientation would act to clo:,e most
of the fractures,

This type of vertical stress zonation may occur within as well as in l'ront of thrust sheets,
resulting from several structural configurations. If a thrust impinges on a basement high or
other structural "buttress," a secondary thrust plane may form. Strata below this plane will
remain highly stressed (unless strain is accommodated by folding c)r other def{;rmation),
whereas stress within the strata above the plane may I)e partially released during the
relatively unopposed motion of the strata above the buttress (Figure 13).

Conversely, in an unbuttressed situation, the stresses within the strata beh_w a new thrust
plane may be the ones relieved by the tk;rmation of the new thrust. Thus once a thrust plane
forms within a previously uniformly stressed section of strata, the stress below the plane is
relieved as strain along the fault plane, whereas the stress ab{we the fault plane is maintained
by the force needed to move the thrust sheet. This assumes that the regional stress no hmger
acts on the lower strata, but rather ix directed only against the mc_ving strata {)fthe tipper
plate, as is probably the case in the Piceance basin. In this instance, the relatively ductile
Mancos Shale provides a stress and motion decollement much as does lhe anhydrite layer in
the Alpine fi)reland, and blind thrusts die out wilhin a tectonically thickened se('ti_n _1'
Mancos Shale over the l)ivide ('_reekanticline ((frost et al,, 1991),
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MINIMUM STRESS INCREASES AS PORE
PRESSURE INCREASES
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Figure I0. Measured variation in the minimum horizontal .tress, a.
i function ,,f the pore pressurerepresented by the fracture grad ent, as a

for the Vicksburg Formation,
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Figure 1 l o Measured variation in the minimum horizontal stress, as
represented t,y the fracture gradient, as a t'unctiml ,,i' the pore pressure
f,,r the MWX site,

2:t



60" CHANGE IN 8TRE88 VECTOR ACR088 DECOLLEMENT,JURA REGION
Wellbore 8treeeOrientation
Depih_(m) _ ........_.....|_.......e..... Breakout,

t00

_meetoM

unmilone

_mm I "'"1000 Hmeeloml,
mill i gull in inl

dOkimili /
fled Nil

llm411!ol_ /

1100

Oi'ylilllll_
i.....,, III

ii i|Oil i

FromMiler it il,, 1tl7

(l l) Stress varittthillS .cross a ductile tllitlndary layer l. frolit ill' the
Alpine thrust belt (friir. Mueller et al,, 19871,

Siren Trajectories

DI!on In Sedimentary "_''_t _ _ / *• Cover ! _ I Zurh
Stroaa

Trajectories %

In Basement ,,
%

#I"'_ 60 km
d

From Becker, 1989
t

i

(b) inferred planview stress trajectories ()t' upper stress array slid h)wer
stress array in the sailw area as (a) (from Becker, 1989),
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DIFFERENT LAYERSWILL BE SUBJECT
TO DIFFERENT STRESSES

From Kutlok and 8ohmldt, t908

Figure 13. Example of horizuntally layered stressd_)mainscausedby
huttres.-induced thrusti.g (from Kulick and Schmidt, 1988), Measure-
sent. ,_f pale¢_.tre..eswithin strata with a similar c(mflguration have
.tigge.ted that the .tre..es in the upper, unbuttressed layers had been
largelyrelieved ((;en(Jve.eand Schmidt, 1989).

5.3 Stress Refraction
('hange. in _tre.. _)rientati(m dtle t(, inh(,mt,geneities in .trata h_lve I)een hypothesized

_mdca. t)e dem,)..trated at the lab, Jrat(_ry.('ale, hilt have m)t yet been proven at the basin
scale. H,_wever, there is every rea.,)n ttJ believe that stress refraction at this scale (:an be real,
and the ¢',.wel)t has bee. timedt() expiai. ()l).ervati_,.s ()f (Dtherwimeanomalous stress
traject_)rie.. Bell and I.l(_yd (1989) have .tlggeste(t that an ()t)served c+hange in stress
()rit,ntatic), acr,)., the I'eace River Arch in western ('anada is due t. the refracti()n ¢)fregional
_tre.se., Refracti_)nis inferred t(Dhe the result _)t'stresspropagation thr()ugh the higher
m,)(lt=h=,gra.itic,/banementrock brought .p I)y the uplift (Figure 14), It isconceivablethat
str(,.. ()rientati().s within lenticular reservoirscould be oblique to stressesin the encasing
strata it' the r_)ckpr()pertie, of the tw() strata are different, i. t'.ct, it is not uneomm()n|'.r
.djat_ent layers ,,f strata in ()t=tcrop t() di.play a 10_ 2()° divergence in strike between
fractures (,f the same set,

()n a ..mewhat smaller .(.ale, n()rmal faults may provide a sufficiently "free" surface
.,) that the h)cal .tro.. traject()ries are re_riented t_)curve away from the regional trend and
.})t=tthe fault at a right angle, This requires that the mechanical c¢)ntinuity of the formation
he |)r()ken at the fault (I) i)y changes in r()('kpr,)perties such as filling of the fault by gouge,

. (2) by i'lt=idpressure in the fault or fault asperity ()ft'set..o that the fat=Itwalls are not in solid
(,,)nta('t, ¢)r (:_) hy the juxtap_)siti_)n ()i' strata with dift_ring rock properties due t,)large
di._l)hweme.t al()ng the l'atdt.

' It'a t'ree-.tzrl'a¢'el'attlt juxtal)_).e, tw,) difl'erent i'()rmati()ns,the.traject()rie, may merely
rel'ra('t _wr¢).. th,_,.urt'_wc. tt_)wever, il'the ()rigin.l .tre..e. art' n()rmal ¢)rparallel to the fault,
little change in (_rie.t_uti(_.w()uld J)eext)e('tc(t acr()., it,

Regi()|ml stress tr_tje¢'t(_rie.,)|)liqt=e t() a shear l'auit will also i)e affected by the i()c.l
i.h(_m,)ge.eity. A_ sh_)w, i)y A.ders=m (1942), where shear creates l()cal tensi(), ah)ng the



l'a!llt, tra]e(.tl)rie, will re.rient l,_ trend ,._rm.I lid the t'.ull, _l. with _i ,l_rm_ll I'_tllll. 114)w_,,._l,r,
where the shear l're.te, c_..l)re..i()n .h,ni_ the i'.ult, tilt, reKi_)mll I r_LjeL'l_rit,,will r_._rient ti_
heeon)e p.rrllel ti_ the l'J_mlt,Su('h . m_('h_ini,m l)r_)h.hly exl)hlin, thl, vllril.i, l_aitlern_ _I'
.e('ondary fra('turinK in the An'he. N.ti()n_tl Mi)nument |tr(,(I (tt,.L'rit)_,(t h v l)_'er (19HH);
h)_'ally the .eL'ondary t'rlwture, eurvt, it) |)eL't)mt, nt,r,..I t_ It., t)rim_lrv t'r_ldurt,., I.tt
el.ewh_re they _,ur,.,_,l,_ he_'_..e l)_ralh, l.

ii

Bllln

/ _/ ///t
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Ftllture 14, _tre.. tr.jet'tt,rie. (h,ile('ted hy inht)n.)l_eneitie, in .tr.t,t
(fr, m l_lell and I,h_yd, 19H9).

5.4 Local Stress Due to Flexure
Fr,('turinK i, ()lien (,le i)f the e, rlie,l ,lrut, l_lr_ll re_l)l),,e, _t' _l !'t)rlmtlii)ll It) ,ni,t)lrt)t)i_'

.tre..e., _tre..e, m.y t'()nli.ue h) huild de.pile l'r.{'turintl, hi_wever, ,zlz(l the ultimate
ret_D()llHe ill' the ,lrltltt fillip' lie ll|ttllil't,_l 6_ t'l)ht, t_r fl|ult_l. Yl_._xurt, ill|jl(l_e_ !t .el'i)ll(l_lry set ill'
h)ealized .lre_le. till i he hlrlllillil!ll, .lre._e. th.l Ill.y Io('illly t)e qtli!e hiKh _In(t that .l_ty
re.ull in tile devehll)lllenl ill"h)(..I I'rll(.lur_ l_el_ (_lellrnl, l .nd Frie(lllltll|, 19'7_), !1' tire rl)ek.
wilhin the l'_)ldh.ve not l'r.elure(l I)revi{iu.ly, .ever_l .el. !)i' i'r.t'!ttre_ Illtl_' (leveh)l) wilh.
Ke()metri('_lly predict.hie rehllil)li.hit) It) tile lrt_!l(t o1' the t'()hl hel,tlll_e()l' tile tlexur_ll
.tre..e.. H()wever,if reKii.l.I l'r|ll'luret_ tire I)rel_el|l ill ttle hlrnltll iit!i I)rii)r tl_l'l_l(iinK, lhey lll.y
.el lll_ plill|ei_ ()f Wellklle_il .lld llL'l'(lllllltil(illle Ill!rot i_i' the llextlrlll i,llrl!ill l)y relll'tiVlllil)ll. The
.nlluhlr rel.ti(,n.hip helween lhe ellrlv l'rilelLlrt,. (if' .ny), the llex.r.l l'rm'lllre., _ind ihe
.tre..e. imp{).ed by flexure will wiry i'ri,m l)h!('e t()i)hi{'e i,n ihe !i)hl; thu. lhi0 l)ernle.hilily
i)f the l'rll('lure .y.l(,m .rid lhe l)ri_(hi('ihility _I' _i re.errs)Jr will vi_ry 'l'ht, .y.lel|| _)i'.Ire.l_l).,
r.di_il fr.('ture., .n(l reKil,n.l fr_lelUre, ill (,h.lk. i)n lhe (l(.._il .!ruettlre {il' lh(, l,',k_,l'i.k Field
i.. flood ex_Iml)le {)f thi. inler_lelil)ll l'l'eulel _ind l,'_irrell, II)!)())



fl.l$ Effects of Severe Topography
The weight (if the m.s,__t' rl_ck l)reHent in u mimntidn range will add =lc(mlt)mwnt_ ,)I' stress

with l)rv(lit'tat)h, uriPnt=ttiim mid magnitude t(_the r_,gi(ma]Ntrcs__ystPm in actjrc(mt _ir(:asif
the hind is miprtwriistal tind zz_t immt.tictdly c_mzpensah,d. The greater the relief and the

• m_re abrul)l the relief, the grPiitor the .tr,,.. it imp(rues and the deeper it will he .ignit'i('ant.
'l'hi. iihen,mwntm i. lirvm, nt =,t the MWX .it,e, where, t.(ili,_gr.phic- *r_,.. is imi),me,d ,m

the rt,giuiml wt,.t, n_rt hwe.t ,_tre... 'l'hP ttvli,_grill)hi,' .try.. (h,rivo. t'rmn tiw 4(XX)t.l_5(XX)l't ,_1'
• relief betwct,n the valh, y tqu_r =,ll(I mlim'vnt highlmid. Im'ilied rally a few =nile=,immediately

to the m_rth and mmth (('l.rk, ItiH:l). Th(, lcqrJgralihic .tre.. ('cmlpml(.nt trend, m)rth_mmth
at the MWX site, tin(| iis Pl't'l,('lis t=_riit.tP the tiitid stress trajPvt(iry a maximiim ul' about 15°
tl_. m¢_revimt-wPst urivnttltiun in the .halluwPr parts ,_i't.hP MWX hulc. (Figur,,. I,_). This
t,i'l'ec! diminishes with (h,pth,

An¢ithvr pri_bat)h, vx_iml)le ,_1'tiq),igraphic el'l_ct. ¢l('('tirs in reserv,_ir, in the I)()14; and
liarrctt well=,thtit are h_viitPdimmeditliPly I,_the mmth ,)t'the Anvil t)¢_ints(,s('arpment, mirth
ul" the MWX sit(,, Th(, t'ra('ture, in the_P r(mervitir, fi)rmvd _=tthe .ame time. as those at the
MWX site mid therefi)re trend wvst_nurthwest..vet them, wt,ll. resl)mlded fiw()rably to
hydraulic stimulation l'ravturP., whereas the MWX wells, Fur the mimt part, (lid not. At
MWX, the prinvilml hi_riz,mtai in .itt= .trP.. trends mmrly piiriillel to the fractures; thus the
.timulatiun t'ravture. (lid nut interm,ct many mittirnl i'racttires. Near the em'arl)munt,
hi_w(,vPr,th,, .Ulleriml)_med t,q)_graphic .Jr,,.. i..tr=mg and i. inferred t_ Imv,, ri_tated th(,
trend _tf the maximum c_mlpres.ive stress mifficiently t=l direct the hydr.ttlic stimulatiim
i'r.cture_ tr.nsverm, t¢_the mlttir=d-fracttire permeability trend. Data from (me of the Barrett
well. _tigge_t_,t|mt the _,trem,es are r,,t,ated 20° 40° from Lhlltrf,,und at MWX.

A _'=ih'tilatiun ,_t' the .trt, s.e. (Itw tit tiil)iigriiphy can tie simply made (. finite element
m,lutiun will |)e m_,rv accurate, but =tim,much m,_re difficult) using the same stress m_luti(ms
as f()r the t hriml_inihwed stre._ tr_tje('t(_rie, given earlier. (;ires the milutii)ns (.JacKerand
('l.tk, lilT6) fiir r ('ilitst_lnt distributt, d hind,

_= X/_r(tti t/= i sin(#l 0=) t #=)l,.mt

=ln(t thimP l'l_r _t linearly ini'r_,..ing hind (Figure 16),

,,, (X/2,r)illt(y/.)l(#= /il i4Jil2iJil,
,,_ (X/2_r){ll i (Yl,)ltt/i tJi) t _ill2!li (xliiilnllrl/ri)ll}, iiii(t

r=v (llt2_ritl (X/tl)(tt I l/l) Ctls2t/l),

tht, t_lTi'i'll_ lit' lniiliy tYlit,l,i lit' llilitigriililiiPl_ ¢'iin tie llili(tt_lP(l,

An t, xiinll)lt, i'ilh'ilhilhin (l_'iglirP 17i i_ _tll_wil l'ltr Anvil I_liiilt._ ill lkl, vicinity _lt'MWX tlli(|
thl, Ihirrl, ll wvll_ (_l, t0iilmt Allltl, ndix 14), il_iilg _ilrl,m_(htlii I'iir _llriiiii lit ti(tlllt l't (till.ilk lin(I
ii(hling in !hi, vtTi,ci_ _1' lhl, high Anvil I_ltiliti_ nlemi, iho rtrlrivliliiti_in lii' lhe _trtm_ t'h._ldwire
t'ilh'lihllt,(t ill ii I'lili('ii(_ii lil' l|ii, illlglt' ii|' l|W IIlt!NIt l!i_l'iirlinienl ri_htlive lti ltie nilixinitinl
t_riiirititil _I ri,,_!, wilii till, iti,_liiil('t, t'rlilli ltlt, t,l_t'ilrli!ni, lii ill4ii liliriililett, r. li l'illi lip ('hmrly i_eell
lhitl the, liqtligrtlllhY t'tin _igliil'il,iililly rt,l_ril,lii tht+ _irt,_ i'h,hl, t,vi_n ill ii (til41iilil'e ill' t.kree

" Ililhtt_ '
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EFFECT OF TOPOGRAPHY ON STRESS AZIMUTH
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Figure 17. ('ah'_ulated stress reorientati()n due t_)a mesa and em'arp-
merit asa function of the angle of the escarpment relalive t¢)the far-field
maximum stress orientation. A high mesa can significantly reorient the
stress f'iold.

5.6 Relaxation of Stresses
When a confining stress is removed fr()m strata, as during uplil't, erosion, or regional

change of tech,nic regime t_)extension, the response (,f the strata varies according to the
petrophysical prc,perties and history of the rock. S,,me rocks, such as sandstones, commonly
display a remnant, locked-in stress even after all external c(mfining stress is removed. This
stress originates when the c,,mp,,nent grains of the r_)ckarc cemented t¢,gether I)ydiagenesis
while they are elastically deformed by external stress. Some of the elastic deformati,n of each
grain may be "locked in" by cementati(m, such that when the external stress t)tasuch a rock
is released, the cementation prevents the relaxation (,i' this strain, which sets up secondary,
internal stresses in the rock between the grains and the cement ((;allagher et al., 1974;
Rathore et al., 1989).

if the grains were originally (let'ornwd anis,,tr(,picaily, the remnant/h)rk(,d in stress will
t,e anis,)tr,)pic. This internal stress will, in fact, hehave similarly t,, an active tectt,nic stress
in affecting the behavior (,f hydraulic fractures {,rstress-sensitive reservoirs (Figur_ 7). 'l'htls
a reservoir may t,e located in a currently inactive tetrl.{mic area, yet may disl,lay anisotrol)i('

• stressbehavior.
Stress-release t'racturing is another eflbct of h,¢ked.itl stress. 11'external ¢{mt'ining stress

is released, the strength {,f the locked-in elastic stresses may be sufficient It) hreak the rock,
• producing fractures that trend m,rmal to the maximum c(mt'ining stress at the time the stress

was locked in. 11'fractures parallel t,o that stress had als, tk)rmed pri()r to stress release, a
reticulate fracture pattern may develop. This is a ¢(mlm(,n (,¢currence in surfi('ial rocks where
stresses are released (luring quarrying activities and where l)referre(i ¢leavagt, directit,ns art,
apparent in r(wk with(Jttt visible fabric, It also) is pr{,hal;ly resl){msih!e for the i'ormati{m c)l'

29



many of the short, orthogonal, connecting fractures between throughgoing fractures in strata
exposed by erosion at the surface.

In the Piceance basin, the F 4 fracture set mapped by Verbeek and Gr()ut (198"]) may have
such an origin. These fractures maintain an abutting and orthogonal relationship to a

radiating, regional (F_) fracture set. A related phenomenon is documented in core from the
S 'MWX site in the numerous Anelastic _ tram Recovery (ASR) measurements made. When

rock samples were released from the confining stress at depth during coring, some of the
locked-in stress was relieved by the development of microcracks oriented normal to the in
situ maximum horizontal compressive stress. Microcrack development over the course of
several hours was measured as microstrains on strain gauges (Warpinski and Teufel, 1989).

Stress-release fractures would not be expected to be present in the subsurface in most
instances, as significant stress release at depth is not common. Therefore such fractures
mapped on outcrops should not be extrapolated indiscriminantiy into reservoirs at depth.

If stress is not locked in (poor cementation or no cementation at all), the rocks would
relax elastically, and no fracturing would be expected on stress release. Alternatively, if the
components of the rock are ductile, remnant locked-in stress anisotropy would not be
possible, and stress-release fracturing would not occur.

The ductility of some strata, notably of clay-rich shales, commonly allows much of the
stress in a rock to dissipate over time and distance when the stress is removed, or even under
conditions of constant stress. Ductile strata typically are not fractured. Many "shales"
contain fractures, commonly those with high percentages of carbonate and/or silica compo-
nents, and not all "shales" are ductile. Moreover, high pore pressure may make otherwise
ductile strata relatively brittle; shales with a high organic content may, under conditions of
organic maturation and high local pore pressure, become more susceptible to fracturing than
adjacent strata that would be more brittle under atmospheric conditions.

Some of these phenomena are illustrated at the MWX site by measurements of the
different in situ stresses in the shales and sandstones of the Mesaverde Formation. The

minimum stress in the shales has relaxed since the last tectonic stress episode and now is (1)
horizontally isotropic and (2) has a magnitude which reflects only the weight of the
overburden strata (Warpinski et al., 1985, Warpinski and Teufel, 1989). The horizontal
stresses in the sandstones, however, are anisotropic. They are less than that which would be
generated by the weight of the averburden because of a degree of strength inherent in the
sandstone rock structure that helps to support this weight. Since the surrounding shales are
horizontally isotropic, they are not presently transmitting a horizontal tectonic stress.
However, they must have transmitted enough stress at some point in their history to have
caused the sandstones to fracture. Therefore the stress anisotropy in the sandstone reservoirs
must be a remnant one, transmitted through the shales before they relaxed.

Another example of locked-in stress is documented by McLellan (1988) in describing the
for_deep basin of Alberta. The situation is essentially that found at the MWX site, with
horizontally isotropic, relaxed shales at overburden stress and horizontally anisotropic
stresses in the sandstones. In Alberta, however, the stresses in the sandstones are higher than
the overburden stress, arguing for a significant horizontal tectonic stress during cementation
(which is entirely likely given the adjacent thrust, belt) and/or the er()si()nal removal of a
significant thickness of overburden strata (also likely in this area).

Theoretically, limestones would be less likely than siliciclastic sandst()nes t() retain a
h)cked-in stress because their ductility under high confining pressure and elevated temper-
ature commonly exceeds that ()f shale (e.g., Handin, et al., 1963). Moreover, carbonates are
typically soluble under these conditions, especially when nonunift)rmly stressed, and strain in
limestones may therefi)re also be acct)mmodated through pressure st)lutitm and recrystal-
lization. The ductility of dolt)mite, ht_wever, is nearly as h)w as that ()t' clean, quartzitic
sandstone.

There are gt)t_d examples ()f anisotropic stresses measured in chalk reserv()irs (e.g.,
Ekofisk field), anti many of these r(_cks behave elastically in the lab_ratt_ry ()n a sh(>rt time
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scale. Thus carbonates may exhibit not only the record of an active tectonic stress anisotropy,
but they also seem to have the potential for preserving a remnant stress anisotropy. If so,
stress-release fractures may develop in limestones under the right conditions.

The difference in behavior between an elastic rock, such as a well-cemented sandstone, or
, a more ductile one such as ('.lay-rich shale, probably represents the extremes ()f a spectrum.

Shales have a short relaxation time constant (the MWX shales fit a 5 million year time
constant; Warpinski, 1989), whereas sandstones seem to have vastly longer relaxation time

• constants, probably on the order of tens to hundreds of millions of years. Accordingly,
sandstones are essentially elastic during the time scales of interest.

Stress may dissipate laterally as it is "diluted" radially from a point source and/or as it is
accommodated by strain in the rocks. This is not a stress release, but it may limit the size of
all area that is subject to sufficient stress to cause fracturing.

6. Analysis: Reconstructing the Stress/Fracture
History of a Basin

In reconstructing the tectonic history and ultimately the stress/fracture history of a
potentially fractured reservoir, it is necessary to be able to read the fossilized record of stress
in the r()cks, it is also useful to be able to measure the present-day in situ stresses. Such stress
records may include but are not limited to the kinematic indicators used by structural
geologists. Many stress records do not record actual motion of the rocks, only the orientation
of the contemporaneous stress.

St)me measurement techniques can be used to calculate present-day stress magnitudes,
but there are few if any reliable ways to measure paleostress magnitudes.

6.1 Paleostress Indicators
Paler)stress records range in size from microscopic crystal defl)rmation to the trends of

mountain ranges. The reliability ()f each indicator ('an vary with local circumstances, and
each should be evaluated acc()rdingly. A suite of mutually supporting indicators of different
categories and magnitudes offers the most reliable evidence. Such a suite has been
documented within the Piceance basin (Figure 18), and this will be used as the primary
example in the discussions below.

6.1.1 Microscopic Indicators
Calcite is subject to crystallographic twinning when stressed anisotropically. This

produces characteristic deformation lamellae that can (laboriously) be measured in thin
section with a petrt)graphic micr_)sct)pe and universal stage in order to determine the stress
orientation (e.g., Grosht)ng et al., 1984; Teufel, 1980). Several samples of calcite cement in
sandst()ne or)re fr(,m the MWX wells were analyzed in this manner, yielding maximum
horizontal paleostress orientations ()f northwest to west-northwest.

Quartz also deforms under stress, but instead of twinning, crystallographic shear planes
are produced (Mcl,aren et al., 1970). These shear planes can also be measured under the
microscope and analyzed t'()r the maximum compressive stress. Dula (1981) analyzed quartz
defi_rmatit)n planes in the White River Uplift (the mountainous l,aramide uplift just east of
the Piceance Basin), concluding that the recorded maximum paleostress was horizontal and
that it trended west-n()rthwest.

These measurements of the pale()stress in the vicinity ()f the MWX site are consistent and
suggest that the horizontal stress It)tally exceeded the vertical, overl)urden stress. This fits

" well with the (;()ncept of the White River Uplift as a thick-skinned, overthrust indenter into
the basin. The directi()n _)f thrusting indicated by the crystallt)graphic evidence is west-
northwest, which fits with evidence from the micrt)scale c()nfiguration of the (_rand Hogback
(the t)()undary hetween the t)asin and the uplift). This will be discussed below.





Stress domains may vary rapidly both laterally and vertically, and isolated microscopic
stress indicators should n{)t be relied on for the reconstructi{m of stress traject{)ries across
entire basins. Nevertheless. they do offer important information oil stresses at h)cal sites and
corroborating evidence fi)r more regional stress history reconstructions. For calcite twin

. lamellae, estimates of the differential stress at the time of formation can be made, and a
threshold of at least 100 bars must be achieved before twins are formed (Jamison and Spang,
1976). However, the actual stress magnitudes cannot be derived.

6.1.2 Mesoscoptc Indicators
The intermediate scale of stress records includes most of what are usually measured as

"kinematic indicators" (e,g,, slickensides, veins/gashes, conjugate shears, etc., e,g., Arthaud
and Choukroune, 1973) by structural geologists when reconstructing the relative motion
between great masses of rock, However, since relatively few hydrocarbon reservoirs are
located under mt_untain ranges, we will concentrate here on the more subtle indicators that
(wcur in less.deformed, sedimentary strata, i,e., vertical extension fractures. (See also
Appendices A, B.)

Vertical extension fractures are present in almost all sedimentary strata, despite the
absence of other evidence of deformation. Such fractures form as a result of horizontal stress
anisotropy in the strata acting on rocks that fail in a brittle mode despite high confining
stresses; pore pressure partially negates the confining stresses, creating brittle strata. Stress
anisotropy not only creates fractures, but it also dictates fracture orientation and maintains
fracture aperture. Extension fractures will be oriented in thv plane of the maximum and
intermediate compressive stresses and will be normal to the least confining stress. Since the
overburden stress is most commonly the maximum stress, most extension fractures are
vertical. Even if one of the horizontal stresses is the maximum stress, extension fractures will
be vertical as long as the overburden stress remains at least the intermediate stress.

Thus vertical extension fractures may be used to determine the orientation of the
horizontal stress anisotropy. Because horizontal stresses will be isotropic in the absence of
tectonic influence, fracture orientations may often be used to infer the presence, type, and
location of tectonic activity at the time of fracturing.

At the MWX site and in the Piceance basin, several sets of fractures have been
documented by numerous authors. (See summary in Lorenz and Finley, 1991.) West-
northwest fracture orientations suggest a west.northwest maximum horizontal compressive
stress in strata throughout most of the basin, These are interpreted to reflect the stresses
derived from the Sevier overthrust belt to the west and locally from the incipient thrusting
()f the White River Uplift.

Several exceptions to this west-northwest trend occur, most notably (1) in fractures that
form an array spreading westward across the basin in the Tertiary strata and (2) in fractures
that are younger than and orthogonal to other fractures, The former are interpreted as having
followed an arcuate stress trajectory formed by the point stress source as the White River
Uplift was thrust into the basin. (See Figures 5 and 9.) The latter are inferred to be
stress-release fractures, as discussed above, formed during uplift and erosion,

Vertical extension fractures may also form where no obvious source of compressional
tectonism exists, or may even be normal to an expected trend if extension in another
directi:)n exceeds that from an obvious but superficial source of compression. An example of
this in the Cretaceous strata of southwestern Wyoming, where asymmetric subsidence in a

" narrow, deep basin produced significant extension transverse to the narrow axis of the basin.
This strain exceeded the extension due to compression from the adjacent thrust belt; thus the
fractures were formed parallel t() the axis of the basin and parallel to the thrust belt (l,aubach

" and l,orenz)(Figure 19).
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Figure 19. Rapid subsidence in a narrow basin that led to asymmetric
stresses and fracturing parallel to the basin axis despite thrust-fault
compression normal to the basin axis: Cretaceous foredeep of the (;reen
River basin, southwestern Wyoming.

6.1,3 Macroscopic Indicators
Large-scale stress records are perhaps the easiest to see and measure, yet are also

potentially the most deceptive. Examples of mesoscopic stress indicators that occur in the
Piceance basin include normal faults and thrust faults, anticlines, graben, and igneous dikes.
There have also been remote-sensing studies of various "lineaments" in the basin, but the
significance of lineaments is highly questionable when their origin is unknown, and they will
not be discussed further here.

The least ambiguous ()f'these indicators are igneous dikes, Several Tertiary dikes have
been mapped in the south-central part of the basin, and others exist in the central basin, all
of which trend east-west. A dike is a natural hydraulic fracture and will be oriented normal
to the least compressive stress; therefore, the maximum horizontal stress in the basin at the
time of intrusion was east-west, The dikes are tip to 5 miles long and reflect a consistent stress
orientation in the strata to a depth .f at least this magnitude. Stress rotation with depth
would be apparent as an en echelon segmenting of the dikes, which does not occur, Thus the
dikes are good paleostress records, and their {_rientation is consistent with other stress
indicators discussed thus far because the strikes {)f extensicm fractures in this part .f the
basin rotate to become east-west or even slightly west-s.uthwest.

Faults must be interpreted more carefully. Ideally, normal faults a.d graben i',rm in
extension normal to the least c.mpressive stress while thrust faults form n.rmal t. the
maximum compressive stress, H()wever, there may be a c()mp()nent()f strike-slip motion in
addition t() the dip.slip m{)tit)n in either type .f fault, The magnitude {)f'this .blique motion
can be considerable and is the result ()f stresses that are not entirely at right angles to) the
fault,plane, A pre-existing weakness in the rock may also dictate the h)cati.n and trend of the
fault, whereupon the stresses .nly activate that weakness, (l()n()t c{mtrol the fault t)rienta-
tit)n, and cannot be directly inferred from fault orientathm,
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N_rmai t'aults and the one graben within the Piceance basin trend primarily northwest,
consistent with the dominant northwest maximum compressive stress suggestedt)y (_ther
indicators, There is some scatter, which probably reflects basement heterogeneity,but no
evidence for strike_slip moli(m has been reported from these faults.

, A major thrust fault is present at the eastern margin of the basin, i'cDrtningthe (_rand
Hogback and creating the White River tJi)lift. Smaller thrusts are huffed below the Divide
Creek and Wolf (_reekAnticlines in the southeasternpart of the basin (Grout et ai,, 1991).

' The edge of the |incompahgre t!plift at the southwesternmargin of the basin may also be
located at a thrust fault, hut this has not been documented.

The smaller, buried thrusts apparently record east-west thrusting. Although they are
complex, they may be interpreted in a relatively straightforward manner once suitable
subsurface/seismic data is available. The (]rand Hogback thrust, hnwever, displays an
ambiguous dogleg in the middle sector that has been interpreted to indicate a thrust event
directed toward the s(,uth or southwest (Perry et al., 1988). Southwest thrusting would be in
addition to (and at a different time from) the eastward-directed thrusting suggested by the
north-south trending segments of the hogback. Strata along the dogleg are rotated more
nearly vertical than strata {m other parts of the hogback, and an {;verhang has been
demonstrated near the center by industry drilling.

Study of this zone is incomplete, but none of the fracture patterns directly south of the
dogleg support l{Jcal north-s{,uth compression. Alternatively, the dogleg may an artifact t,f
basement heterogeneity, and the true structure may be a tear-fault discontinuity in the
north-south thrust that is obscured by blind, eastward-directed thrusting beneath the
Mesc,zoic cover. In any case, the major thrust fault in the Piceance basin is an ambiguous
stress indicator despite its large size and large-scale movement,

Anticlines within the Piceance basin are the least reliable of all of the local stress
indicators. An anticline is typically interpreted as the result of horizontal compression
n{_rmal to its axis, especially where numerous en echelon anticlines are present as in the
Appalachian fold belt. However, most of the examples of antiform strata in the Piceance
basin are out of phase. Most also trend west-northwest, suggestive of a north-northeast
compressive stress that is nearly normal to any other stress record present in the basin. These
"anticlines" seem to have been draped passively over faulted basement blocks. Each block
was uplifted by stresses that were only loosely related to folding c_fthe overlying strata, and
the f,,ld axes were commonly ohlique t,, the stresses that ul)lifted the fault hh,cks. In such
cases, the trend o1'the antif{)rm reflects primarily the heterogeneity t;f the faulted basement,
n{_ta dominant stress orientation.

6.2 Present-Day, In Sltu Stress Indicators
Several techniques can be used to measure the m{,dern in situ stress orientation, and

some also provide a measure of the stress magnitudes. Most of the methods provide only
site-specific infi;rmation.

(?ore anct wellbore analysis were used tc_measure site-specific stresses at the MWX site.
Among the techniques used t,, measure stress fr,,m core samples were Anelastic Strain
Recovery (ASR), l)ifferential Strain ('.urve Analysis (1)S _A), ('.ircumferential Veh,city
Anis,,tropy (('.VA) (see Appendix i)), and the measurement of coring.induced petal/petal-
centerline, scribe-line, and disc fractures (see Kulander et al., 1990; l,c_renz et al., 199();
Strickland and Hen, 1980; Teufel, 1983). The first three techniques measure the ()rientation

" of micrc_sccq)icstress_release t'ractures that develot) in the r_)ckn(_rmal to the maximum in
situ horizontal stress when the ('{refining stress is released. (_oring.inctuced fractures form
with a strike (petal, t)etal-centerline, and scribe-line fractures) or plume axis (disc fractures)

" that usually parallels the in situ maximum horiz{mtal stress. All (d' these methods provide
informati{,1 {_nthe maximum horiz{nltal stress directi{m nnly if the core is or can be oriented.

Stress magnitudes may als{_ he ('alculated from the A,R tecimique in ideal cases
(Warpinski and Teufel, 19_;9). Avmther procedure that measures the magnitude of the
minimum in situ stress is the mini-or micr{_-frac technique, where small v{Jlumes c_t"fluid are



injected into the h)rmation t'rtml the welll)t,re while the injecti.n pressure is m.nit_hred
(Warpinski, 1985), Pressure ('(;ntil)ues t(; t)e nmnitored after injection is st,t)l)l)e(t,giving a
measure t)f the stress the f()rtnatit)n exerts on the fluid as the induce(I fracture is f(;rced
closed,

Analysis .f the breakouts in a borehole, using caliper, tmrehoie images, or other downhole
tools will also indicate the local maximum horizontal stress direction (e.g., Fordjor et al.,
19H3;Plumb and Cox, 19H7). A borehole comrmmly becomes elliptical as breakouts develop
preferentially on the borehtde walls that are aligned with the minimum horizontal compres.
sive stress.

Finally, the direction of propagation ,t'a ilydraulic fracture may be monitored seismically
CHart et al., 1984) or by the use of instruments _uch as tiltmeters. The direction of
propagation is controlled by and will parallel the maximum horizontal in situ stress, All t)f
these methods (except tiltmeters) have been used successfully at the MWX site, and they
consistently indicate a west-northwest maximum horizontal compressive stress,

There have been rep.rts of success in determining the local subsurface stress directi.n by
measuring seismic shear wave anisotrchpy (e.g., C'rampin, 1985). In theory, since horizontal
stress anisotropy preferentially holds open those natural microcracks in the rock that are
aligned with the maximum compressive stress, shear waves will be impeded in the direction
transverse to the open rotor,cracks, A unidirectional set. of macrofractures will have the same
effect, whether they are aligned with the present maximum stress ,r not. Although fractures
and stresses are commonly st; aligned, ('are must he taken to be sure that stress is being
measured with this technique and nthtan {ddique t'racture thrientati{m.

Eart.htluake l'oral nte('haltisnls have i)t,en used It) determine the (tirecti{m oi' stress
orientations in larg[, tect{;ni('ally active areas (I,iang and Wyss, 1991), Although such
measurements are valid, they ¢{m_m,nly measure the stresses at much greater depths than
re.st reserv{;irs, and they ar{, m;t sensitive t() the l,¢l,I variations in stress thai structures and
t{q){hgraphycan cause,

in the Piceam',e basin, the ,rientati{m .f the stress field has been successfully measured
tit several sites, The orient,ati{hn ,f the stress field at MWX CFigure 20) hits been measured
using several te('hni(lues, all (;t'them sh()wing a stress orientatithn that is slightly m)rth ot' west
with a I){hssil)ler{_tati{mwith depth, Measurements fart lzer mhrtil (I]redehoet't el at,, 1976)
showed a similar stress t;rientati{m (Figure I H),as did vehwity anis{;trol)y nzeasurements ,n
a Fueh'{J well aJ)t)ut l.r; mi It, the sthuthwest t;t' MWX. The only data in disagreement are
vehhcity-anis(htr{)t)y and ('(;ring-imlure(I fracture results I'rtmt the Barrett MV8-4 well in
(_rand Valley. |[{Jwcver, this well is under the severe tOl){;graphy of Anvil Pthints and
I)r{d)ahly sufl_,rs a r{htati{hndue t. the additithnal h;ad.

ASi{ results at the MANNsite suggest that differences in the tw{Jhorizontal stresses in thei
Mesaverde vary from ah{hut 6()() 1200 psi, depending upon the depth and the z{me.

0,3 Pore Pressure
One cht'the maj{)r uncertainties in reconstructing the l'racture history of a basin is the

t'racture susceptibility .f the strata through time, This is largely dependant on format|era
p_hre i)ressure, tht)ugh other l'a{'tors such as ('hanging rock properties Ca function ot'
¢ementati.n, (',mpaction, diagenesis, et¢,) are als, important. Pore pressure will change as
the organic material in a f(;rnmti,n matures and t)r(hdu('es gas, as J)urial/coml)action ratios
ev(dve, as the strata are c{;mt)ressed laterally hy tectonism, and/or as temperature gradients
change. Ite('onstrtwti{m ,f pore pressure histories is diMcult, Uncertainties include the gross
estimates that must t)e made {)t',rganir v.lumes ¢',ntained hy formations and the percent-
ages of the gasses I)ro(iut'ed that may have heen h;st {)radsorbed.

Nevertheless, geohDgicallyrtq|sthnal)le estimates can .ften I)e made at least ()1'the prol)al)le
timing of elevated I){hrepressures, il' ntht (;t'their lnagnittlde, and (;t' h(;w the l)resstlre hist{hry
interacted with the te('t()ni¢/stress histthryof a t'{hrmati{m,_u(!|l estimates were ma(le l'(_r (.he

Piceant'e !)asin at (.he MWX site, where it can t)e dem(mstrated that elevate(i I)ressur(,
pr{)du(ed'_ he. gas generati{hn in the t'{)rmation (,_l)(,nc.er, 19S7) ('oim'ided wilh Pllhan('ed
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tectonic compression t_)create natural fractures (Lorenz and Finley, 1991), An imp.rtant
piece of corroborative data for this interpretati_m came from fluid.inclusion analyses, which
provided a. indication t)f the in situ temperatures and pressures during fracturing°
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• . Figure 20. Orientation of the stress field at MWX based on
Anelastic Strain Recovery (ASR) data in three wells, Differen-
tial Strain Curve Analysis (DSCA) ()n selected samples, an
open.hole hydraulic fracture (impression packer), and four
hydraulic fracture experiments where borehole seismic instru-
mentation was used to map the fracture azimuth.
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6.4 Summary
l'ale.stre., indirat.r..h(_u!(l he tl_ed ill e,mjunt'ti,m wilh t(,¢'t,.liv ret',.l.lrtwti(_ll, t,)

¢'reate a c.nceptual .tre...hi.tl)ry m,)del .f the .trata i. qlle.ti,_n. An inti, Kr.ted numeriv.I
m(_del i. within the capabilities c_rvm.iluter pr.Kr.m. (e.K., Warpin.ki, ItlHg), t.lt i...ly ..

* !' I Qacrt4rate a. the 14e(fl_qiicdata .vailnt)le, Any .t.dei mti.t u.e .r _.rrt( t v i)redirt the ,ne,z.ured
pale()-atre., indicat()r, and the km)wn pre.ent day .tre..e... kt._wn tie I.finI..

A tect.ntc and .Ire.. hist()ry m.del was v.nstruvted f_r the Mi_.aver¢le .Irat_t t|l the
e

MWX .iCe (I.,irenz, 19H5;Warpin.ki. 19H9; l,.renz and F,nley, 1991) th.I inL.(mrl.)r.te, mcD.t
()f the fact.r, di.('u..ed ah.ve. The prinvipal v.mp.nent. _if the m.del i.vl.d(, (I). v.rve
depictinK the depth ()f hurial relative h) the chanKinK*eh,v.ti¢.l land .tirf.ve lhr,.iKh time
(FiKure 21), (2) an analy.i. (d' the timi.K and llr(dl=ihle eiTe(,t,t(_f the:different te('tcmi(' event.
in and ar,lund the h..in (reKi¢.t.l uplift, w)lvani.m, ha.in_marKin thru.tinK, el('.), (:l) .
¢_().¢eptual m()del .f the p(Dre pre..ure in the rc)rmati.n thrm,Kh time, (4) hn.ement
heter.I;eneitie., (5) empirical eviden_'e .t' the nat ur.I fra(_ture vh.rarteri.tiv..nd (li.trihut i..
thr¢lul{hout the ha.in, and (6) mea..rement_ .f th_ m,x|ern in .itu ,tre,,e,.
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FtKure 2 l, 'rime/l_urial_(tel)th/_tlrl'.ve_elev.ti(.I (li.Kr.m i'_)rtht, .tr.t.
.t the MWX .ice in tho I)i('elin(,e I)..in,

'l'he.e data and the .ynthe.i..Ul_l_e.t that nat.ral fra(_t.ring _)('('tzrre(l(I.ri.l_ a time (d'
elevated p,)re i)re..ure, at maximum delltt_ .t' t!urial, and _z.der (',.l(titi().. _,f e.h.n_'t,(I
c(!mpre..ive .ire.. clue t() ha.in-m.rgin tee,t().|(, v()ml)re..i()n ttl)()ut :|(l 4t) milli,)n year. aK(),
_ignific_antly, the .hale. that .urr(.zn(t the .an(t.t(_ne. art; in. relaxed .t.te a.(t refh,('t the
()verhurden .Ire... Theref=)re, the pre.ent .tre..e. in the re.erv_)ir ...(t.t,)ne. mu.t i)e
h)cked_in/remnant .tre..e. |!e('._.e n_)hl)riz_:.t.l tet't()ni¢' ¢'()ml)re..i()|l i. t)ei.t_ tr.n.mitte(t
t() the .and.t()ne. thr()uKh the .hale., The m.ximum h_)riz_)ntal .trt,..t,. (h(_tt_ l).h'() ..(I
pre.ent) (.all.oct frac,turinK and .re therel'_)re tl.r.llel t()the imtur.I t'r.vttire.. Avvi,r(ti.Kly,
m().t _)t' the t'rac.ture. ('_)mpri.e..inKle, we.t_i.)rtl_we.t tre.(ti.g, regi,)..l .el. tl()wt.ver, t t_e
I()('al hiKh_reliet' t¢)p()gr.I)hy may r,)t.te the I)re.eni .h.ll()w .trt,.. _ri(,.t.Ii_).. hy I()° 15°.
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7. Prediction of Fracture and Stress Orientations in
a Basin and at a Well Site

The iih.ve triter(it cttii tie ti.i,d t,_ illfi, r t)lile(_il.(i iire.e.t .ire.. I).tter.. i. ,l till.i...d
. thu. ti) predict (I) the t)(,i,,iltilil t'q,rfrncttiriili! ill li Kiveit .el ()Fre.ervqiir .trntil n.(t (2) the

l)rn|)nhle relative (,ri(.taii, .. f l rmttlre, tm(t th( t..ilu .tre..t,. With thi. i.GDrmntiim the
et'i'e('t, tif lh(, .tre..e. iiii re.i, rv,_i- deii,,'erlihilitv m.y he illrerre(i,

A. with .ny l)re(ticii .I. tht i.rKer tht data h..e the t. tler the t)redicti(). M()re.ver
¢)ilce . well i_ drill¢,(i hil.t,d ,)il l)rl,(licti(,,I., ,lew (hit. i)ec(,illv ilviiihtt)h,, llll(lwiilK fiir the
ini.reiilenttll refiiiemeilt (,,r .,.ill, lime. th¢.¢trli.tiv mlidit'icati,.1)i)f nriKi.ill predit'ti(in, until
the t)re(|ivti,,n vveiltuilllv mlitch(,, rt..lity wheti till I'ilcti,r. tire kn,,w.. The Kiiitl, ill ¢,(lur.e, i.
t() m.ke it. ticcurltte, liredicli(,tl ii. l.)..ihl,. ,i. early .. I)()..ihle. t;.fi_rtuiziltely, time tl.d
m()iiey (ffteil dictilte thlit the ill(tint l)redicti., will tm h..ed (,1in limited (hit..et. (;ire. the
v.ml)lexity i)f Kei_hJKic.y.iem., which u,u.lly c..tni, hid(h,, i_ct(Dr, that are revealed _mly
.t in(q)p_rtulie time., ()lie .h_,.l(t t)e prepared tn tn(_ify liredicti_.l.,

A .timrilliry li.t _if'the (tilt. (te.ir.t)le fiJr pre(lictiriK .tre..e. tuld fr.vture, ill the A_iieriv
|lil.i.i. !!ivy. i. 'ra|)!e 1. 'rhi. i. ,l .ht)rl table, I.lt, it. l_h(,wll iltxive, em'h t,ateKiiry ildmii..
llUm/,ri,tl# p(._.i|lle .cJurc(,. ,X (iatii lii|(l ('(ilitiliiiil. ritlnleriill, l)(Jtentiitl ilmtiiAuitie.,

Table 1. Information for Predict(nil
Subiiurfaee Rtreiiii and Fracture
Pattt_rni, at a Well Rite

I're.,,il! retiit.ltil _!re.. i)rielliilti_iil.
Pre.eilt relliniliil .ire.. milliilituit#,
_ilrt'il('v i_rlil'lilrt , lliillt, rliii
'l'iilit,,_llt, liih hitil_ry tbl the .lriiiti
llt_Ki()illil i_lrllclurlil liitllerll, iiil(I liiliiilK
I,'nrllliiii;Jn lirt_i_.url,l_, liii.l .nit liri..t, nl
T(tl)tiKrlilihiv lirlffile, lit" the .lie

-. - _ ;_< .. {+ , - 7 < _ _ ..... "

Theri, tire tw()lilirttlll, l .ludie. thtii niil.l til,, It(ill|i, iuld the. iilteKrttteit ill (lriler In
ree_ili.lrul,! l.he I'rttl'iiirtntl i,viqii, lin(t ll_ I)reilici frlil'ltlre ()tie.tilth)(l, ()lll_ ill lit e.tlmilte the
t'rlit,illrl, _lli.,tl'elilihilily tit' lhi, .irliili thri)llKti lime, iillll the (_tker i. t(_ rel,iinltrui't the
ttlLni_i_t.iiniiiitriiliy Itet, tiiiiic) hi.t_,rs, _1 ltit, hit.ill. Till(i, int_rvlil, where hiKh .u.celitltltlity
ctfinci(te, witk hiilh lini.iilr_itiy life the iliiiiil likely lime. _f frili'ltlriliK, lill(I the .ire..
_rit, illiitii)ll, lil the.t, Iillie_t will vl.iir()l t'riii'llirt, Ire(ill.,

A iltillleri('til exlimlllt, ,,l' !hi. iil)l)riiiii'h hiit_ heeil v_til_itrui.'tt#(I l'ii¢ the I)h'eliline hii.h!
(!/Vlirtihl.ki, 191,tf)),_irt._.l_,l_ wert. clih'lihitred lhrtiullh lime hli.ed till Ile(lhitlil' e.timilLe. (if
l',iillll,lrelllivl, ieeiiinil, tilrl,.l_ ill!It Ih,lith (_1'tiuriill (I,'iKIIrt_ 22), ltli(t l'rtii, llire .u.cl_lititiiliiy wn.
l,lllcuhited hti.ed ltll vliryiiltl ri.'k llriillvrlh_. Ill.rived t'rllm I!i;(thtl![i' e.Limiitetl (if the llilre
I)rel,i_tllrv, lt_inlil,_rliltire, iinlt (liiiili, nei_Jtiki.l(_rie.i, Ill lhi..tilily, the Iikelik(.id (X l'riii.iurl_ wtiit
t)li.ed tin tt ,,linlliiiri.iln lit' the .I rl,.. citilltiiii_ii, with il hihiirliiitry-ilerived t'liihire t#ilveltip# flit
l_linltile,t. (it' the ri,i_erv(iir .iill(lt_liilil, i_ (l,'iKilri, 7:1l, ('lil('ulliie(l eli(l-ret!uli xtre.i_el_eiirreltitt#d

. he.t with tiitii_e ineli_tilri,(| in iht, .lriitli wht'll il vim't)-elli.tie llili(tel ill' the .triitil wiitl Iltlt!(|.

An tilli_rlililive, eililliri('til, liil(t ('(_liili!enieillliry iillltruiii'ti It! ni(iill#lJnlt the .lime tit(tin Ji_
lire.eilte(I tiy I,(treii#. lind I_'iiill,$_ lit.(!ill. Ill thi. lintily.i, it with nntell ihtil (tie timiiiK (it'

" InaxJnlllni ('(llnlirel, il_jiill diit, 1.,_Iltli,iiil ilitlrl_lil thrlll,tlJnK c,)in('idl+d with lnlixlnlilrn hurhil .lid
with niiixilntlnl itrltilii(' niiililrtiliiili tltlt;rlJl'!iri, with niiixinliini l'tirnltllilin liilri_ lire..uret.
'l'hert;f()re, niitxJiiiilln l'rli(,lilri, ._i.c(,i)lihililv w,i. i'iililiqnl)(iriint#iill_i with nilixinlilni _tlrtiiltt
lilii_l(llr(iliV, iin(l t'rti('luriiiK tiil_ ini+t,rrl,(I ll) hi(re li!'l'llrl'i_(l lit (hi. lililt,, 'l'ht, nritilitiiliilll nt' the
i'rlii.tiirl_t_ J_iCiiliilililil)ll, wiitl lhe i'llliiliri,_t_ivt, _ilrt,_i. Irtijecliirit, Mltri)(lli('t,(I tiv ltlrli_tlinX,
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Similar approachesmay he taken to predict fracturing and fracture/stre.s ,)rientati(m.
withml! foreknt,wledgeof the fracture character or ()f the present stre., stale at depth,
However, there will i_ fewer definitive tie ;mints between the m_el and reality, and the
reconstructicm will _ rommen.urately less reliable,

i)

*/.1 Teeton|e 8trees History
" I,The tectonic hist.ry of a basin must flr.t _ under.t(xM. All potential sourcesof

ani.otr;)ptr stre. in the ha.in (asymmetric basin su|midence,thrusting, flexure,
to_)graphy, etc., a. di_uued earlier) must _ identifl_ and mapped, and the

rohahleorientations or trajectoriesof the strauss pr()dueedby eachsource plotted.
ifferentiete between regional .tre.e. and I(_al atren.modifying features.

2. The time intervals during which each stre. was a factor must he determined as
chmelya. possible._trattgraphtc dating and radiometric dating are es_el,tial in this
exercise,but, unfortunately, the two time scalesdo not always coincide, and they
rarely offer the desired precision,

:L The magnitudes of strafes should _ estimated if p_mii)le, Thi. may he approached
iW measuring indentation distances, radii of curvature, amounts of uplift, .r the
amounts .f strain that resul_d fr(;m each source, Use geologic principles and
inventivene_,

4, A time.depth (,urve (e.g,, Figure 21) should he eonhtrtwted h)r the specific' site of
interest. Again, de(in may _ lessprect.e than desirable. M.st time-depth curve, do
not arr()unt h)r lthanmc)re the ()f the strata relative to the landsurface, but_wttlon
more insight may he gained by (.) plotting the strata relative to sea level, which
allows uplift events to) _ seen in context, and (h) plotting the hwal land surface

t 'relative t{, .ca level in .rder to retain a plot of tt)tal t)irlal depth. Moreover, the
thi(.kne.sesi,t' strata removed by erosion should _ estimated and included in the
ph_t,

r_,All pale(.ttress indicator, should t_ identified and i)hJtted along with any ronstrain_
.n their lime ()f{)rigin in map form or even t),1a .erie..f time.slice maps, These maps
may t_ the .ame {)nes on which the structures/stress sources are h._ated, where
r_)rrelatmn.' t)etweenthe two often he(',;meapparent.

ertl(al disr,)ntinutties in stre.sessuch a. depths {)f indentation or_;, N.te p.tential v
ductile stratiKraphir layers,

7. The restlll shtalld he a 4.dimensitmal concept .f stresses in the i)a.in (vertt_'ally,
2_dimensi{ n.l laterally, and time) that is as quantitative as pouihle, This will
r.mmon!y t_ more quanti_-ttive than the geologist is comh)rtat)le with, yet less so
than an engineer would like,

7.2 Calculated Stress History
Stress.strain relatitmshipsG_ra linear_elasttc,homogenet_us,and isotropir material are

wt,ll knt;wn and can he written as

. Ed I do, _(do_ _ do,) _,Ed'l'
Kdtv _ d% ......,(do, _. do,) ,,r.u,""'"

' f,)r the horiz(mtal direvtion., where E is Yt)unl{'s tn{Mulus, _ is Pt)is.{m'. ratio, ,_ is the
c_ffi(,ient .!'thermal expansi()n, d, is a differential strain, d. is an effective differential
stress and i in a diih, rentlal temperature (hange, The stresses, straills, and temperature are
writ(tin as differentials because they will need to be integrated later t() acc.unt for changes
in material I)r.t)erti(,., In additi(m,, will always den,;te an effective stress. AI.(_,compressi{m
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J, I_:r. ,,l_:ty ,_l_:(t'l'
"' .... ,," _ i ';_* ,_ _ I

J, l_]cy ,,_:¢, ,_1':(1'1'
% .......i_,," _ i3_,;_ _ i i;;__ _i.......,,

(I, .....(PK • _)l),

with the obvious implicatio|l that the slresse. _l[depth can be cah_ulatedat any time if' the
properties,strain., pressure,and teml.,rnture are kn(Dwn,There are many limitations t,()thi.
approach(Voight, 1974; l)rat,;, 19HI),_lnd the.e equations will not t)r()vide n('curate stress
calculations for mostal)l)l!,,ations, The strains areassumed t() t)e tectoni(' or geom(,trica.d
are applied at the edge ,X the basin.

In general, rocks in a sedimentary basin have time-varying properties: strains, temper._
ture, _nd t)(Drepressure,wi_.h"locked*in" _)r _..mul_tive stresses.The s(dt|ti(m m)wrequiresan
integrati()n .s

, .1., f/, ,, d[(,,K _)1)] f(, I_: d,,,, .....dt (l__ _i ,,_dt (itt I

ftt' P_: (|(Y ftt' .¥_: (''i', I ,,_,lt(It _ , _ ,,dr tit
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The overl)urdell stress is tlsStlllled t[)illstalltaile()ilsly rellect JllV chal|gil!g values alld call
thus always i)e calctllat{,d il' the properties, pore I)resstlre, ltn(t depth are kn()wll at any
iiistall[. The horiz,mtal stresses IIItlSI J)e integrate(i through history to arrive at a reasonahie
estirllate ()t' the h_Driz{_lltal stresses at depth, The integrals have been lakell with respect to
tJnle })ec,qtlse it is always i),)ssJl)le ti)make some sjln|)le assulnl)tit_lls at)out the way properties
and other parameters will vary througll time (asxumillg the l)urial, tectonic, a.d diagenetic
history areknown). Thesee(luatitmscan now |)e usedt(Jinclude the effect of lithil'ication mzd
change, in loadparameters.

A _('_ml}aratdeanalysis can he I)erf.rmed for vis(,m,lasti(_I_ehavior(ff the r.('ks, and the
eqtlatiolls are give. ill Appendix ('. For the viscoelastic case, it is also necessary to estimate
a relaxati()l) time for the r,)cks.It isgenerallyexpectedthat sal|dstoneswill behaveelastically
over reasollai)legeologictime I)erio(ts (.,1()_tmillion years) while shales probai)ly behave
viscoelasticallyover very short time periods __:_t_million years),

An example calculation ik)rthe stress history of three wells ill the t)iceanee hasin (Figtlre
'24)shows that large stress anisotrol)ies are expected at the time (ff maximum burial, hut pore
pressure is also high at, this time. Thus c_mditi,)ns are conducive t,) the h)rmation of regional
fractures, i,,e_ also Appendix C,)

7.3 Fracture-Susceptibility History
I, F_stimate the rate of lithit'i(,ation _f the strata. This will I)e a function of diagenesis,

burial (ctmq)action), cementati{m, el(,., an(t will t)e qualitative since nt; standard or
universal rate exists. I-I{_wever,the more a sediment turns into a rock, the higher the
mcMuh/s it will have, and tile m{)re it will t)e prone to fracture.

2. ('reate a t)()re-I)ressure history l't)rthe strata. 'l'his is another diMcult and qualitative
exercise, htit is imp_rtant I)e(,ause pt)re i)ressure acts to negate c(mt'ini.g presstirc,
and a less confined rock is brittle and t)r(me to)fracture, Organic maturation, rate of
('()mt)acti(m, ease _)f t'()rmati{m dewalering, and lateral compression of strata are all
t'actc)rs t() c(msi(ler, It may als(_ he iml)ortant to note the lateral distributi(ms of
certain l)(_re pressure (t(mlains (i,e., ii' certain parts ()fa I't_rmati(m contain coal,
organic maturation Inay generate, f{,rmation pressures higher than in z(mes without
c_ml).Since pore t)ressure will also contrihute to the total stress of a system, its effects
slu_tild als(_ he (,()nsidere(l when (,_mstructing tiw stress hist_)ry al),,ve.

3. I)etermine thermal and _,verhurden_stress histories. Thermal strains can he very
. high, and a large (!()n|l)()nent ()|' [}lt_lateral stresses comes from the {;vert)urden stress,

ls{)tr{)pi(,stresses i'r,m these tw{_i'act(_rswill a(ht to tile total stress (;t'a system, and
deep l)urial an(ih_r a high ge_)thermal gradient will increase the fracture suscet)tibility

• ()t'strata.
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The result should again be a 4-dimensional concept of lateral and vertical pore press_lre
variation through time, although this will in all probability be more qualitative than the
stress- history model.

SHEAR-STRESS DEVELOPMENT IN THE PICEANCE BASIN
(POTENTIALFORFRACTURING)
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Figure 24. Calculation (_f the shear stress, through time, that would
have developed at three sites in the s(}uthern Piceance basin. Increased
shear stress indicates increased potential for fracturing.

7.4 Integration
The optimum conditi(_,n:; _,,r t'racturing, and thereft_re the most probable times of

fracturing, occur at the intersections of maximum stress anisotropy and maximum fracture
susceptibility. This may not always he the case, for if earlier, less ideal conditions alh)wed
fracturing, subsequent ideal conditions may only reactivate existing fractures. Moreover,
there may be more than one fracturing event in a basin, and fracture sets may be
superimposed Thus the interpretation of fracturing in a basin must be made carefully and
with full knowledge of the ge()h)gical history of the basin.

Regardless of when the fracturing actually occurs, fracture planes should be aligned with
the maximum and intermediate compressive stresses at, the time of fracturing. These
orientations are derived from the stress trajectt)ries created by the combined stress sources
in the basin. Thus the maps of stress sources and of stress indicators provide the basis for
predicting fracture orientati()ns in a given set of strata in a given area. These maps can also
be used to predict the present-day in situ stress orientations (which commonly, but not
always, parallel the pale,)- stress orientation).

Once regional fracture and regional stress orientations are known, the probable details of
specific well sites can be predicted, and specific explt)ratit)n prospects may be generated. The
latter may consist of searching h_r anomalies where the regional stress has been altered due
to local structure or radical topography, providing a mechanism to direct hydraulic
stimulation fractures across the natural fracture trend for enhanced efficiency. They may
also consist ()f areas ,)f the basin where the reconstructed tectonic stresses or fracture
susceptibility ()f the strata were maximized, increasing the likelihood ()f fractured reservoirs.
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Conclusion
The multi-discipline processes described above for assessing the fracture history of a

basin, a specific site within it, and the probable effects (,f the fractures on the reservoir in
question can be summarized in a flow diagram (Figure 25). This figure lists, as the "Fracture

' Analysis To(,lbt,x," the techniques that can be used to measure current stresses and to
reconstruct paleostresaes, as well as the methodologies used to infer probable fracture types
and their effects on a reservoir. Application of as many of these techniques as possible to a

• given problem, although expensive and time consuming, is desirable in order to constrain the
modeling and inferences that follow at the ensuing interpretive-level procedures.

Use of these techniques allows for a scientifically-baaed evaluation of the potential for
fractures to be present in the subsurface, and if present, their probable importance to
permeability and thus to the recovery of hydrocarbons from the reservoirs in the system.
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Figure 25. Yh)w diagram summarizing fracture-assessment _,echniques and their integra-
tion into the procedures described in this paper.
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APPENDIX A
t

Wel!bore Geometries for Optimum Fracture
' Characterization and Drainage

(From: l,orenz, J,C., 19920 paper in West Texas Geological Society Bulletin, v. :_2,p, 5_8),

Abstract
There are two problems that are rarely considered when drilling a deviated well for the

purpose _)fdraining naturally fractured reservoirs: (1) how to intersect enough fractures with
the pih_t hole to accurately characterize the fracture populatiom and (2), does reservoir
heterogeneity limit vertical permeability, despite fractures, such that a horizontal well
provides little benefit in enhanced drainage volume?

The first problem can be addressed with slightly deviated wellbores. A 30-degree
deviation fr_m vertical will enhance the probability of intersecting a vertical fracture in a
35-ft thick reservoir by up to 62_)'!;. The optimum 6200% occurs if the welibore azimuth is
oriented normal to fracture strike. However, even if fracture strike is unknown, there is a
two-thirds chance c_fintersecting at least, half of this percentage with a randomly oriented
wellbore azimuth.

The second problem becomes severe in horizontally laminated reservoirs where fractures
are bounded by bedding and where lateral wellbore lengths are limited due to lease lines or
small reservoir sizes. In these reservoirs, there is a quantifiable advantage to drilling slant
holes with deviaticms of less than 80 degrees. Increases in reservoir heterogeneity increase the
drainage-wdume advantage (_f the sh_rt slant hole over that of the horizontal hole. Thus,
there is still a need f_r sedimentary eharacterizati(m of fractured reservoirs.

Fracture Characterization

The Problem
Vertical t(_near-vertical fractures do not have a high probability of being intersected by

vertical wells. 'rhereft_re, the absence {;f fractures in vertical core does not constrain the
possible {}eeurrence of fractures and fracture-dominated production in a reservoir_ Con-
versely, the presence {}fany fractures in e{}resh{)uld be cause to consider the probability that
the reserw}ir contains significant tYacture p(}r(}sity(}'igure AI).

An example {}fthis pr(}hlem is presented by l,orenz and Hill (1991), where 85 ft of ve-tical
co}refr(}mthe Cc}zzette Sandst(me ((Ipper Cretaee{}us Mesaverde (]roup) at the MWX site,
Garfield ('_(}unty,Cc}h_radc},¢_'{Jntainsn{}fractures. H{}wever,c(}re from the deviated hole at
the same site shows that natural fractures in this reservoir are abundant, with an average

, spacing (_fonly three ft (Figure A2). The fractures in this reservoir create an increase in
permeability (_ftw¢__rders c_l'magnitude, and cause a horizontal permeability anisotropy of
between 1():1and 1()0:1.

" Theref(_re, if the (_bjec'tive_l'a pilt_t well is to characterize natural fractures f_)r the
purp_se _f designing h(_rizontal h(des, the pr(_bability (_f intersecting natural fractures in the
well must t)e enhanced.



Assessing Vertical Fractures with
Verti©ai Holes is Unrewarding
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Figure AI. Relationship between fracture spacing and the probability
of intersecting a fracture with a vertical hole/core.
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Figure A2. Fractures observed in vertical vs deviated core from the
same reservoir at the same site: Cozzette Sandstone Member (Upper
Cretaceous Mesaverde Group), Garfield County, Colorado.

B

One Solution
Relatively small deviations of a wellbore will dramatically increase the chances of fracture

intersection. Whereas vertical core typically spans only four inches of reservoir width, the
width interrogated by a deviated hole is a function of the tangent of the deviation angle and
the reservoir thickness (Figure A:_). For example, a hole deviated by _0 degrees in a 35-ft
thick reservoir samples me)re than 20 ft of the reservoir width, for a lateral-interrogation
advantage over vertical c(_re()f 6200 ,.
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AdvantageOf Deviated WellFor Fr|oture Intereec:tlon
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Figure AS. Advantageof a deviated well for fracture intersection.

The advantageof a 30-degreewellbore can also be viewed in terms of how it would
compare to the optimum samplingallowedby a 90-degree(horizontal) wellbore.Becausethe
horizontal distancesampledis a function of the sine of the deviation angle, the 90-degree
wellboreyields a sampled width of only twice that of the moreeasily drilled and maintained
30-degreewellboreof the same length (Figure A4).

A bonus in coring a deviated hole is that, in many cases, the expense of a core orientation
survey need not be incurred (Lorenz and Hill, 1992). The geometric relationships are such
that if the uphole direction and top-hole side of the core can be determined (usually apparent
if bedding is present and arguably horizontal), the orientation of fractures can be derived
using t_hestandard wellbore survey, which gives wellbore inclination and azimuth (Figure
AS). Moreover, there is commonly less ambiguity in distinguishing between natural and
coring-induced fractures in deviated core. (Note that FiKure 5 shows core from a hole
deviated by _0 degrees, but that the same principle works for deviations between about 20
and 85 degrees).

It has been assumed, until this point, that the deviated wellbore azimuth is oriented
normal to a known fracture trend (strike). However, if the fracture strike is poorly
constrained or even unknown, a deviated wellbore still may offer a considerable advantage
over the vertical wellbore. This is because the planview number of fractures hit, expressed as
a percentage of the optimum of those that would be hit if the wellbore azimuth was exactly
normal t() fractures, is a simple sine function of the angle between fracture strike and
wellb(_re azimuth (Figure A6). The distance normal to fracture strike traversed by the
wellbore is computed by multiplying the horizontal length of the weilbore by the sine of the
angle between ils azimuth and the fracture strike. Thus, as the angle decreases from 90
degrees, the rate of fracture intersection efficiency drops off slowly for the first plus or minus
'J0 degrees, In fact, this efficiency is at least 50% for a sweep of plus or minus 60 degrees,
which encompasses two.thirds of the possible directions of drilling. If fracture orientation is
known, the azimuth of well deviation should be normal to the fractures. If strike is not
known, even a random azimuth is aft to be useful, as shown in Figure A7. Preliminary

' geologic studies can usually narrow the range of uncertainty.
The percentage of fractures hit by a wellbore will be a function of both the angle between

fractures and the wellbore azimuth in the horizontal plane, and the angle of deviation in the
" vertical plane. It can be quite high even where the angular relationships are not optimum. (If

the strata are not horizontal, or the fractures are not vertical, there will be a third geometric
factor to consider.) In ht)rizc)ntal strata with vertical fractures, the fracture intersection
efficiency is the sine ()f the angle between wellbore azimuth and fracture strike, times the sine
of the angle by which the wellbore is deviated from vertical.
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Figure A4. A 30.degree welll_re will hit half as many fractures a. a
h.rizontal hole of the Hme lenKth.

t Uphole
CORE AND FRACTURESFROM A

DEVIATED WELLBORECAN OFTEN BE
ORIENTED WITHOUT AN ORIENTATION SURVEY

Wlllborl Illillintllon 7 _hol. f Ilr;_rli_p%A Nil

Top O! _.-'_"

_..........,_y f ,_

(1i7 ''°'"' ,I
_ louth (WollboroAIImutl "%" _ lirikl _%,NW

Froaturen

louth (Wellbore A|Imuth)

Is

0

Figure A6. Core and fractures from a deviated wellb()re ca, ,ften be
()riented without an orientati(m survey.
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. Flilure A?. Horizontal welllx)re azimuth efficiency (planview)Any
wellboreazimuth drilled within z()neA (within :lOdegreesof normal to
the fracture trend) will enc.unter at least 87'_; of the fracture, that a
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will have at least a _()"i_ fra(,ture-inter.ecti()n efficiency, A randomly
oriented ht)riz(Jntal wellhc)re azimuth will have a tw().third, chance of
having at least a 50";, efficiency,
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Thi. reiati.n.hip i. adva.taKeou, for any deviated weiliH_re. Hit(h I)erre.htKe. ,,r
fra{_tureMare ea.y ti) hit with deviated hide.. Where I'rat'ture.trike iMtlnrertain or unkm,w.,
there i. a. excellent vha.ce t)f i.ter.ertinN, and thu. vharm'terizi._, a large mtmber ,X
fraHure, with deviatedh.le.. Thi. i,. eo.t.effertive appr(meht..htaininx vital i.f.rmati..
t., tile dv.iM. -f J.,ri_tqtt.I well..

I

Drainage Efficiency of Deviated Holes in
Heterogeneous Reservoirs

O.ce a re.ervoir fracture .y.tem has beenrhararterized, produrti.n con.ideratio., may
dictate an .pttmum well}.)re i_eometry,If the fractured re_erv,)tri..tberwiMe h()moKenel)u.,
with unlimited verticaldrainnl(e,inrrea.inl( deviati.n, i'rem,vertk'al arre., moreand me,reel"
the re.ervoir, with n. uniimited_le.gth hori_o.tal wellt.Jre hein!( the m,mtde.lrahle (,h)Mhi,
|9Ht4).However, re.ere.Jr heterot(eneityrommemlyreMtric.t,vertiral commu.irati,m, even in
frart.red .trnta, and drainage effirienry suffer, art'.rdingly,

F,)r a verth'.i well in a h.mt_enemi, hut frartured remervoir,the drainage v.hime i.
limited only by the lateral tJermeahility a.d radlu, of drnin.l(e. FiDr.tmplirity, thi. i.
c.n.idered ..ly i. tw, dime..i.n., and the "area" of drainage ("A") will he u.ed a. the
.tendard ,)f r.ml)ariMon: t.e,. drainaKerr,)m hypothetical re.ervoir, de.rril)od here will t)e
pre.e.ted a. a percentaKeof "A" (FiKureAH), For example,a deviati.n of 45 degree, all.w.
dratnaKefr.m..imilar radium.. either .ida _tfthewell, hut alM,bat'ce"e, theareawithin the
re.t,rv()tr that iNtrnver.ed by thewell, and thedrainageareai. 22r)"; of"A." (Additi...f the
third dimen.io, will _'hanxethe re.all, hy a r(m.tant rig.re that inthe length,)f the drai.axe
rndiu, i. th.t third dime..io., .hmK the .attire] ffarture tram|),

()m.e I).rrier. t. vt,rtit'.l I)ermeahility are in.erred int,) thi. idealized, hypothetk'al
re.err.Jr, theiml)r_,veme.t in (tr.inal(e .rea treated hya deviated holei, dimi.i.hed, t)eraune
there ar_ n.w area. (t'_mll).rtlne.t.I .|),Dye..d hehDwthe wellhorethat .re m) brokere..ily
dr.in_d (F'ieureA,q|,With tw,Dhe(t... 4r_.(tel(re_,h_d,,provide...ly i!;:t'_,dr_linaKe,and with
fir,, ht,d., drni..IO, i.(limi.i_hedt.12t_',.

Increa.i.l_ thewellh.re deviati,._i.rrea.e, drai.ai4e effirienry, the additio. (_1"heddinK
di.v..til=uitie. ,dT.et. thi. advantaKoat a rapid rate (Fito.lreAIO),

[_.f.rtun.tely. re.re .umer.u. i)ermeahility harrier./lithoh)giv di,vontinuitie, al.o (t¢
¢'r_a.,, the effk'ienry .f a h.riz.ntal h.le, A .i.Kle bed hi.evtinx the re,ere.Jr decrea.e, the
immedi.lv drainage hy half If there are five heel,a.d .nly t,.e i. a,'ve..ed hy the horiz,,ntal
h.le, drainage ... l)erce.t _,1""A" .till im,re..e, dramatk'ally with the lengthof h()le i. the
re.t,rv,,ir, t)ut the,area .,,t drai.ed im'rea,e, l'.ur time. a. t'..! (Figure AI 1), If there are 10
he(I,, the .itu.ti.l= i_,th.tmuch w()r,e,

F,_r limil_d-le.l(lh wellh.re, i. hei_,r.14e.e-u, re.ervoir., .lain h.le, ,,rr,,r ...dvantaKe
i. dr.i.al(e are. ,wer h.ri_..tal h.le. (Fil(ure AI_), With five bed,, 4(X)", .f'A" i. arhieved
with. filO*_ft,H,5_,(lel(r_,e.la.l h,d,,.The ._,melenl(th h.riz..tal h(de i. thi. re.erv.ir yield.
,rely ah.ut :i(x)'*, ,,r-A," '1'(,achieve4(X)', with. h.riz.ntal h.le, the h,le mu.t I_ 7fie)Fti..t4,
The m()reheter_Ke.e()u, the re.erv.ir, tilt, hmKera h,)riz.ntal wellh.re mu.t be tedequal the
drainaK_,el'l'ie'it,n('y(;i'..la.tht,le.

e

ii

56



Addltlonlll Drlllnage from Slant Hole
. in Homogeneous Rettervlor

iddlliOnll drttnlgl

Vlrtloll Well: Devilled Well:

Driltnllge = :lrh : A Drainage = :trh _ tin _ h. h
8ti_lrd, or 100%

Pillure AS. Additional volume ca. be dr.i.ed from..la.t h()le i. a
homoKeneotl# reservoir.

1l$% Un(trtktld
Arttl

( (|rh)'(iln"hilhl'N°'ildl))im%of A - ..........t

FIKure AU. Ile.erv()ir heterogeneity redu(,es the adva.tage t)t'a slant
h,,le,

_7



Effeots of Heterogeneity and Degree
of Deviation on Drainage Efflolenoy

moo
h

tOO
1 | | 4 ! tl

Numberof (Preetwecl)lie;de

Figure A 10. Relationship of reservoir het-
erogeneity and wellbore deviation to drsin-
age efficiency,

Reservoir Heterogeneity
[_ ,o I I sine/ Roduoee the Advantages

L sed°/ I, aNe / of a Horizontal Hole.o0.[ ,,"

Li; ,/
i SO0

0 1000 _1000 3000

Lengthof Horizonte;IHole;

r 'Figure A I 1. Relationship ()f rese v()lr heter()ge.eity t() dr.inage
efficien_.y fl)r a horizontal hole,

,58



Drainage Efflclency Per Wellbore Length:
Slant vs Horlzontal

500 -
d

c>o

85 °
,., 400 -- 400% _ 610' Slant/760' Horlz.---*.-

• <
q..

0

300 - "1_. ,2"
I
e
I,.

< 77 °
• 200 - _ 200% _., 210'Slant/360'Horiz.

60"

,_t '_ mimmmmmmmmmmmm,mmmm, mm

C_ 100 ..0 Advantage of Slant Hole
i

o I ....... I... I .,I.. I J I
0 100 200 300 400 500 600 700 800

Length of Hole Wlthln Reservoir

Figure A 12. Comparison of the drainage efficiency per wellbore length
for slant and horizontal wells in a reservoir with five hypothetical
permeability discontinuities. Note that the difference between slant and
horizontal hole efficiency is significantly greater for a ten-bed configura-
tion (boxes).

Conclusions
Slightly deviated pilot holes will significantly increase the chances of intersecting and

characterizing vertical and near-vertical natural fractures, thereby improving the data base
for a horizontal well design. Although initially it may be more costly to deviate a pilot hole,
it _vould be a waste of money to drill a vertical hole that does not intersect fractures if that
is the purpose of the hole.

Slant wellbores should be considered when fractured reservoirs are heterogeneous,
especially where the length of a horizontal lateral is limited due to lease or reservoir size. A
slant well may also offer a greater probability that, given time, the relatively inaccessible
compartments of a reservoir will be drained through lateral permeability restrictions, because
they are commonly more permeable than vertical restrictions.
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APPENDIX B
4*

Measurement and Analysis of Fracture in Core

(From: Lorenz, J.C., and Hill, R.E., 1992, paper in Geological Studies Relevant to
Horizontal Drilling: Examples from kVestern North America, J.W. Schmoker, E.B. Coalson,
and C.A. Brown, eds.; Rocky Mountain Association of Geologists, p. 47-59).

Abstract
Optimum analysis of natural fracture characteristics and distributions in
reservoirs requires conscientious supervision of coring operations, on-site
core processing, careful layout and marking of the core, and detailed
measurement of fracture characteristics. Natural fractures provide infor-
mation on the in situ permeability system, and coring-induced fractures
provide data on the in situ stresses. Fracture data derived from vertical
core should include fracture height, type and location of fracture termi-
nations with respect to lithologic heterogeneity, fracture planarity and
roughness, and distribution with depth. Fractures in oriented core from
either a vertical or a deviated well yield information on dip, dip azimuth,
strike, mineralization, and the orientation of fractures relative to in situ
stresses. Only measurements of fractures in core from a deviated/
horizontal well will provide estimates of fracture spacing and fracture
porosity. These data can be graphed and cross-plotted to yield semi-
quantitative fracture characteristics for reservoir models. Data on the
orientations of fractures relative to each other in unoriented core can be
nearly as useful as the absolute orientations of fractures.

Introduction
Published detailed characterizations of fractures in core are not common, since non-

proprietary data bases that are large enough to allow a reasonable characterization of a 3-D,
in-situ fracture network are rare. When data are available, important parameters have often
been left unmeasured, and analyses often omit important relationships such as fracture
orientations with respect to each other in unoriented core, and fracture distribution with
respect to sedimentary heterogeneity. We offer here a set of descriptions and measurements
()f fractures in cores that illustrate different "nuts and bolts" techniques for relatively
complete measurements of fractures from vertical and deviated wells. We further suggest
how the data derived from these techniques may be analyzed for the characterization of a

" fracture system.
Several prominent references precede this paper: Kulander et. al. (1979, 1990), and

Norman and Garrett (1988) list criteria for making the critical distinction between natural
" fractures and fractures that are artificially induced by the coring and handling processes, and

offer excellent descriptions of the types of fractures in core. Skopec et. al. (1990; in press), and
Nelson et. al. (1987) describe core handling procedures, and the process for correlating
oriented core with an orientation survey. In this paper, wc recommend several additional
steps for pr(_cessing core for fracture analysis.
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Several methods have been offered for converting fracture measurements in vertical core
to fracture spacing (Lerche and Narr, 1986; Aguilera, 1988; Narr, 1991). These techniques
assume a relatively regular fracture distribution in evenly bedded strata, whereas fractures
commonly occur in irregular swarms (e.g., Laubach, 1991), and are irregularly distributed
within heterogeneous reservoirs (Lorenz and Hill, 1991). Other references, such as Van
Golf-Racht (1982), approach fractured reservoirs from the petroleum engineer's point of
view, and build fractured reservoir models around idealized fracture characteristics. More
often than not an engineer can and does take the mere fact that fractures are present,
modified perhaps by data on fracture orientation, to model reservoir production. It may not
be possible to quantify heterogeneous fracture distributions into absolute terms usable by a
reservoir engineer, but a useful, working, semi.quantitative characterization of fractures can
be constructed if enough core is available.

Much of the fracture.characterization problem derives from the fact that core data are
one-dimensional and usually vertical. Moreover, vertical fractures are hard to intersect, and
therefore hard to characterize, with vertical core. However, data from one- dimensional core
can be analyzed, and, within limits, turned into a concept of the three-dimensional fracture
distribution. We present examples of fractures in core from vertical, horizontal, and
moderately deviated wells, that show which types of fracture information and measurements
can and cannot be derived from each type of core, and compare their value for fracture
characterization.

Our most complete example is from the Piceance basin, northwestern Colorado. At this
site, 4200 ft (1280 m) of vertical core containing 275 vertical-extension fractures, 236 ft of
60°.from-vertical core containing 28 fractures, and 115 ft of near-horizontal core containing
37 fractures were taken from the Upper Cretaceous Mesaverde Formation from the U.S.
Department of Energy's MultiweU Experiment (MWX) and Slant Hole Completion Test
(SHCT) wells (Lorenz and Hill, 1991). These projects were designed to assess and develop
technologies for recovery of natural gas from low-permeability reservoirs (Northrop and
Frohne, 1990; Myal and Frohne, 1991). The sandstone reservoirs in this formation at this site
would have sub-microdarcy in situ permeabilities, and would be unproducible, without the
pervasive natural fracture system that is present in the sandstones (Lorenz et. al., 1989). The
fractures at this site are irregularly spaced, unidirectional, regional fractures, created by
basin-wide dilatancy of the strata during horizontal compression rather than by flexure
(Lorenz and Finley, 1991). The abundance of core from wells of different deviations at this
site has allowed a greater degree of subsurface fracture characterization than would normally
be possible, but this example points the way toward analysis of fractures in wells where less
core is available.

Coring, Processing, and Preliminary Measurements

Monitoring Coring Operations
Significant information on core condition and fracture character can be obtained by

on-site monitoring of coring operations. If this is not possible, such information (though
without as much detail), can sometimes be gleaned from the coring engineer's report, the
geolograph, and the mud log. High or erratic torque is often used as evidence of fractured
formations, but may also indicate points of correlation between rubbleized sections of the
core and breaks in the orientation survey record. Abrupt increases in pump pressure or
weight-on-bit may induce fractures in the core, and knowing the exact depths of such
increases may help determine whether an otherwise ambiguous fracture in the core is natural
or induced. At the very least, the depth at which the drill-pipe connections were made during
coring should be noted, as these are often associated with spinoffs in the core and abrupt
scribe rotations, and are therefore useful in determining whether the orientation of a fracture
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in one piece of core can be compared with that in another piece, or whether a discontinuity
exists in the core between them,

Core Processing Procedures
" Core processing can be divided into four different activities: 1) rectlvery, 2) layout,

reassembly, and marking, 3) description and measurement, and 4) packaging. Aspects of the
. procedures for layout, and for recovery and packaging have been discussed by Skopec et el.

(in press) and description and measurement are described by Kulander et el. (1990). We
suggest several additions to these procedures, and emphasize that steps 2 and 3 can and
should be performed, at least in a preliminary fashion, at or near the wellsite. The benefits
of so doing usually outweigh the logistical difficulties of field processing. The cost of a coring
operation begs for maximized data acquisition.

Importance of Field Processing
There is a trend toward the use of liners in core barrels, especially in formations that are

prone to jam the barrel during coring. While this may improve core recovery, it also removes
the geologist one step from the raw data since the geologist usually does not examine the core
until it is shipped to the laboratory and therefore is rarely on site during coring. The locations
of incipient jamming, increased bit weight or revolutions per minute, or other events that can
affect the condition of the core are rarely recorded by on-site personnel.

A significant loss of data also occurs with each successive manipulation of the core, as
pieces of rubble are discarded, pieces of core become inverted, samples (and souvenirs) are
removed, and additional breakage of the core, especially across fractures, occurs. Thus,
logging of core for fractures is increasingly difficult after each handling procedure, and is
especially frustrating if the core has been extensively sampled for other analyses. This is
because all of the core is significant for fracture logging: lengths of unfractured intervals are
important to measurements of fracture spacing, and even rock chips with fracture-face
mineralization in rubble zones yield data on the presence and location of fractures.

When core is slabbed, some of the smaller fractures are often revealed, but the advantage
of waiting to log fractures until after slabbing is usually outweighed by the loss of information
during slabbing. Information is lost due to (1) additional breakage qnd removal of core,
destroying core continuity and decreasing the potential for compai ison of the relative
orientation of fractures, and (2) the significantly smaller volume of rock that is left for
examination in the slabs. However, the logging of fractures in unslabbed core requires that
the entire core surface be carefully inspected.

The location and nature of fracture terminations are also important, but cannot be
determined if critical pieces of core have been lost or sampled. Fracture width cannot be
measured in horizontal core if a core sample with a fracture face tin one end has been
removed. Unfortunately, horizontal core often breaks at fractures, and these end pieces are
commonly the ones taken for samples. Unless stringent operating procedures are followed,
under strict wellsite supervision, core data will be lost. To minimize this, core should be cut
in an unlined, standard core barrel if possible (not likely if the strata are highly fractured) or
else the core from core-barrel liners should be processed in the field before significant data
loss occurs.

Another advantage of field processing is that it allows problems with orientation and
coring equipment to be corrected between core runs. Murphy's Law tends to be especially
applicable to most wellsite operations, and the value of field processing and monitoring
cannot be overemphasized.
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Further checks _,n _rientation quality can he made al'ter the fracture orientatitm (lata
have been c_]]ected_ l"_r eXaml_le, a ph}t _,f fra,'ture strike with depth carl be used t_} (,r_ss
check the {)rientati{_n survey: if fractures have c{)nsistent {}rientations within each el)re run,
but the trend varies from run t(} run, one {)r more {}fthe orientation surveys may be suspect.

#

Core Recovery, Layout, and Marking Procedures
Fracture measurement cannot begin until the core has been removed fr{}m the core barrel,

laid out, the core pieces reassembled as accurately as possible, and the appropriate markings
made fl}r fi)otage, orientation, and uphole directi{}n.

1. Core Recovery: Core damage can be avoided when using a conventional (unlined)
barrel by laying the barrel down (m the wellsite pipe rack and pumping the core out
hydraulically with a high-pressure, low-volume pump. A rubber plug should be
inserted in the barrel to prevent water from contacting the core. Except where the
core is highly fractured and wedges itself in the barrel, it can be slowly pumped out
into numbered trays. This procedure avoids the damage to the core that is commonly
associated with the sledge-hammer/gravity-feed removal method {}nthe rig floor, and
preserves the smaller pieces of core, ah)ng with their orientation, allowing long
intervals of continuously-fit core to be reassembled.

2. Core Layout: Lay{rot and reassembly of the core pieces as much as possible are critical
steps in orienting any core, since the strength of a data set is proportional to the
length of the intervals of continuous fit, Even if core is not oriented, it should be
processed as though it were, because cores can often be oriented after they have been
cut and because the relative orientations ()f fractures to each other are useful.

3. Marking fi}r Orientation: The basic procedures for orienting core have been published
(e.g., Bleakly et. al., 1985; Nelson et. al., 1987; Skopec et. al., 1990). We elaborate here
on the technique f'{}rderiving fracture {}rientati{}ns from oriented core. Oriented core
has three grooves scribed into the c{}resurface as it in cut, with two lines close together
and an isolated line ()n the opposite side {}fthe core. The isolated scribe is called the
Principal Scribe lane (PSI,); its orientati(m relative t() true n(}rth is recorded t}y the
core orientation survey.

Because of the rotation of the bit, the scribe lines commonly drift, clockwise d(}wnhole,
despite the bearing assembly designed t() decouple the inner core barrel from the r{)tation {}f
the outer core barrel. For this reason, a straight, artificial Master Orientation I,ine (the MOI,)
is useful (1) for comparing the relative orientations of features in the core, and (2) as an
oriented reference point (with respect t() the oriented PSI,, and thus to true north) for
calculations of true fracture orientations. The MOt is marked on the core, after the core is
laid out and fit together, as f()lh)ws: at the uphole end of each continuous-fit section (}f core
pieces, the core is rotated so that the I'SI, is at the "top" of the core. A pipe-welder's level
helps t,) positi,,n this line at the exact top. A chalk line in snapped ah)ng the top of the core,
and is then scribed by hand and marked in blue. Red and black lines are marked (,n either
side of the MOt, with the red on the right side of the MOt looking uphole, t(, prevent pieces
,)f core from becoming inverted.

Thus the core is marked with bt,th a rotating PSI, (usually green) and a straight, blue
MOt. The MOt is m,,st useful for comparing relative orientations of fractures within each
continuous-fit interval and fl,r at)s,,lute fracture orientation. The MOI, is re-set to coincide

with the PSI, at each rubble zone, spin,)ff, (,r other core discontinuity. Knowledge (,f where
the connections and bit r,,tati,m-speed changes were made during coring, and the continuity
of the (,rientati,,n survey, can aid in determining whether the PSL and MOt were continuous
through these discontinuities, and whether a feature t,, be oriented correlates t,) an
orientati,,n-survey data p,,int h,cated ab,,ve _,r beh)w the disc,,ntinuity.
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Once the core is marked, the first measurement to make is the angular deviaticm c_fthe
PSL from the MOL with depth. The deviation of the PSI, from the MOI, should correlate
with the changes in magnetic toolface orientation reported by the orientation survey (Bleakly
et. al., 1985, Skopec et. al., 1990). If a significant discrepancy exists between the two, or if the

' PSI, rotates more than 10-15*/ft (so that the common plus-or.minus one-foot depth
correlation uncertainties between core and the survey cause significant orientation uncer-
tainties), then absolute.orientation calculations for fractures may be worthless.

Meamurement of Fracture Dip and Strike
Fracture dip and strike in core can be most accurately measured with an electromagnetic

goniometer, but adequate preliminary results may be obtained with a dime-store protractor,
or, preferably, with a 0-360* annular protractor with an inside diameter equal to the core
diameter. To measure the relative orientation of fractures, the MOL is used as a 0 ° reference
point, with the true azimuth of the MOL added to the measured orientations later to obtain
true fracture orientation.

Dip angle may be approximated with a protractor aligned with the core axis. if the
fracture extends diagonally through the core, dip angle may be also obtained from the arc
tangent of the height of the fracture along the core axis divided by the core diameter.
Apparent dip angle must be corrected for hole deviation in non-vertical wells, which requires
oriented core. Where fractures are not vertical, measuring dip azimuth resolves a possible
180° ambiguity in dip direction that is present if only fracture strike is measured, and which
would mask the difference between a set of parallel inclined fractures, and two sets of
opposite-dipping inclined fractures with the same strike.

The strike of fractures in core can be calculated several ways:

1. In vertical core, obtain the angle from the MOL to each intersection of the fracture
with the core surface (_1 and _2, Figure B1), measured counter-clockwise looking
down-core. If the fracture dips, these angles must be measured at two different
depths along the core axis, and the distance between the measurement points
recorded (Figure B2). With these 5 measurements, the relative strike and dip of the
fracture can be calculated using the equations shown on Figure B2. True strike is
obtained by correcting for deviation of the MOL from the PSL and for the true
orientation of the PSL.

2. For vertical core, the relative fracture strike may also be taken as 90° to the line
estimated normal to the fracture plane and bisecting it midcore, with the position of
that line measured clockwise from the MOL with a protractor. Degrees on the
protractor must increase clockwise looking down-core. (If the fracture dips with

'Orespect to the core axis, strike is 90° to the uppermost or lowermost mtersectl n of
the fracture with the core surface). True fracture orientation is then derived by
adding the MOL and PSL deviation components. Alternately, the PSL can be aligned
directly against its true orientation value on the circular protractor, and the true
orientation of the line 90° to the fracture can be read directly (Figure B3), provided
that the core depth can be accurately correlated to the orientation survey depth.

3. The orientation of a fracture relative to the core axis in deviated core is measured in
the same manner, but the orientation must then be reoriented by means of a
stereonet (e.g., Ragan, 1973), or a computer program. In core from a deviated hole, the
orientation survey gives the position of the PSL in degrees clockwise (looking
downhole) from the "high side" or roof of the hole, not its position relative to true

, north. This position must be geometrically combined with the true azimuth and dip
of the core axis provided by the wellbore survey to provide a 3-D framework for
rec_rientingthe fractures.
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Geometric relationshipsuseful for this processinclude:(]) An originally horizontal
reference plane (pre-coring/in situ orientation) may be demarcated on the core by
bedding if the strata nre horizontally laminated (Figure B4) but otherwise must be
reconstructed from the PSL orientation survey and the wellbore deviation survey.
This plane will cut the deviated core with an apparent angle of dip, measured relative o
to the core axis, equal to the deviation of the well from vertical. (2) The apparent dip
azimuth of this plane (relative to the core axis) will be parallel to the wellbore
azimuth, and the downhole end of the plane terminates on the high side of the core.
(3) The strike of this plane relative to the core axis is the horizontal axis for rotating
the core back to its in sltu position.

4. For a rough, field estimation, fracture orientations in deviated core can be estimated
with a protractor if the core is held in the appropriate in sltu position with sand bags.
The core position is based on the weilbore orientation survey, and bedding or the PSL
orientation. The geometry of this method may be visualized in Figure B4: bedding
and/or the core orientation survey define the top of the core and its uphole direction,
while the wellbore survey provides core.axis dip angle and azimuth,

MOL

i

The |trlke ([3) can be calculated:

/. \
- 1 (_,ln_2 - sin r_1--I

_ =tan _o,,,_i.00t_2 /

View I| lookingdown on core

Figure B1, Schematic of core cross-section, showing the angles to be
measured, and the formula for converting the angles into strike relative to
the MOL, for fractures in vertical core, MOL is the Master Orientation
Line, f] is the strike angle relative to the MOL, c_l and c_2are the angles
between the MOL and the two edges of the fracture on the core surface,
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Dip= 90 - • where

L

d- ooredlamet®randmustbeintheume un!teasL

Dip= 90 - • where r,.-._...al

°.,.o.,........
Figure B2. Diagrams of fractures in core, showing the angles to be
measured between the intersections of a fracture on a c()re surface (c_1
and c_2),and the formula for converting the angles into fracture dip angle
with respect to the core axis fi)r two cases: Case 1' The dip can be
calculated with ,ne strike measurement and the distance from the angle
to the apex of the fracture trace (L) if the fracture exits the core; Case 2:
Dip can be calculated by measuring two angles and the vertical distance
between them (L).
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Figure B3. Schematic ,,f cure cross secti(,n and annular pr,,tractor:
Fracture strike in the co,recan be read directly, i/the orientation survey
is g(,od and i/the scribe rc,tati,,n is minimal, as f,,lh,ws: (I) the principal
scribe-line gro,)ve (PSI.) is aligned on the protract,,r with its true
orientation at that depth, pr(,vided by the orientation survey. ,,I' _;5o, (2)
an imaginary line normal to the midpoint ,,f the fracture at that horizon
is measured at 192°, and (3) true fracture strike is calculated as 90° from
the imaginary line, at 1()2°. Fracture strike can be read from its direct
intersection with the prt)tractor only it' it e×actly bisects the core.

However, if scribe rotation is a significant factor, more precise mea-
surements are obtained as ft)il()ws: zero on the pr()tract,)r is aligned with
the PSL, and relative fracture strike read from the imaginary 90° line to
the fracture; thus 127° minus 9()° equals 37°. The true PSI, orientation is
then added to)the relative strike t_)give true strike: 37° plus (4_° equals
102°. This becomes slightly ('umt)ers()me whenever sums exceed 3t;()°,
and this method requires that the depths of the orientation survey be
correlated exactly with equivalent depths of the core, fi)r which a
PSL-deviation.frc)m.M()l_ diagram must he made (see Skot)ec et al.,
1990), and corot)areal t,()the ()rientati()n-survey deviatit)n.
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Friiolure A
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Figure 64. l)iagram showir,gtwo viewsof fractures in thesamepieceof
('()re, and portraying (I) h.)w a rough, field measurement ()f fracture
orientation may be obtained, and (2) how core from a deviated well may
sometimes be oriented without an orientation survey. The latter tech-
nique requirer that bedding is sufficiently planar and horizontal to
indicate the top of the core, that the uphole direction of the core is known
(an asymmetric scribe shoe is valuable here), and that the wellbore
azimuth and deviation for the co)redinterval are available from a wellbore
survey,

Orienting Unoriented Core
Unoriented core can be oriented after the fact in some cases, by comparing features

indicative ()f the in situ stress orientation that may be present in b_)th the unoriented core
and in _)riented downh()le logs, If an oriented fc)ur.arm caliper log has been run in the h()le,
and if it shows definitive breakouts indicating anisotropic horizontal stresses, the borehole
el()ngation will cc)mmonly trend normal to the strike of stress.controlled, coring.induced
scribe.line, petal, and petal-centerline fractures. If no petal fracture, are present, other
stress.identification techniques may apply. Anelastic Strain Recovery (ASR) or Differential
Strain Curve Analysis (DSCA) measurements must be made on the core immediately after it
is removed from the c()re barrel, but laboratory measurements of acoustic velocity anisotropy
may be made _)ncore years after it was cut (e,g., Strickland and Ran, 1980; Teufel, 1983), All
of these tests are designed to indicate the orientation ()f the principal h()riz()ntal stress, and
thus the core can be oriented relative to the stress directi()ns indicated by breakouts.

" Similarly, features recognized in both core and oriented wellbore-image log. may correlated
and used t()orient core, as discus.ed later,

Paleomagnetic core c)rientation may be u.ed to orient .mall ,egments ()f core where
' fractures ()tour, l()ng after the core has been c_)ilected (Van Al,_tine et. el., 1991), A

disadvantage is that numerotls plugs must ()ften |)e taken fr_)ma short interval ()f c(_re.
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Descriptions of Fractures in Core from Vertical
Wells

Vertical core provides the m_mt comm_)nly avaiiahle data base fiDr characterizing
fractures, In fact, it t. common to attempt to assessthe fractures in a formation by drilling
and coring a vertical pilot hole priq,r to drilling a horizontal well (Skt,l)ec, 1991). When
fractures are intersected in this way, significant dam are obtained, A list of fracture
parameter, that can and .hould be measured in core in order to characterize fracture
permeability .ys_m. is give. in 'Fable BI.

Measured In Core

• Host Lithology:
type and thickness
number and type of sedimentary heterogeneities

. Depth of Fracture and P(mittonwithin Bed:
• Vertical Fracture Terminations:

I_ation and character
relationshipto sedimentaryheterogeneity
relationshipto coresurface

. Fracture Height in Core:
note if minimum due to fracture exiting core
note if minimum due to missingcore

• General Fracture Character:
single, en echelon,anas_m(med,etc,

• Type of Fracture:
direction of .eparati()n/offset

• Strike and Dip (Dip Azimuth):
absolute(if possible)
relative to (Jtherfractures and .tress indicators(if not)

• Spacingbetween Fractures:
. Mineralizati()n:

type
character (crystal size,am_Drph()us,slickencrysts,etc.)
percentof fracture filled

• Total and Remnant Fracture Width:
character of remnant porosity

• Surface Ornamentation Beneath Mineralization:
slickensides, plum(mestructure, etc.
planarity
orientati(Jn of linear features
orientation relative to fracture plane

• Number of Fracture Sets:
relatit)nship t(_nearby fractures (abutting, crossing, etc,)

Unfortunately, the probability of intersecting vertical fractures with vertical core is not
high, In the simplest case, where _)neset .f evenly spaced fractures is present, the probability
of enc()untering a fracture is the rath) of the core diameter (()rt)c)reh.le diameter when using
logs) to)fract.re spacing, 'l'htis, even if fractures are _)nly eight inches apart, the I)r()bability
of c()ring a fracture with a l'()tir-inch diameter core is ()sly r)()'i. This I)rc)l)abilitydecreases
rapidly as fracture spacingin_.reases (Figure BS),
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Drtlltng_tndured fractures are c{)mm{)nin vertical core, and the strike {)f induced petal
and petai_renterltne fractures Nuppliem an irnix;rtant measure ,)f the in sltu stress .rientati(m
(Kulander at, al., I_); l.(;renzat. ai,, i_)), This tyl_ (;f fracture must be distinguished fr(;m
natural fractures,and the _tai fracture strike should always be measured, if (relyrelative tc_

• the Mtriket;f adjacent natural fractures. This relati{mship is imp()rtant because hydraulic
stimulati(m fractures will parallel the principal h(;riz{)ntalstress, and theref{,rethe angular
relati,Jnship between .timulati,)n fractures and natural fractures, as wellas the probability of

' a natural fracture set |_inK {_pen(Drchined at depth, may _ predicted,

Characteristics Measurable Only in Vertical Core
Fracture planes that parallel the axis ()f the core (vertical fracture, and vertical well_)

pr{;vtde s()me ty_s .f lnG;rmntion that are imp()rtant, but that are n,)t available from
h{;riz()ntalwells, _periflrally, vertical rare allow, h;r the meaaurement (;f fracture heights
(Flxure Bfin, b, andr), and I'{;rthe hK.ati.n, and types .f fracture termtnatl.n. (Figure B'/),
For regh)nal frarturn, such as th(_e in the heterogene(;us Mesaverde re_rv{)ir, in the
P!reanre Basin, fracture heightsare rommun!y lea. than Kr(_ _d thickness t_rauso they are
limited by the numer{)usinternal sedimentary heterogeneities, Fracturesare also commonly
limited by ductile reservoiroboundingstrata,
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Core lithology and fractures should be described together, because the distribution of
fractures relative to lithology is important. Thus if measurements show (l) that the fractures
are limited to the reservoir strata, and (2) that fracture heights are significantly less than bed
thickness, then vertical fracture permeability between and within reservoirs will be severely
limited, and both horizontal drilling and cubic-block reservoir-engineering models may be
inappropriate. Fracture planarity and surface roughness (due to mineralization and/or
fracture-surface ornamentation) are also more readily measured in vertical core simply
because larger samples of the fracture planes are obtained, if fractures are intersected, than
in horizontal core. Estimates of these parameters can be used by the reservoir engineer to
determine flow rates and turbulence, and by the geologist as clues to the origin of the
fractures.

Finally, vertical core can provide a measurement of fracture distribution with depth
(Figure BS), and of the variation in fracture characteristics as different formations are
penetrated by a well. As noted in Figure BS, however, such vertical distributions should be
used with caution, as changes may be facies controlled and more apparent than real.

Vertical core in heterogeneous reservoirs will not provide definitive data on the presence
or absence of vertical fractures, much less on fracture spacing and fracture porosity, but it
will allow the measurement of dip, strike, and permeability. These will be discussed below,
together with dimensions tha0t can be measured from either vertical or deviated core.

Descriptions of Fractures in Core from Deviated
Wells

The chances of intersecting vertical to near-vertical fractures increase dramatically when
wells are deviated. The ratio of the horizontal distances within the reservoir sampled by (1)
a deviated well, and (2) vertical four-inch diameter core, varies as the thickness of the
reservoir times the tangent of the deviation angle (Figure B9). Thus a well with a 30 °
deviation in a 35-ft bed will sample 20.3 ft of horizontal distance, or 6200% more than
vertical four-inch core. If the deviated wellbore azimuth is normal to the fracture strike,

I chances of intersecting vertical fractures are increased by 6200!!;,. Therefore deviated pilot
holes should be considered when planning horizontal wells.

Even though fractures are not difficult to intersect with a deviated well, an irregular
fracture distribution and the resulting limited vertical fracture permeability will significantly
decrease the production advantage of such a well. Therefore it is important to characterize
the nature of the fractures and fracture-permeability system in the reservoir in order to
properly design wells, and fracture analysis beyond notations of fracture dip, strike, and
depth is needed.
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FigureBS. Histogram showing fracture frequency in vertical wells as a function of
depth in the Mesaverde Formation in the MWX wells in the Piceance Basin of Colorado.
These wells are relatively straight, but apparent high frequencies could be caused in
other wells by deviated segments of a wellbore. New data from the deviated SHCT-1

" well (Lorenz and Hill, 1991) show the measured paucity of fractures in the lower
intervals to be misleading, as deviated core contains numerous closely spaced fractures

. in these same zones. The apparent decrease in fracture frequency is a function of a
decrease in the number of highly fractured, interbedded thin sandstones in the lower
zones, caused by changing depositional facies. Fracture spacing within the actual
reservoirs of these lower strata is not significantly less than spacing in the higher
reservoirs.

75



Advantage Of Devlated Well For Fracture Intersectlon

Well
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Figure Bg. Schematic drawing showing the increased chance of encoun-
tering vertical fractures in a deviated well, as a ratio between the lateral
distance crossed by the deviated hole, and the four inches "traversed"

laterally by four-inch core. For the purpose of fracture characterization,
a slant hole offers a significant advantage over vertical holes, h is bed
thickness, _ is the angle the hole is deviated from vertical, y is the core
diameter, and the heavy vertical lines are fractures.

Characteristics Measurable Only in Deviated Core
The principal characteristic of fractures measurable only in core from deviated holes is

fracture spacing. However, although an absolute spacing can be measured in the core, the
data are still one-dimensional, measured along the core axis. Measured spacing along the core
axis must be converted into true horizontal spacing by accounting for the geometric
relationships between hole deviation, hole azimuth, and fracture strike. Once this is done, the
distribution of spacings can be analyzed.

The extrapolation of measured fracture spacing in core to the rest of the reservoir, based
on the principle that extensional strain should be constant throughout the reservoir, may or
may not be valid depending on reservoir heterogeneity. However, the precise number derived
from core for the average or the range of fracture spacings is rarely applicable to reservoir
engineering models. For the horizontal SHCT-1 core in the relatively homogeneous, marine
Cozzette sandstone, fracture spacing varies between a minimum of less than one inch to a
maximum of 17 ft with an average of 3 ft (Lorenz and Hill, 1991). The "average fracture
spacing" value in this case is of little use as a direct input parameter to reservoir engineering
models because it ignores the wide range of spacings. It may, in fact, be misleading, because
it includes the spacings of isolated fractures as well as the spacings within fracture swarms,
even though swarms are effectively single fractures in an engineering sense (P.T. Branagan,
personal communication, 1991), while single, isolated fractures may contribute little to the
system.

For comparison, 17 distinct gas shows in the mud log from a side-track of the SHCT-1
well have spacings of 2 to 35 it. Such spacing compares more favorably to the 2.5-17.6 ft range
of swarm and isolated fracture spacings than to individual fracture spacings seen in the
correlative core (Figure B10). Swarms of closely spaced fractures appear on the mud log as
single gas shows. If some of the isolated fractures are deleted from the core spacing
computation on the assumption that they may not show on the mud log, the upper limit of
the fracture spacing range for core approaches the observed upper spacing limit of the mud
log gas shows.
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Figure B]O. A comparison between the location and volume of gas shows in the horizontal
portion of the SHCT-I sidetrack (top line; volume of gas in gas units X l0 indicated above
line), and the spacings of isolated fractures and fracture swarms in horizontal SHCT-I core
(bottom line; numbers of fractures per location indicated above line) in the same reservoir at
l,he same depth. The two traces are from parallel holes, so there is no direct correlation, but
swarm spacing is comparable to gas show spacing, whereas the average spacing of all fractures
is considerably less than the spacings r)f gas shows. Data from the Mesaverde Formation,
Piceance Basin, Colorado.

If the average spacing of fracture swarms is more useful to the engineer, then the spacing
populations must be characterized so that this figure carl be determined. Fractal analysis is
one approach to fracture characterization (e.g., I,aP()int, 1988; Nelson, 1991), but for the
limited data set commonly available in core, a somewhat simpler statistical approach based
on cumulative probability distribution plots of fracture spacings may be equally useful. An
example of such plots of fracture spacings in the SHCT-I core (Figure BI la) highlights the
difference between two sub-populations of spacings. The closely spaced swarm population
can be removed to leave the spacings of probable engineering significance, and compares
favorably to the spacings of gas shows (Figure Bllb).

! Fracture spacing is significantly less than gross reservoir thickness in the heterogeneous
Mesaverde reservoirs at the MWX/SHCT site. This holds true for both the narrow,
lenticular, 25 to :}5-ft thick channel sandstones and the 60-t't thick, blanket, marine
sandstones (bed-thickness to fracture-spacing ratios of 10-15 and 20 respectively).

Once the spacing of fractures has been measured, an estimate of fracture porosity can be
made using average fracture ()pen width and average fracture spacing, and can be compared
to the rock matrix porosity. A quantitative estimate of fracture porosity can be made with
core from a deviated hole, whereas only a qualitative estimate can be derived from vertical
core,
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These data show (1) populations that are not normally distributed, and
(2) sub-populations of spacings, as defined by different slopes. The steep
slopes of closely spaced fractures represent fracture swarms (left: ph)t for
lenticular channel sandstones 25-35 ft thick; right: plot fi)r blanket-

, shaped marine sandstone 60 ft thick).
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b. Cumulative probability plots of the spacings of gas shows (data from
Figure B10), and the Cozzette core fracture spacings greater than 2 ft.
This figure suggests that the widely spaced fractures are those that
influence production. (Data are from the SHCT-1 well, Mesaverde
Formation, Piceance Basin, Colorado. Cumulative probability plots are
described by D'Agostino and Stephens, 1986.)

Figure B11. Characterization of fracture spacing in horizontal wells.
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Fracture Characteristics Measurable in Both
Vertical and Deviated Core

Fracture dip and strike can be obtained from either deviated or vertical core if the core
, is oriented. Even if core is not oriented, the fracture orientations relative to each other and

relative to any stress indicators such ampetal fractures should be made, and referenced to an
arbitrary orientation line (the MOL described above) if sufficient lengths of continuous-fit

• core are available for study. Fractures that are consistently parallel to each other argue for a
single metof sub-parallel fractures, and thus for significant permeability anisotropy in the
subsurface (Figure BI2). Parallel or oblique strike relationships between fracture sets and
the principal horizontal stress can also be determined from consistent angular relationships
between petal fractures and natural fractures. This relationship is important to (1) prediction
and understanding the effects of hydraulic stimulation fractures, (2) determining which of
multiple fracture sets is most important to permeability, and (3) determining the sensitivity
of fracture permeability to changes in stress during production-induced pore pressure
changes.

Many natural fractures are mineralized, which reduces the permeability along the
fracture (Figure B13). Smaller fractures may appear to be completely mineralized and to
have little or no permeability, although many apparently minera:ized fractures provide
significant permeability under in situ conditions. Moreover, such fractures may parallel more
open fractures that have not been cored, and thus should be measured as an indication of
fracture trend.

8 EXAMPLES 1 EXAMPLE 1 EXAMPLE

Parallel striking Parallel striking Obllqua-slrlklng
vertical - Inclined - vertical -
natural natural natural
and and and
petal petal petal
fractures fractures fractures

3 EXAMPLES 10 EXAMPLES NO EXAMPLES

Parallel striking Parallel intersecting
vertical vertical |triket
and or of natural
Inclined per.llel fractures
natural Inclined
fractures natural

fractures

Figure B12. An example of fractures in a core that can be demon-
strated to be parallel to each other, and to the maximum horizontal
stress, by measuring fractures relative to an arbitrary orientation line
(MOL--see text) over several short, continuous-core intervals. This was
possible despite the breakdown of the core orientation survey and badly
rubbleized core. (Data are from the Austin-Mississippian limestone at

" 13,000-ft depth, in the Heyco Duncan Unit :3 well in the Tatum basin,
NM, c,,urtesy of Larry Br,,oks and the Harvey E. Yates Co.) The fracture

. trend is still unknown, but the data suggest that the fractures will create
anisotropic horizontal permeability, and that a hydraulic stimulation
would be relatively ineffective.
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Direct measurement of fracture permeability is a tricky operation. ('Jutting a plug that
contains the fracture is difficult, as only fractures that are well cemented will hold together
during the plugging process (e.g., Morrow et. al., 199(}). IInfortunately, the tightly cemented
fractures may not contribute as much to the system permeability as less easily plugged, open
fractures. Whole core measurements of permeability can give more realistic, and commonly
much higher, values for system permeability (e.g., Lamb and Ferguson, 1988). Poorly
cemented fractures may sometimes be artificially cemented, plugged, the artificial glue
dissolved, and the plug then tested.

Table B2 compares the types of fracture data that can be obtained from core from vertical
and deviated wells. Both types of data are desirable for optimum characterization of
subsurface fracture systems. Only a limited number of fracture measurements are exclusive
to horizontal core, but these parameters, spacing anti porosity, are important.
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Figure BIB. Total fracture width plotted against remnant
(unmineralized) fracture aperture of the same fracture. The smaller
fractures tend to be more completely mineralized. Solid circles from
lenticular channel sandstones; open circles from marine sandstones.
(Data are from core from the _wr,,r , '_,,.,,-1 well, Mesaverde l,ormatlon,
l'iceance Basin, (',_)lorado.)
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Table B2. Comparison of Types of Data Measurable
in Core from Vertical and Deviated Wells

, Vertical Deviated
Measurable Characteristic Core Core

Spacing - x
Total Width x x
Remnant Aperture/Mineralization x x
Formation Fracture Porosity -_ x
Fracture Permeability x x
Strike and Dip x x2
Number of Fracture Sets x x
Vertical Termmatmn l,ocations x' -
Height xa _
Preferred Host Rock xa -

Surface Morphoh)gy x -
Fracture Type x xa

Comments: I. Qualitative estimate may be possible
2. May not require oriented core
3. Requires sufficient core

Note that i[ fractures are intersected, vertical core will provide
more attributes than deviated core, but not the important
factors of spacing and porosity,

Fracture-Identification Logs
Fractures in fracture-identification logs can be analyzed in much the same fashion as

fractures in core (e.g., Emmendorfer, 1989). Unfortunately, no fracture-identification logs
were run in the SHCT. 1 well or its side track, and other wells will be used to illustrate this
section.

Comparison With Core Data
Fracture-identification logs can provide a check on the fracture orientations obtained

from oriented cores. Figure Bl4a and b shows an example of agreement between fracture
orientations derived from image-log analysis and from correlative core. Although agreement
in fracture orientation is common, in most cases it is difficult to correlate specific individual
fractures between core and image logs. It is always desirable to have core to calibrate the
images seen on logs, as apparent fractures on logs, especially in horizontal holes, can be the
pr(_ducts of tool malfunction.

In some cases, natural fractures can be distinguished from induced fractures on image
, logs. In such cases, the different orientation_ of the two types of fractures, seen in the log and

c()rrc)|mrated by core observations, may allow the initial distinction to be made, Once this
criterion is established, other characteristic image differences such as width and brightness

¢ of the fracture image may become apparent. Image h)gs can identify ()pen fractures which are
commonly filled with drilling mud near the wellbore and therefore offer a resistivity and
density contrast. Mineral-filled fractures can only be seen if there is a significant resistivity
or density contrast between the mineralization and the rock matrix.
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a, Pass through 1740 ft of the Mesa- b, Strikes from 109 ft of oriented core
verde Formation, Piceance Basin, Coh)- within the same section. (Data are fr()m
rado, by Schlumberger's FMS log the Barrett MV 8-4 well in the central

Piceance basin, CO, courtesy of Kurt
Reinecke and Barrett Resources Corp.)

Figure B ! 4. Rose diagrams showing the strikes of coring'and drilling.induced fractures in
a vertical well.

Orienting Core Using Fracture Identification Logs
Image logs can be used to orient vertical and deviated cores. The unoriented core is

processed as though it was oriented, as described above, and measurements of fracture
orientations are made relative to an MOt. Orientation is achieved by correlation of an
orientable feature such as inclined bedding on the log to the same structure in the core. The
log orientation of the feature is then used to determine the true orientation of the MOt for
that section of core. Crossbeds and large fractures are commonly good features for correlation
purposes. By orienting the MOt in this manner, it is possible to orient other fractures visible
in the core but not in the log. Caution should be used as some types of coring-induced
fractures do not extend from the core into the wellbore wall, and vertical natural fractures
seen in a vertical wellbore image log need not intersect the smaller-diameter core,

Interpretation Without Core Data
When core data are not available, fractures on image logs must be interpreted carefully,

especially as to their origin (induced vs natural) and therefore their significance, Experience
with the common c)rientations and unique log signatures of different types of fractures in an
area may allow classification of fractures (e.g., Standen, 1991).

Most classifications of fractures using logs alone are s(Jmewhat subjective, and conclu-
sions from such classifications should be made with caution. It is possible to analyze the
orientations of fractures from image logs on stereoplots or rose diagrams, and to attempt to
isolate different populations. For instance, drilling-induced fractures commonly have high _,
dips, and a population of fractures with average dips of less than 70° is likely to be one of
natural fractures. However, if a formation has not previously been well characterized, core is
essential for reliable interpretation of borehole image logs.
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Discussion and Summary
The more tore that is avaiia|)le fr(_mwellbores _i' different {_rientati(ms, and the more

fracttlre identifirati()n h)gs that are run, the more complete will be the resulting character°
izati(m c_l'the sul_sur|'ace fracttlre system. For the Mesaverde reserv_lirs at the MWX/SHCT

. site, core measurements _f fractures demonstrated the existence c_i'a (h_minant fracture
trend. This trend ¢reates a prcm_Jtlncedhoriz_mtal permeability anis_tropy (up to i()0:I as
indicated l)y well tests), and results in highly elliptical drainage patterns in the reservoirs

" (l,orenz et. al., 1989). However, analysis of the fractures and iithohlgies tc;gether suggested
that the frarttlres are irregularly distributed within the heterogeneous fluvial reservoirs, and
comm(mly terminate within the reservoirs at min{_rlith(;logic disccmtinuities. Few, if any,
fractures extend the full thickness of the reserw;irs. Thus the vertriCaifractttre permeability
in the reservoirs is limited. Except in the more hom(,geneotis marine sandstones, even
horizontal wells may tlot drain the gas with Ol)tinmm efficiency,

Moreover, the relative inefficiency c,t'the hydraulic stimulation.fracture experiments at
this site could have been predicted from the parallelism between natural and induced
fractures in the core. Hydraulic fractures parallel the principal horizontal stress (as do the
strikes of the induced fractures), and therefore propagate parallel t(,, rather than across, the
high-permeability trend created by the natural fractures.

Fractures that are normal to the maximum horizontal in situ stress, even if numerous,
may not be as important to the system permeability as a set ,,f less numerous fractures that
are parallel to this stress (Teufel, and Farrell, 1992). Most of the stress-normal fractures
would be ch,sed, whereas the less numerous, stress-parallel fractures would be open and
relatively permeable if they are not ¢',,mpletely mineralized. The induced fractures that
commonly record stress orientation should be measured as well as the natural fractures.

Measurements of parameters such as spacing, width, and vertical distribution of fractures
cannot be put directly into a numerical reservoir model. Even when abundant data are
available as from the MWX/SH(_T projects, once the measurements des¢ ibed abf,ve have
been made, the task _,f further refining the fracture model devolves into the realm of
asstlmpti,,ns, extrap(,lati,,ns, and alchemy. Moreover, the significance of the precision of the
meastirements is questionable when c(,re samples su¢'h a limited area of the reservoir. The
measurements may be most useful as relative indications (,f degree of fracturing of the
reserw,ir and degree of heterogeneity of fracture distribution. Other important dimensions,
such as horizontal fracture length, interc,,nnertedness ,,f fractures, and variations in remnant
aperture along individual fracttlres cannot be measured in core, and remain to be inferred
intuitively (,r from filtered outcrop data.

Nevertheless, attention t,, detail during the logging (,f a core for fractures will yield
signifk_antly more insight into the characteristics of a fracture system. In order to optimize
the amount of informati,,n thai, can l)e derivect from fractures in core, procedures such as
{,n_site core processing, measuring fracttlres before slabbing, monitoring coring operations,
and deviating pilot wells sh{_uld be seriously considered. Thought should also be given to
using the relative orientations {_f fractures even in c{_re that is not {_riented and to the
p{_ssibility {)forienting c{_res after th¢,y have been cut.
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APPENDIX C
e

Viscoelastic Stress History Equations
' for Basin Stress Modellng

The vist(elasti( s, luti,n t,o the l)r,hlem is obtained using the Viscoelastic (',rre.pon
dencet)rin('iple, This prin('iple statesthat if a solution to an elasticproblem is known,then
the l.aPlace tran,l'orm oF the solution t,() the (orre.p(')nding vi.c.ela.ti¢ problem may be
f()und by replacing the e!astic ¢()lll4tallt. (# and K) by al)l)r()l)riate quotient, of operator

)p(lynom,al., and the actual h,nd. hy their i.aPlace transforms, t;.ing the Vi.coeia.tic
(-rre.[r)c ndence Principle, the vi.r.el.stic .()iuti(m. ran he determined directly from the
elastic ..lution.,

The major problem i. developmentof an appropriate visc()cla.ticmodel to de,(-rihe the
behavior of rock. over geologictime, Since little i. known about ,uch behavi()r,we have
ch.,en three requirement.,

1, Initial elastic re.p.nse as if the rock i. linear-ela.tic,
2, A, time .....- _, the material approache,a t,niform .tate, that t., .11,hear .tre,.e. will

eventually relax ()tat.
3, Keep it a. siml)leasI).,.ii)le, No g(Joddata are available to ju.ti|_ a complexmodel,

The .imple,t ca.e which yield, acceptableinitial and long.term behaviori, one in which
the rock is:

I. I,:hi,ti(' in (iilati,m
2. Maxwell material i. di.t,Drthm

After performing the neces.ary transf()rmation, and inver.ion., the vi.coelastic,oluti()n is
given as

i, _0 (h,d., ......A_(t)i j¢ll(pg ,_)1)1 A2(t) I j,..

,,E ,,E (iT
t A:_(t) l t,_¢t'y , A4(t) l....,'

for the x term. (The ¢t)rrest).ndi.g y term isf()rmedhy. tra,sp.sitio, .t'x and y subscripts.)
The At are the relaxati_)n t'ullrti().s and are given I)y

( i t') ( l 2t') t/t.
A; (t) ........... e ,

It tJ

( I _ 4,) t/t. ( 1 t,) ttt/t.

' A_(t) .........,),.....e t 2 e ,

' (1 _J,) t/t, (1 j,) .t/t.
!

A:,(t) .... 2t, e ......2t, e and

ttta

A4 (t) ....e
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where t_ i. the relaxation time q,f the r(wk, and l_ is given by

;t(1 ,,)
(I _,)

o

These equationsare identical t(_the ela_ti('solution if' the A, are all unity.
'l'henere.airs can l)e sumnled over m_arbitrarily largenumber (ff time intervals, t, t,, t,_,

t,, t)t)tain

,, dllt,g x)l)lt

f, E d,,

f*' t' _,E d,y_- A:_(t .... ) _i ii,T i|i) dt'
!

, A4tt .......t,') di" dt'
I

and a similar rosult I't)r the y directicm. While these equati(m, are similar t(, th0 ela.tic
soluticm, the presence (if time, t, in the At cmlsiderai)ly complicates the calculatiml, and
l)t,okkeel)ing chores. As time advances, each of the.e integrals must be reevaluated with the
new value _)i't in the relaxatiml functicms, This is required i)ecause the viscoelastic material
has a mem(,ry ()t'previous distttrl)am,es and will c(mtinue torelax frtDmprevious dlsturhances
even as itis resl)c)nding tq) new ones. liecause ()i'this I'eature of visc_)elastic materials, the
stresses are "naturally" hwked in (t,r cumulative).



APPENDIX D

Techniques for In Situ Stress Measurement:
" Anelastic Strain Recovery (ASR),

and Circumferential Velocity Anisotropy (CVA)

The orientation of the principal horizontal stresses can often be determined from various
types of core analyses. Types of measurements include anelastic strain recovery (ASR;
Teufel, 1983; Blanton, 1983, Warpinski and Teufel, 1989), differential strain curve analysis
(DSCA; Strickland and Ren, 1980), and circumferential velocity analysis (CVA; Sayers,
1988). DSCA is offered by service companies to the industry and will not be discussed here.

Anelastic Strain Recovery (ASR)
ASR has considerable appeal because it is a direct measurement of the strain relief

process as it is occurring. This strain relaxation occurs because the original in situ stresses at
depth have been relieved through drilling. Since this process is likely to be irreversible, ASR
provides the only true measurement of this behavior. The appeal of ASR, however, is
somewhat negated by the difficulty of the measurement.

ASR is conducted by selecting samples at the drill site, instrumenting them with clip-on
displacement gages as quickly as possible, and monitoring the subsequent relaxation of the
core for 1-2 days. Three gages, spaced 45° apart, are placed around the horizontal plane,
while one axial gage is optionally placed on the core. The axial gage serves no purpose for
fracture azimuth, but it is necessary for estimating stress magnitudes.

The orientation of the maximum stress is the direction of the maximum strain recovery;
recovery occurs due to microcracking in response to the unloading of the in situ stresses.
Mor(_un|oading, and therefore more strain recovery, occurs in the direction of the maximum
horizontal stress Lhan it does in the direction of the minimum stress. This behavior is shown
in Figure D!. The direction of the+maximum strain recovery can be quickly computed by
using the strain-rosette equations, yielding

1 C++°)0 = _ tan- 1 _0 -- (_

The angle, O,has to be determined by inspection, as it is always less than or equal to 45°,
and it is the angle with respect to the largest of the _oor the _0 strains.

There are many complications that can occur with ASR, so it should never be used alone.
If the rock is extremely tight, pore pressure may be trapped within the sample and cause
contractions in the core as it slowly escapes. Pore pressure contractions are usually larger
than the strain recovery, and are due to a volumetric shrinkage of the core as the pore

• pressure is reduced. Pore pressure effects can be accounted for, but they add another
uncertainty to the analysis (Warpinski and Teufel, 1989).

Rock fabric, as due to tectonic cracks, bedding, burrows, and other aligned features, is
• probably the most serious difficulty in performing these measurements. ASR will often

produce a large response to many types of fabric. In using this techniques, it is always
important to inspect the core carefully, both before and after monitoring, to ensure that
fabric is not affecting the results. Thin sections can also be useful. Employing more than
one of these procedures is often a good double check.
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Figure D2 shows the type of strain relaxation that typically occurs on sandstone rocks,
This test is on a MWX coastal sandstone at a depth of 6517 ft, and yields a maximum
recovery of 364 ._ on the axial gage and 100-200 ._ on the horizontal gages. Note that data
is first obtained about 7 hours after the core was cut. The solid lines are theoretical fits of the
data, using an analysis procedure described in Warpinski and Teufel (1989).

Analysis of these results yield:
b

maximum principal horizontal strain .......................................... 237 ._
minimum principal horizontal strain .......................................... 101 _
overburden strain ........................................................................... 364 _
angle with respect to 0 ° gage ........................................................ -30 °
maximum stress angle .................................................................. N87°E

These results can also be used to estimate the stress magnitudes, as given by Blanton
(1983), and Warpinski and Teufel (1989).

Increase

k j_ Population
of Mtcrocracks

E Hmax

o" Hmax Decrease

E, Vp

E Hmln

Figure D 1. Preferential development of microcracks aligned normal to
the maximum in situ stress, during anelastic strain recovery after rock
has been cored.
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Figure D2. Time-dependent strain profiles for strain gauges with
different orientations around a core during anelastic strain recovery.

i

Circumferential Velocity Anisotropy (CVA)
The relaxation of a piece of core from its in situ stress state at depth produces

microcracks that perturb the acoustic velocity through the core sample. Measurement of the
circumferential velocity anisotropy (CVA) of the core then provides information about
what orientation has the most open microcracks (slowest velocity), which can be related to
the in situ stress orientation, or occasionally to the rock fabric if one exists. The theoretical
velocity distribution for a preferentially ol'iented population of microcracks has been worked
out by Sayers (1988), yielding a velocity distribution given by

V(O) = Vavg+ A cos(20+_b) + B cos(40+_)

In this equation, the velocity at any orientation, V(0), is a function of the average velocity
through the sample plus a 20 and a 40 component. The phase angle, _b,is simply the offset
angle that makes V(0) a maximum at 20+_=0 ° (assuming B is much smaller than A).

Because acoustic waves will be slowed primarily in the direction in which they cross the
most cracks, the orientation of the minimum velocity, 20+4= 180 °, is the direction in which
the most cracks are crossed. Since more microcracks will open up against the largest principal
stress, the minimum velocity orientation should be aligned with the maximum stress

• direction. A schematic of this behavior is shown in Figure 1, which shows that many
petrophysical properties are affected by the cracks.

While application of this technique is straightforward, there are a number of factors
• that can cause problems. Some rocks exhibit little or no relaxation so that few microcracks

are formed and the velocity anisotropy is small. High porosity rock, where additional
microcracks have a minimal effect on velocity through the highly voided rock, can also yield
questionable results. Whenever the velocity variations are 2-3% or less, the inferred stress
orientation should be considered unreliable.
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Another major problem for the CVA technique is the prior existence of a rock fabric due
to cracks, layering, oriented grains or crystals, or many other factors. Such a fabric can often
produce a velocity anisotropy that overwhelms the microcracks velocity anisotropy, thus
yielding a fabric orientation rather than a stress orientation. However, fabrics tend to have
a different velocity character than microcracks, and this becomes very apparent in fitting the
theoretical curve to the data. When the velocity distribution is controlled by relaxation
microcracks, the theoretical fit is generally good, and the sinusoidal character of the
anisotropy is evident. When the anisotropy is due to fabric, there is generally a poor fit of the
theoretical curve, and the velocity data has a blocky structure. This difference provides a
qualitative diagnostic fl)r fabric problems.

An occasional problem is the presence of a damaged zone around the core surface, which
can often cause significant velocity slowing. It is easiest to run velocity surveys on as-received
core, but if the data are not satisfactory, the surface of the core should be ground down about
_/8in. and the velocity survey rerun. This procedure often improves the quality of the data.

Figure D3 shows and example of the velocity anisotropy obtained from a MWX core
sample taken from the coastal zone at 6520 ft. This sandstone rock had a 14% anisotropy
with a well-defined minimum at N96°E, the orientation of the stress field at this depth. Note
also that the data are well-fit by the theoretical curve using a least-square regression (the
solid line); this good fit assures that the anisotropy is not controlled by fabric.

VELOCITY ANISOTROPY RESULTS
MWX SS 6520 FT COASTAL UNCONFINED

12900
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O
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00
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"d _ I_ VAVG=11972.UJ 11400

> / A=.87=e
11100- _._ B='54.1

Q
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Figure D3. Veh)cities at different locations around a core, showing
differences due to preferentially aligned microcracks.
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APPENDIX E
4_

Computer Codes for Calculating the Effects
of Topography on Stress

Two simple computer codes are given as examples of how topographic effects can be
easily estimated. The first code is used for estimating the change in stress orientation due to
a mesa and escarpment. The second code is a general 3-D code for calculating the additional
stress imparted by any type of topographic high, although the example given is for a ridge of
finite width and length.

Mesa Topographic Calculations
The effect of a mesa can be evaluated using the equations described in the text. in this

code, the geometric input parameters are the height of the mesa, its width, the width of the
escarpment, the distance from the edge of the escarpment to the well, and the depth of
interest in the well. From these data, the induced stresses at the point of interest (assuming
a rock weight gradient of 1.0 psi/ft) are calculated. Next, the far-field in situ stress

' magnitudes and their orientation relative to the escarpment are input. The two sets of
stresses are summed appropriately, and a new principal stress orientation is determined. The
following pages contain a listing of the FORTRAN source code for the program.

COMPUTER PRINT OUTS FOLLOW THIS SECTIONI
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PROGRAM TOPO

C *** PROGRAM TO CALCULATE THE EFFECT OF A MESA ON THE STRESS

C *** ORIENTATION AT DEPTH

CHARACTER*I IUN,IST
PRINT* ' TOPOGRAPHY PROGRAM' .

PRINT* ' PRESS ENTER TO START: '

READ(* I00) IST
PRINT* ' '

PRINT* '*****************

PRINT* ' I *

PRINT* ' I * '
PRINT* ' H *'

PRINT* ' I *'
PRINT* + ****************************

PRINT* ' I I i * '
PRINT* '+ ...... A ...... +--- B ---+ ............ C ........ * '

PRINT* ' i I I * '
PRINT* ' D * '

PRINT* ' I * '
PRINT* ' + * '

PRINT* ' INPUT DISTANCES A,B,C,D,H IN SAME UNITS: '

READ(* *) A,B,C,D,H

PRINT* ARE UU_TS FEET (F) OR METERS (M): '

READ(*,IO0) IUN

i00 FORMAT(AI)

IF(IUN ,EQ. 'F' .OR. IUN .EQ. 'f') GRAV-0.433

IF(IUN ,EQ. 'M' .OR. IUN .EQ. 'm') GRAV-9.8

PRINT*,' INPUT DENSITY IN GM/CC: '

READ(*,*) RHO
P-R_O*GRAV*H

PRINT*,' INPUT POISSONS RATIO: '

READ(*,*) POISS
PI-3.141592654

C **** BEGIN CALCULATION OF FIAT PART OF MESA + FLAT OVER ESCARP

THETI-ATAN(D/C)

IF(C .LT. 0.0) THETI-THETI+PI

ARG-D/(A+B+C)

THET2-ATAN(ARG)
ARGI-THETI-THET2

ARG2-THETI+THET2

TA-SIN (ARGI)

TB-COS (ARG2)

TC-SIN(ARG2)

SIGX-P/PI*(THETI-THET2-TA*TB)

SIGY-P/PI*(THETI-THET2+TA*TB)

TAUXY-P/PI*(TA*TC)

WRITE(*,200) SIGX,SIGY,TAUXY

200 FORMAT(' FOR THE FLAT PART: SIGX-',FI2.3,' SIGY-',FI2.3,

i 'TAUXY-',FI2.3)
C ******** SUBTRACT OUT EXCESS ESCARPMENT P%RT

ARG-D/(B+C)
THET2-ATAN(ARG)

RI-SQRT(C**2+D**2)

R2-SQRT((B+C)**2+D**2)

Y-B/2.0+C
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TA-THETI-THET2

TB-14Y/B*2.0
ARG-2.0*THETi

SIGX-SIGX-O,5*P/PI*(TB*TA-SIN(ARG))

SIGY-SIGY-O,5*P/PI*(TB*TA+SIN(ARG)-D/B*2,0*ALOG((R2/RI)**2))
TAUXY-TAUXY-O.5*P/PI*(I.O-D/B*2,0*TA-COS(ARG))

SIGZ-POISS*(SIGX+SIGY)

WRITE(*,201) SIGX,SIGY,TAUXY,SIGZ

201 FORMAT(' ALL PARTS: SIGX-' ,FI2.3, ' SIGY-' ,FI2.3/
1 ' TAUXY-',FI2.3,' SIGZ-',FI2_3)

C ******** GET INFO ON THE GLOBAL STRESS FIELD

PRINT*,' INPUT THE MAGNITUDES OF THE TWO HORIZONTAL STRESSES '

PRINT*,' SMAX (SI) THEN SMIN ($2): '

READ(*,*) S1,S2
PRINT*,' P * ^ '

PRINT*,' R * I '
PRINT*,' A * [ '
PRINT*,' C * 2 '

PRINT*,' S * * [ '

PRINT*,' E * BETA * [ '
PRINT*,' * ......... < ....... i ...... [ '
PRINT* ' INPUT ANGLE BETA BETWEEN SM_ & ESCARPMENT AZIMUTH''

PRINT*.' INPUT -iOO FOR RANGE OF BETA (0-90 BY 5 DEG): '
READ(*,*) BETA

IF(BETA ,GT. -99) THEN

' BETA-BETA/180.O*PI
N-I

DBETA-O. 0

ELSE

BETA-O. 0

DBETA-5.0/180.O*PI
N-19

ENDIF

C ******** CALCULATE PERTURBATION ON GLOBAL STRESSES

DO 50 I-I,N

BETAD-BETA*I80.0/PI

WRITE(*,205) BETAD

205 FORMAT(' BETA-',FS.2)

SIP-SI+SIGZ*COS(BETA)**2+SIGY*SIN(BETA)**2

S2P-S2+SIGZ*SIN(BETA)**2+SIGY*COS(BETA)**2
ARG-2.0*BETA

TAUI2P-O,5*(SIGY-SIGZ)*SIN(ARG)
C ******** CALCULATE NEW PRINCIPAL STRESS ORIENTATION

ARG-2. O*TAUI2 P/( SIP- S2P)
ALPHA-O. 5*ATAN (ARG)

ALPHA-ALPHA* 180.O/PI

• IF(S2P .GT. SIP) ALPHA-ALPHA+90.0

WRITE(*,202) SIP,S2P,TAU12P,ALPHA
50 BETA-BETA+DBETA

, 202 FORMAT(' NEW STRESSES' Sl-',F12.3,' S2-',F12.3,' TAU-',F12 3/

1 'ANGLE FROM OLD STRESS DIRECTION-',FS.2)

PRINT*,' PRESS ENTER TO END' '

READ(*, i00) IST
STOP

END
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General 3-D Code for Stress Magnitude Calculations
A general code for any 3-I) topographic high can be easily assembled if the topographic

feature can be simply represented by a surface or several pieces of surfaces. In this case,
equations given by Jaeger and Cook (1976) can be directly applied. Given the geometry
shown in Figure El, where a load is applied at point P and the stress is calculated at point
Q, the equations for the stresses are given by:

1 ff '3(X _ _)'Z G[(y -_ ,)_+z _ ] Gz

G(x- _)2 ]
- (_, + G)p _ (z + _pj p(/_,,)d_ d,

1 f fla(y-_)2z G[(x-/_)2+z2] Gz

G _ y _I)2

p)21p(_,.) d/_d,- (h + G) p2 (z +

,,;z3ffa.ffi_ p p(L_)d_d_ •
I

ff
r. -- _ (x - _)o-8 p(_,.) d_d_

_'y-_ _ (x+ G)0_(z+ o)2 JP(e")d/_d.

with p = [(x- 0 2 + (y- _)2 + z2]1/2

The double integration is not difficult if p(/_,_) can be defined. In this example code, a
subroutine is called to provide p(_,_) at any point in a normalized form (i.e., the height of the
topographic feature is divided by the maximum height). Because a subroutine provides the
load data, the only input parameters needed for the main program are Poisson's ratio, the
maximum height, the density of the rocks, and the depth of the calculation. This program
calculates the all six stresses along any line of constant x or constant y values. The following
pages are a listing of the FORTRAN source code for this example.
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Figure El. Three-dimensional topography geometry.
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PROGRAM TOPO3D

C PROGRAM TO CALCULATE TiiE EFFECT OF TOPOGRAPHY ON THE STRESS

C FIELD AT DEPTH

C INPUT DATA FOR MAIN PROGRAM INCLUDE:

C POISSON'S RATIO
C MAXIMUM HEIGHT OF TOPOGRAPHY

C DENSITY OF ROCKS IN TIIE TOPOGRAPHIC HIGH

C DEPTH WHERE STRESSES ARE TO BE CALCULATED .
C

C INPUT DATA ON THE RIDGE GEOMETRY ARE HANDLED IN SUBROUTINE

C PLOAD. THE CU_ENT PLOAD IS AN EXAMPLE FOR A RIDGE

C

C RESULTS ARE WRITTEN TO AN OUTPUT FILE OF OPE_TORS CHOICE

C

C CALCULATIONS ARE PERFORMED AT THE SPECIFIED DEPTH,Z, ALONG

C A LINE FOR WHICH EITHER X OR Y ARE CONSTANT

C

CHARACTER*I IXY

CHA_ACTER*20 FILEOUT

DIMENSION FA(6,3) ,FB(6,3),SUMU(6),SUMV(6)

PRINT*, ' INPUT POISSONS RATIO: '

READ(*,*) POISS
POI-1,0-2,0*POISS

PRINT*,' INPUT MAXIMUM HEiGIIT (ABOVE SURFACE) OF TOPO: '

READ(*,*) H

PRINT*,' INPUT DENSITY OF ROCKS (GM/CC): '

READ(*, *) DENS

f PFAC.-0.433*DENS*H

PRINT*,' INPUT DEPTH FOR CALCULATION: '

READ(*,*) Z
PI-3. 141592654

PRINT*,' INPUT A PATII AND NAME FOR THE OUTPUT FILE: '

READ(*,IOI) FILEOUT

101 FORMAT (A20)

OPEN (8,FILE- FILEOUT)
C *** U-ZETA-X
C *** V-ETA-Y

C *** CALL PLOAD TO GET MAX AND MIN VALUES FOR INTEGRATION

CALL PLOAD(O.O,O.O,UHAX,UMIN,VMAX,VMIN,O.O,O)

WRITE(*, 200) UMIN,UMAX,VMIN,VMAX

WRITE(8,200) UMIN,UMAX,VMIN,VMAX

200 FORMAT(' ZETA RANGE: ',2F12,2,' ETA RANGE: ',2F12.2)

PRINT*,' YOU CAN CALCULATE STRESS ALONG X OR Y LINE'

PRINT*,' WIIICH ONE IS CONSTANT (X OR Y): '

READ(*, I00) IXY

I00 FORHAT(AI )
C *** SET UP MIN AND MAX VALUES FOR CALCULATION & NUMBER OF STEPS

IF(IXY .EQ. 'X' .OR. IXY .EQ, 'x') THEN
C *** FOR LINES OF CONSTANT X

PRINT*,' INPUT X VALUE: '

READ(*,*) X
PRINT*,' INPUT MIN & _ Y VALUES AND NUMBER OF STEPS'

PRINT*,' FOR ONE POINT, NUMBER OF STEPS - O: '

READ(*,*) YMIN,YMAX, N

I00



IF(N ,NE, O) TIIKN
DY-(YMAX_YMIN)/FIL)AT(N)

ELSE
DY-O

. ENDIF
N-N+1
Y-_IN

" ELSE
C *** FOR LINES OF CONSTANT Y

PRINT*,' INPUT Y VALUE: '
READ(*,*) Y
PRINT*,' INPUT M!N & MAX X VALUES AND NUMBER OF STEPS'
PRINT*,' FOR ONE POINT, NUMBER OF STEPS - O: '
R_D(*,*) XMIN,XMAX,N
IF(N ,NE. O) THEN

DX-(XJ4AX-XJ_IN)/FLOAT (N)
ELSE

DX-O
ENDIF
N-N+1
X-XHIN

ENDIF

DU-(UMAX-UMIN)/I00,0
DV-(VMAX-VMIN)/100,0
U-UHIN
V-VMIN

C ** START CALCULATIONS -- FIRST LOOP FOR DIFFERENT X AND Y VALUES
DO 50 NI=I,N

C ** PERFORM DOUBLE INTEGRATION, OVER ZETA AND ETA
C ** START ZETA INTEGRAL

IF(IXY ,EQ, 'X' ,OR, IXY .EQ, 'x') THEN
WRITE(*,202) Y
WRITE(S, 202) Y

202 FORMAT(' Y-',FI2.2)
ELSE

C WRITE(*,203) X
C WRITE(B, 203) X
C 203 FORMAT(' X-',F12,2)

ENDIF
U-UMIN
DO 8 J-l,6

8 SUMU(J)-0.0
KSTART-1

l0 DO 30 K-KSTART, 3
V-VMIN
DO 12 J-!,6

" 12 SUMV (J)-0,0
C ** START ETA INTEGRAL FOR CURRENT ZETA

ISTART-I
' 15 DO 20 I-ISTART,3

KHO-SQRT ((X-U)**2+(Y-V)**2+Z**2)
AA-3. O* (X-U ) ** 2*Z/RHO** 5
AB-3,O* (Y-V)**2*Z/RHO**5
AC-POI* ((X-V)**2+Z**2 )/(RHO**3"(Z+RHO))
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A_POI*Z/RHO**3
AE-POI* (X-U)**2/(RHO**2.(Z+RHO)**2
AF-[.OIRHO**5
AG-AF* (Y-V)
AH-AF* (X-U)
AI-3.O*Z*(X-U)*(Y-V)*AF
&J-POI* (X- U)* (Y- V)* ( Z+2, O*gHO)/ (_O** 3.( Z+RHO) **2 )

C ** GALL SUBROUTINE PLOAD FOR LOAD INFORMATION
CALL PLOAD(U,V,UMAX,UMIN,VMAX,VMIN,P,I)

C IF(I .EQ. I) WRITE(*,210) U,V,P
C 210 FORMAT(' U-',F12.2,' V-',FI2,2,' P-',F12.6)
C ** GET FACTORS FOR EACHSTRESS COMPONENT

FB(I,I)-(AA+AC+AD+AE)*P
FB(2,I)-(AB+AC+AD+AE)*P
FB(3, I)-AF*P
FB(4,I)-AG*P
FB(5, I)-AH*P
FB(6, I)-(AI +AJ)*P
VOLD-V

20 V-V+DV
ISTART=2

C ** GET SUdS FOR EACH STRESS COMPONENT
DO 25 J-l,6

SUMV(J)-SUMV (J) +DV* (FB(J, 1)+4.0*FB(J, 2)+FB(J, 3))/3,0
25 FB(J, I)-FB(J,3)

C WRITE(*,207) VOLD, (SUMV(J),J-i,6)
C WRITE(8,207) VOl_, (SUHV(J) ,J-l, 6)
C 207 FORMAT(' V-',FI2.2,' V SUMS: ',2F12.6/4E12.4)

IF((VOLD-VMAX) .LT. -l.Z-03) GO TO 15
C ** END OF FIRST INTEGRAL LOOP

C ** FACTORS FOR OUTSIDE INTEGRAL TAKEN DIRECTLY FROM INSIDE ONE
IX) 28 L-I,6

28 FA(L, K)-SUMV(L)
UOLD-U

30 U-U+DU
KSTART-2

C ** GET SUMS FOR EACH STRESS COMPONENT
DO 35 J-1,6

SUMU (J)-SUMU(J)+DU*(FA(J,i)+4.O*FA(J,2)+PA(J ,3) )/3,0
35 FA(J,I)=FA(J,3)

C WRITE(*,208) UOLD,(SUMU(J),J-l,6)
C WRITE(8,208) UOLD,(SUMU(J) ,J-l, 6)
C 208 FORMAT(' U-',FI2.2,' U SUMS: '.2FI2.6/4EI2,1,)

IF((UOLD-UMAX) .LT, -I.E-03) GO TO I0
C ** END OF SECOND INTEGRAL LOOP
C ** CALCULATE STRESSES

SIGX-SUHU( 1 )*0.5/PI*PFAC
S IGY-SUHU(2)*0,5/PI*PFAC
SIGZ-1.5*Z**3/PI*SUMU ( 3 )*PFAC
TAL_/Z-I,5*Z**2/PI*SUMU(4)*PFAC
TAUXZ-I.5*Z**2/PI*SUHU (5)*PFAC
TAUXY-O.5/PI*SUMU(6)*PFAC
HI TE(*,205) X,Y,Z,SiGX,SIGY,SIGZ,TAU_Z,TAUXZ,TAUXY
I_ITE(8,205) X,Y,Z, SIGX,SIGY,SIGZ,TAUYZ,TAUXZ,TAUXY
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205 FO_T(' X- ',F12,2,' Y- ',F12.2,' Z- ',FIZ,2/
' ' SIGX- ',F12,2,' SIGY- ',F12.2,' SIGZ- ',Fi2,2/
2 ° TAUYZ-, ',Fi2,2,' TAUXZ- ',F12.2,' TAUXY- ',F12,2)

IF(iXY .EQ. 'X' .OR. IXY .EQ. 'x') THEN
Y-Y+DY

" ELSE
XrmX_" DX

. ENDIF
50 CONTINUE

CLOSE(8)
STOP
END

SUBROUTINE P_AD(ZETA, ETA,ZETbJqAX,ZETAMIN,ETAMAX,ETAMIN,SUM,
I IQ)

c ,, SUBROUTINE FOR A SHORT RIDGE
C

C FRONT SIDE
C
c ******************* •
c *1 I I* *1'
c * I I I * *1'
c * I H ! * * i *
_" * I I I * * I *

• I I I * * I *
C * I I I * * I *
C - ZETA1 •ZETAO o ZETAO ZETA1 - ETAO 0 ETAO
C
C
C ETA CONTRIBUTION

C ETA< ABS (ETAO) [ETAO-ABS (ETA)]/ETAO
C ETA> ABS(ETAO) 0
C ZETA CONTRIBUTION
C ZETA < ABS(ZETAO) I

C ABS(ZETAO) < ZETA < ABS(ZETA|) [ZETAI-ABS(ZETA)]/[ZETAI-ZETAO]
C ** ZETA > ABS(ZETAI) 0
C
C

C ** SIZE OF MOUNTAIN RIDGE
ETAO-5000
ZETAO-5000
ZETAI-IO000
ETAM I N- -ETAO
ETAMAX-ETAO

. ZETAMIN-.ZETA1
ZETAMAX-ZETAI

IF(IQ .EQ. O) RETURN
• C ** GET CONTRIBUTIONS

SUM-I. ,_
IF(ABS(ETA) ,LT. ETAO) THEN

SUM-SUM*( ETAO-ABS(ETA) )/ETAO

I0:{



Ii

ELSE

SUM-0.0

RETURN

ENDIF

IF(ABS(ZETA) .GT. ZETAI) THEN
SUM-0.0

RETURN

ELSE IF(ABS(ZETA) .LT. ZETAO) THEN
SUM-SUM*I. 0

ELSE

SUM-SUM* (ZETAI -ABS (ZETA) )/ (ZETAI -ZETAO)
ENDIF

RETURN

END
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APPENDIX F

Computer Code for Stress-History Calculations

A computer code, which was originally developed to calculate the stress history of the
Multiwell site, has been modified for general use in calculating the stress history at any site.
This model assumes that the rock is viscoelastic, although large relaxation times result in an
elastic calculation, and that the stresses are controlled by the weight of the overburden, the
pore pressure, the temperature, the tectonic strains in both horizontal directions, and the
properties of the rocks, which are functions of time. The difficulty in running this model lies
primarily in determining the input parameters with sufficient accuracy.

The equations governing the response of the rock are first developed in the text in elastic
form and are given in Appendix C in viscoelastic form. The primary input parameters are the
material and formation characteristics at each time step. These include:

TIME ................ time point (million years before present time)
DEPTH .............. depth at this time (ft)

POISSPC ............ Poisson's ratio in percent of (final-initial) Poisson's ratio

EPC .................. Young's modulus in percent of (final-initial) Young's
modulus

EPSX ....................... tectonic strain in minimum direction, accumulated at this
time step (_)

EPSY ....................... tectonic strain in maximum direction, accumulated at this
time step (p_)

RHO ......................... density of the rocks (gm/cc)

PGRAD .................... pore pressure gradient (psi/ft)
TGRAD .............. temperature gradient (deg F/1000 ft)
ALPHA .............. coefficient of thermal expansion (in/in/deg F)

Other input parameters include:

Number of time steps
The present Poisson's ratio and Young's modulus (psi)
The initial Poisson's ratio and Young's modulus (psi)
The rock relaxation time (million years)
The number of integration steps (usually 4 is sufficient)

The time dependent inputs for Poisson's ratio and Young's modulus were set up as
percentages of the (final-initial) values because the initial value is not well-constrained. This
way, initial values and the subsequent lithification rates could be easily changed for
parametric studies without changing the entire input file at each time step. The strain input
is set up so that the strains are cumulative. If the calculation is elastic (large relaxation time)

' with constant properties, then the total tectonic strain at any time is the sum of all the
previous strains. If a large compressive strain (positive strain) has occurred for some period,
then relaxation of this compressive strain is accomplished with an extensional strain

" (negative strain) at the next time steps. Example input data sets for the three cases run in
this study are given in Tables F1, F2, and F3.
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Table F1. MWX Cozzette Input Data

COZZETTE SANDSTONE PICEANCE BASIN

7

75 0 0 0 0.000 0 000 0 00000 0 00000 2 i00 0 4330 0 O0 0 6OE-05

66 0 4100 0 0.380 0 380 O 00000 0 00050 2 300 0 4330 19 96 0 6OE-05

60 0 4100 0 0.400 0 400 0 00000 0 00050 2 400 0 4330 19 96 0 6OE-05
46 0 10400 0 0.890 0 890 -O 00100 0 O0100 2 500 0 5000 20 23 0 60E-05

36 0 11700 0 1,000 1 000 -0 O0100 -0 00040 2 500 0 8500 20 25 0 60E-05

ii 0 11700 0 1.000 1 000 0 00050 -0 00040 2 500 0 9000 20 25 0 60E-05

0 0 7900 0 1.000 1 000 0.00036 -0 00040 2 500 0 8000 20.17 0.6OE-05

0,220 0.4500OE+07 0,400 0 30000E+06
I000,00000000

4

Table F2. Ralston Federal 31 Cozzette Input Data

RALSTON FEDERAL 31

6
74 0 O.0 0.000 O 000 0.00000 0 00000,2 iO0 0 4330 0 O0 0 6OE-05

66 0 4000.0 0.500 O 500 0 00000 0 00050 2 300 0 4330 24 O0 0 60E-05

60 O 4000.0 0,550 O 550 0 00000 0 00050 2 400 0 4330 24 O0 0 60E-05

36 0 8500.0 1.000 1 000 -0 00100 0 00100 2 500 0 6000 24 O0 0 60E-05

ii 0 8500.0 1,000 1 000 -0 00050 -0 00040 2 500 0 7000 24 O0 0 60E-05

0 0 6370.0 1,000 1 000 0 00030 -0 00040 2 500 0 6500 24 O0 0 60E-05

0.220 0,45000E+07 0 400 0 30000E+06

I000.00000000

4

Table F3. Apache 1-C Rushmore Cozzette Input Data

APACHE I-C US RUSHMORE

7

73 0 O 0 0 000 0 000 0 00000 0 00000 2,100 0 4330 0 O0 0 60E-05

66 0 3700 0 0 350 0 350 0 00000 0 00050 2,200 0 4330 25 70 0 60E-05

60 0 3700 0 0 380 O 380 0 00000 0 00050 2,300 0 4330 25 70 0 60E-05

47 0 9900 0 0 900 O 900 -0 00100 0 00100 2,400 0 5000 23 70 0 60E-05

36 0 Ii000 0 1 000 1 000 -0 00100 -0 00040 2,500 0 8000 24 50 0 60E-05

II 0 ii000 0 1 000 1 000 0 00050 -0 00040 2.500 0 8500 24 50 0 60E-05

0 0 8550 0 1 000 1 000 0 00036 -0 00040 2.500 0 8000 24 50 0 60E-05

0.220 0.45000E+07 0 400 0 30000E+06

i000.00000OO0

4
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This program was written, compiled, and linked using Ryan-McFarland FORTRAN and
the PLOT88 software library for graphics. The main program contains the evaluation of the
integrals througil all time steps. Subroutine INPUT is used to enter the data, either by hand
or by file. Subroutine TABLE writes the data in a tabular form. Subroutine SPLOT is a

, plotting routine that can produce the following output as a function of time:

Total stresses (SHMAX, SHMIN, SV, P)
Effective stresses (EFFSHMAX, EFFSHMIN, EFFSV)

" Stress components (S1 (gravity), $2 (thermal), S3X (x tectonic),
S3Y (y tectonic))

Strains (EPSX, EPSY)
Temperature (T)
Depth (D)

Subroutine FAIL calculates the failure behavior of the rocks and compares this behavior
to actual failure data input by the user. Mohr-Coulomb failure data are used for this routine,
and an example of input failure data for the Cozzette case is given below.

5

-2320.00 0.00
11237.50 11165.00
17980.00 16457.50
22910.00 20010.00

29145.00 24795.00

The first input is the number of data points, followed by any points on the Mohr-Coulomb
envelope, with the first point being mean effective stress and the second point being
maximum shear stress. There is also an option for a reduced stren_ith envelope. Most failure
data are obtained on dry samples at strain rates of 1 >( 10 -b. Under in situ geologic
conditions, where water is present and strain rates are several orders of magnitude lower, the
failure envelope can be expected to be 20-50% lower, and this can be accounted for using a
reduction factor of 0.8-0.5. Failure results are also plotted in subroutine FAIL. A listing of
the FORTRAN source code and example output for the Cozzette case are given in the
following pages.

A sample output for the Cozzette sandstone is presented. These results were obtained
using the input from Tables F1, F2, and F3. The accompanying plots (Figures F1-F7), were
produced during the running of the output example. They show all the data that can be
plotted using this program.
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Program
PROGRAM SHIST

PARAMETER (IT-20,ID-20)

CHARACTER*I IINTST,IRELAX,ITIME,IUNiTS,IPLOT,ITABLE,IFAIL,ICONT 8

CHARACTER*40 DEFZONE

DIMENSION SV(IT,ID),SHMIN(IT,ID),SHMAX(IT,ID),PO(IT,ID),EPSY(IT),

IT(IT),D(IT),TIN(IT),DIN(IT),SI(IT,ID),S2(IT,ID),S3X(IT,ID),

2S3Y(IT,ID),ESV(IT,ID),ESHMIN(IT,ID),ESHMAX(IT,ID),EPSX(IT),

3PGRAD(IT),RHO(IT),ALPHA(IT),TGRAD(IT),TDEPTH(3),TEMP(IT,ID)

DIMENSION POISPC(IT),EPC(IT),SUM(9),ADD(9),

IEO(IT),EM(IT),POISSO(IT),POISSM(IT),PGRADO(IT),PGRADM(IT),

2ALPHAO(IT),ALPHAM(IT),FEPSXM(IT),FEPSYM(IT),

3FDTDT(IT),FGRAV(IT),TREL(IT,ID),TINC(IT),DREL(IT,ID)
C INITIALIZE DATA

IINTST-'N'

IRELAX-'N'

1 DO 2 I-l,IT

T(I)-O.O
DO 2 J-l, ID

SV(I,J)-0.0

PO(I,J)-0.0

Sl(I,J)-0.O

S2(I,J)-O.O
S3X(I,J)-O.O

S3Y(I,J)-O.O

SHMIN(I,J)-O.0

SHMAX(I,J)-O.0

ESHMIN(I,J)-O.O

ESHMAX(I,J)-O.0

2 ESV(I,J)-O.O
TSURF-50.

T(1)-TSURF
C INPUT DATA IF NEEDED

IF(IINTST .EQ. 'Y' .OR. IRELAX .EQ. 'Y') GO TO 3

CALL INPUT(TIN,DIN,POISPC,EPC,EPSX,EPSY,DEPTH,POISS,E,RHO,TGRAD,

i ALPHA,DDEPTH,N,POISSI,EI,PCRAD,NSTEPS,TR,DEFZONE)

TEMP(I,NSTEPS)-TSURF

TREL(I,NSTEPS)-TIN(1)

DREL(I,NSTEPS)-O.O
DPOISS-POISS-POISSI

DE-E-E1

POISSO(1)-POISSI

EO(1)-EI
C CALCULATE TIMES FOR EACH INCREMENT

3 DO 5 LL-2,N

TINC(LL)-TIN(LL-I)-TIN(LL)

DTINC-TINC(LL)/REAL(NSTEPS)

DO 4 JJ-I,NSTEPS

4 TREL(LL,JJ)-TIN(LL-I)-DTINC*REAL(JJ)
5 CONTINUE

D(1)-0.O
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C START THE CALCULATIONS; DO LOOP ON I_kRGE TIME INTERVALS

DO 50 L-2,N
PRINT I00, TIN(L), EPSX(L), EPSY(L), POISPC(L), EPC(L)

" WRITE( lO, lO0)TIN(L), EPSX(L), EPSY (L),POISPC (U),EPC (L)

PRINT 202 ,RHO(L) )TGRAD(L) ,ALPHA(L), PGRAD(L)

WRITE(IO, 202) RBO (L),TGRAD (L),ALPHA(L), PGRAD (L)
DDELTA-DIN (L) -DIN (L- I)

D(L)-D(L- I)+DDELTA
C DETERMINE SLOPE AND INTERCEPTS FOR THE PROPERTIES

POISSO(L)-POISPC(L- I)*DPOISS+POISSI

EO (L)-EPC (L-I)*DE+E1

POISSM(L)- (POISPC (t) -POISPC (L- i))*DPOI SS/TINC (L)

EM(L)-(EPC (e) -EPC (e- i))*DE/TINC(L)

PGRADO (e)-PGRAD (t- I)

PGRADH (L)- (PGRAD (L) -PGRAD (L- 1))/TINC (L)

ALPHAO (L)-ALPHA (L- 1)

ALPHAM (L)- (ALPHA (L) -ALPHA(L- I))/TINC (L)
C DETERMINE THE FORCING LOADS AND STRAINS FOR THIS TIME STEP

FEPSXM (L)-EPSX (L)/TINC (L)

FEPSYM (L)-EPSY (L)/TINC (L)
T (L)-TS URF+D (L) *TGRAD (L)/1000.

FDTDT (L)- (T(L) .T(L- i))/TINC (L)

FGRAV (L)- (((0.433*RHO (n) -PGRAD (L))*m (L))-( (0.433*

1RHO (L- 1)-PGRAD (L-1))*D (L- l)))/TINC (n)
C START THE INTEGRATION

C REMEMBER, EACH INTEGRAL MUST BE CARRIED THROUGH ALL TIME
C THE FIRST LOOP IS FOR EACH OF THE INCREMENTAL TIMES THAT THE

C RELAXATION FUNCTION IS TO BE EVALUATED

DZI-DDELTA/REAL(NSTEPS)

DO 35 MTIME-I,NSTEPS

TIME-TREL (L,MTIME )

C PRINT 504,L,MTIME,TIME

C WRITE(IO, 504)L,MTIME,TIME

C 504 FOR.MAT(' L-',I2,' MTIME-',I2,' TIME-',FI2.4)
C THE 2ND LOOP IS FOR EACH STEP IN HISTORY WHERE A FORCING FUNC. OCCURS

DO 30 MFF-2,L

C PRINT 503)MFF, FGRAV(MFF) ,FDTPT(MFF) ,FEPSXM(MFF) ,FEPSYM(MFF)

C WRITE(IO ,503)MFF, FGRAV (MFF) ,FDTDT(MFF) ,FEPSXM(MFF) ,FEPSYM(MFF)

C 503 FORMAT(' MFF-',I2,' FG-',EI2.4,' FDT-',EI2.4)' FEPSX-',E12.4,

C I' FEPSY-' ,El2.4)

C NEED THE INCREMENTAL TIMESTEPFOR EACHIm.RGETIME PERIOD
C REMEMBER, EACH LARGE TIME PERIOD IS DIIFERENT SIZE, SO THE
C INCREMENTAL TIME STEPS ARE IRREGULAR ALSO

DZ-TINC (MFF) /(REAL(NSTEPS)*2.O)
,, Z-O. 0

C PRINT 502,MFF,TINC(MFF),DZ

C WRITE (lO, 502)MFF, TINC (MFF),DZ

.. C 502 FORMAT(' MFF-' ,12,' TINC-',FI2.4,' DZ-',FI2.6)
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C START THE SUMMATION FOR EACH INCREMENTAL TIME STEP

C THE 3RD LOOP CALCULATES INCREMENTAL STRESS FOR EACH INCREMENTAL TIME

DO 20 I-I,NSTEPS

IF(MFF .EQ. L .AND, 1 .GT. MTIME) GO TO 20 "

C PRINT 501,I,Z

C WRITE(IO, 501) I,Z
C 501 FORMAT(' I-',12,' Z-',FI2.4)

DO 8 JJ-l,6

8 SUM(JJ)-O. 0

C EVALUATE PROPERTIES AT THREE POINTS(ENDS AND MIDDLE)
DO 15 J-l,3

POISSF-POISSO (MFF)+POI SSM (MFF)*Z

EF-EO (MFF) +EM (MFF) *Z

ALPHAF-ALPHAO (MFF) +ALPHAM (MFF)*Z
C CALCULATE THE DELTA TIME OVER WHICH RELAXATION OCCURS

C REMEMBER, TIME INCREASES AS WE CO BACK IN HISTORY

TINTEG-TIN (MFF- I) -Z
RELAXT-TINTEG- TIME

C EVALUATE THE RELAXATION FUNCTION AT THIS TIME
CI-I.O-POISSF

C2-1.O+POISSF

C3-I.0-2. O*POISSF

C4-3.0"CI/C2

C5-EXP (-RELAXT/TR)
C6-EX P(-C4*RELAXT/TR)

AI-CI/POISSF- C3/POISSF*G5

A2-C2/2.0"C5+CI/2.0.C6

A3-O, 5*C2/PO!SSF*C5-O. 5*CI/POISSF*C6
A4-C5

C PRINT 500, J ,TIME, TINTEG, RELAXT, AI ,A2 ,A3 ,A4 ,A5 ,A6

C WRITE(IO,5OO)J ,TIME,TINTEG,RELAXT,AI,A2,A3,A4,A5,A6

C 500 FORMAT(' J-',12,' TIME-',FI2.4,' TINTG-',FI2.4,' RELXT-',FI2,4

C i,' THE A''S ARE',/6EI2.4)

C CALCULATE TOTAL CONTRIBUTION TO INTEGRAL (RELAX, + PROP + FOR FUN)
ADD( i)-eOl SSF/( I.O-POI SS F)*FGRAV (MFF) *AI

ADD( 2)-ALPHAF*EF/( I.O-POI SSF)*FDTDT (MFF)*A4

ADD( 3)-EF/( i.O- POISSF**2 )*FEPSXM (MFF)*A2

ADD (4)-EF/( i.O- PO!SSF**2 )*FE PSYM (MFF) *A2

ADD( 5)-POI SSF'ADD (3)*A 3/A2

ADD( 6)-POI SSF'ADD (4 )*A 3/A2
C PRINT 505, (ADD(IJK), IJK-I, 6)

C WRITE(IO, 505)(ADD(IJK), IJK-I,6)

C 505 FORMAT('ADD(1)-',6EI2o4)
FAC-!. O

IF(3 .EQ. 2) FAC-4.0

C ADD THIS CONTRIBUTION TO THE RUNNING SUM (3 POINTS FOR EACH SUM)

DO 12 K-I, 6

12 SUM (K)-SUM (K)+ADD (K)*FAC
15 IF(J .LT, 3) Z--Z+DZ
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C NOW CALCULATE THE STRESS COMPONENTS FOR THIS INCREMENT

SI (L,MTIME)-S I(L,MTIME)+DZ/3. O,SUM (I)

. 22 (L,MTIME)-S 2(L,MTIME)+DZ/3. O,SUM (2)

S3X (L,MTIME)-S 3X (L,MTIME) +DZ/3. O* (SUM (3)+SUM( 6))

S3Y (L,MTIME)-S 3Y (L,MTIME) +DZ/3. O*( SUM(4 )+SUM( 5))

" C PRINT 506,SI(L,MTIME) ,S2(L,MTIME),S3X(L,MTIME), S3Y(L,MTIME)

C WRITE(IO, 506)SI (L,MTIME), $2 (L,MTIME), S3X(L,MTIME), S3Y(L,MTIME)

C 506 FORMAT(' SI-',E12.4,' $2-',E12.4,' S3X-',E12.4,' S3Y--',EI2.4)
20 CONTINUE

C END OF THE THIRD LOOP

C END OF THE SECOND LOOP

30 CONTINUE

C CALCULATE OVERBURDEN STRESS, PORE PRESSURE AND TEMPERATURE

DREL(L, MTIME)-D (L- I)+DZI*REAL(MTIME)

SV (L,MT IME)-RHO (L)*0.433*DREL(L, MTIME)

PO (L,MTIME)-(PGRJ_DO (L)+PORADM(L)* (TIN (L-i ).TREL(L, MTIME) ))*

IDREL(L, MTIME)

TEMP (L,MTIME )-T (L- I)+FDTDT (L) *TINC (L)*REAL( MTIME )/REAL( NSTEPS )
C CALCULATE THE HORIZONTAL STRESSES

SHMIN (L,MTIME)-SI (L,MTIME)+$2 (L,MTIME) +S3X (L,MT IME)+PO (L,MTIME)

SHMAX(L, MTIME)-S i(L,MTIME) +$2 (L,MTIME) +S3Y (L,MTIME) +PO( L,MTIME)
C CALCULATE THE EFFECTIVE STRESSES

ESV (L,MTIME)-SV (L,MTIME) -PO(L,MTIME)

ESHMIN (L,MTIME)-SHMIN (L,MTIME) -PO(L, MTIME)

ESHMAX (L,MTIME)-SHMAX (t,MTIME) -PO(L, MTIME)

PRINT 2OI,DREL(L,MTIME),SV(L,MTIME),SI(L,MTIME),S2(L,MTIME),S3X(L

I,MTIME), S3Y(L,MTIME), SHJ_IN(L,MTIME), SHMAX(L,MTIME), PO(L,MTIME),

2TEMP(L, MTIME), ESV(L,MTIME), ESHMIN(L, MTIME), ESHMAJ{(L,MTIME)

WRITE(IO,201) DREL(L,MTIME),SV(L,MTIME),SI(L,MTIME),S2(L,MTIME),

I S3X(L,MTIME), S3Y(L,MTIME), SHMIN(L,MTIME),

2 SHMAX(L, MTIME), PO(L,MTIME), TEMP(L,MTIME),

3 ESV (L,MTIME), ESHMIN(L, MTIME), ESHMAX(L,MTIME)
C END OF FIRST LOOP

35 CONTINUE

50 CONTINUE

C PREPARE FOR OUTPUT

IPU-I

PRINT*,' DO YOU WANT OUTPUT IN SI(S) OR CONV(C) UNITS: '

READ 111,IUNITS

IF(IUNITS .EQ. 'S') THEN
A-0. 0068948
IPU-2

DO 55 J-I,N

DO 55 K-1,NSTEPS

SV(J ,K)-SV(J,K)*A

PO(J, K)-PO(J ,K)*A

SI(J ,K)-SI(J,K)*A

" S2(J, K)-S2 (J ,K)*A
S3X(J, K)-S3X(J ,K)*A

S3Y(J,K)-S3Y(J ,K)*A

SHMIN (J, K )-SHM IN (J, K) *A

SHMAX(J, K ) -S HMAX(J, K) *A
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ESV (J,K)-ESV (J ,K)*A

ESHMIN (J, K)-ESHMIN (J ,K)*A

55 ESHMAX (J ,K)-ESHMAX (J ,K)*A
KNDIF

C PREPARE FOR PLOTS

PRINT*, ' DO YOU WANT PLOTS: '

READ iii, IPLOT

Iii FORMAT (AI)

IF(IPLOT .EQ. 'N') GO TO 60

D(1)-O.O

CALL S PLOT (D, TIN, SV, SHMIN, SHMAX, PO, S1, S2, S3X, S 3Y, T, ESV, ESHMI N,
1 ESH_, EPSX, EPSY, N, DEPTH, IPU, NSTEPS, TREL, DEFZONE)

C PREPARE FOR A TABLE OF THE DATA

60 PRINT*,' DO YOU WANT A TABLE OF THE DATA: '

READ III, IT_d3LE

iF(ITABLE .NE. 'Y') GO TO 70

CALL TABLE(N, TREL, SV, SHMIN, SH_, ESV, ESHMIN, ESHMAX,

IS1, $2, S3X, S3Y, PO, TEMP, EPSX, EPSY, PGRAD, RHO, POISSO, EO,ALPHA,

21 PU,NSTEPS , DREL)
C FAILURE ANALYS IS

70 PRINT*,' DO YOU WANT A FAILURE ANALYSIS: '

READ IIi, IFAIL

IF(IFAIL .EQ. 'N') GO TO 80

CALL FAILURE (N,ESV, ESHMIN ,ESH/_, PO, TIN, DIN, IPU, NSTEPS ,TREL,
1 DREL, DEFZONE)

C CONTINUATION SEQUENCE

80 PRINT*,' DO YOU WANT TO CONTINUE: '

READ 11 I,ICONT

IF(ICONT .EQ. 'N') STOP
PRINT*,' DO YOU WANT SAME DATA WITH A NEW RELAXATION TIME: '

READ iiI, IRELAX

IF(IRELAX .EQ. 'Y') THEN

PRINT*,' INPUT THE NEW RELAXATION TIME IN MY: '

READ(If ,*) TR
CO TO 85

ENDIF

PRIHT*,' DO YOU WANT SAME DATA WITH NEW INTEGRATION STEP: '

READ III,IINTST

IF(IINTST .EQ. 'N') GO TO 1
85 PRINT*,' INPUT THE NUMBER OF INTEGRATION STEPS: '

READ (II,*) NSTEPS
GO TO 1

lO0 FORMAT(/' TIME IN MILLIONS OF YEARS BEFORE PRESENT -' ,F5.2/

I' EPSX-' ,E12.4, ' EPSY-', E12.4/' POISPC-', VlO. 8, ' EPC-',

2FIO.8/)

201 FORMAT(' D-',FIO.2, ' SV-',FIO.2,' SI-',FIO.2,' $2-',FIO,2/

i' S3X-',FIO.2,' S3Y-',FIO.2,' SHMIN-',FIO.2,' SHMAX-',FIO.2/
2' PO-',FIO.2,' TEMP-',F7.1,/ '.

3' EFF SV-',FIO,2,' EFF SHMIN-',FIO.2,' EFF SHMAX-',FIO.2)

202 FORMAT(3X,'INPUT PARAMETERS'/' RHO-',FS,4,' CM/CM**3'/

i' TGRAD-',F8.4,' DEG F/IOO FT'/' ALPHA-',EI4.4,' !/DEC F'/
2' PGRAD-', F8.5,' PSI/FT'/)

END

114



C
C

SUBROUTINE INPUT(TIN, DIN, POISSPC, EPC, EPSX, EPSY, DEPTH, POISS, E,
_ 1 RHO, TGRAD, ALPHA, DDEPTH, N,POISS I,EI, PGRAD,

2 NSTEPS, TR, DEFZONE)

. CHAg.At_TER*I IF}{,IWR

CHARACTER*20 FILRIN, FILEOUT

CI_kRACTER*40 DEFZONE

PARAMETER (IT-20)

DIMENSION TIN(IT) ,DIN(IT) ,POISSPC(IT), EPC(IT), EPSX(IT),EPSY
1 (IT), PGRAD(IT), TGRAD(IT) ,ALPHA(IT) ,RHO(iT)

C INPUT DATA
C

C POISSPC ....... POISSONS RATIO--% INCREASE FROM INITIAL TO
C PRESENT DAY VALUE

C EPC ........... YOUNGS MODULUS--% INCREASE FROM INITIAL TO

C PRESENT DAY VALUE

C EPSX .......... TECTONIC STRAIN IN MIN DIRECTION--MICROSTRAIN

C EPSY .......... TECTONIC STRAIN IN MAX DIRECTION--MICROSTRAIN

C RHO ........... DENS ITY- -GM/CC

C PGRAD ......... PORE PRESSURE GRADIENT- -PSI/FT

C TGRAD ......... TEMPERATURE GRADIENT..DEG F/IO00 FT
C ALPHA ......... COEFFICIENT OF LINEAR THERMAL EXPANSION

C
C
C INPUT FILE
C

C I: DESCRIPTION OF ZONE (40 CHARACTERS)

C 2: NUMBER OF TIME STEPS (N)

C 3: I-I,N TIME, DEPTH,POISSPC,EPC,EPSX,EPSY,RHO,PGRAD,TGRAD,ALPHA

C 4: POISSON'S RATIO, YOUNG'S MODULUS, INITIAL POISS, INITIAL YOUNG
C 5: RELAXATION TIME IN MYRS

C 6: NUMBER OF INTEGRATION STEPS

C

C

C

PRINT*,' DO YOU WANT TO INPUT BY FILE (F) OR HAND (H): '

READ(*, I00) IFH

I00 FORMAT(A1)

IF(IFH .EQ. 'F' .OR. IFH .EQ. 'f') THEN

PRINT*,' WHAT IS THE NAME OF THE INPUT FILE: '

READ(*,IOI) FILEIN

OPEN (8,FILE-FILEIN)
, REWIND 8

READ(8,102) DEFZONE

i01 FORMAT (A20)

. 102 FORMAT (A40)

READ(8 ,*) N

DO 2 I-I,N

2 READ(3,*) TIN(I),DIN(I),POISSPC(1),EPC(1),EPSX(I),EPSY(I),
1 RHO( I ), PGRAD ( I ), TGRAD( I ), ALPHA ( I )

READ(8 ,*) POISS,E, POISSI,EI
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READ(8,*) TR
READ( 8, *) NSTEPS
CLOSE (8)
PRINT*, ' DATA FILE READ '

ELSE

PRINT*,' INPUT A DESCRIPTION OF THE ZONE/BASIN (40 CHARS)' '

PRINT*, ' '
READ(*, 102) DEFZONE

5 PRINT*,' HOW MANA' TIMES AT WHICH YOU HAVE DATA: '

READ (*,*) N
IPP-7

ITEMPD-i

WRITE(*, 300)

300 FORMAT(' INPUT THE DATA FOR EACH TIME INTERVAL; START AT',

1 ' EARLIEST PERIOD')

WRITE(*, 301)

301 FORMAT(' TIME(MYBP),DEPTH OF ZONE(FT),POISSPC,EPC,EPSX,EPSY,',

1 'RHO, PGRAD, TGRAD, ALPHA' )

DO i0 I-I,N

WRITE(*, 333) I
333 FORMAT(' TIME STEP #',I3,'' ')

lO READ (*,*) TIN(I),DIN(1),POISSPC(1),EPC(I),EPSX(1),EPSY(1)
l ,PdqO(i),PGRAD (I),TGRAD (I),ALPHA (I)

C INPUT DATA FOR CURRENT TIME

ii PRINT*,' INPUT' PRESENT POISS AND E' '

READ (*,*) POISS,E

PRINT*,' INPUT' INITIAL POISS AND E: '

READ (*,*) POISSI,EI

DDEPTH-DIN(N)
C VISCOELASTIC DATA

PRINT*,' INPUT TilE RELAXATION TIME IN MILLIONS OF YEARS' '
READ(*,*) TR

PRINT*,' INPUT THE NUMBER OF INTEGRATION STEPS: '
READ (*,*) NSTEPS

PRINT*,' DO YOU WANT THESE DATA WRITTEN TO A FILE' '

READ(*, I00) IWR

IF(IWR .EQ. 'Y' .OR. IWR .EQ. 'y')THEN

PRINT*,' DATA WILL BE SAVED; WHAT FILE NAME' '
READ(*,I01) FILEOUT

OPEN(9, FILE-FI LEOUT)
REWIND 9

WRITE(9,102) DEFZONE

WRITE(9 ,*) N
DO 20 I-I,N

20 WRITE(9,400) TIN(1), DIN(1), POISSPC(1), EPC(1), EPSX(1),

I EPSY (I),R.HO(I),PGRAD (I),TGRAD (I).ALPHA( I)

400 FORMAT(IX, F7. I, iX,F7. I,iX,F5.3, IX, FS. 3, IX, F8.5, IX,F8.5, IX,

1 F6.3, IX, F6.4, IX, F6.2, IX, Ell.4)

WRITE(9,401) POISS, E,POISSi, El

401 FORMAT(IX, F7.3, IX,El4.5, IX, FT. 3,IX, El4.5)

WRITE(9,*) TR

WRITE(9,*) NSTEPS

CLOSE (9)

PRINT*,' DATA FILE WRITTEN '
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ENDIF

ENDIF

.. PRINT*,' WHAT OUTPUT FILE NAME" '
READ(*, I01) FILEOUT

OPEN (i0, FILE-FI LEOUT)
• REWIND i0

WRITE(*, 200) DEFZONE
200 FORMAT(IX,A40)

WRITE(IO, 200) DEFZONE

WRITE(*, 201) N

201 FORMAT(SX,12,' TIME STEPS')

WRITE(10,201) N

WRITE(*, 202)

202 FORMAT(2X,'I' 3X 'TIME' 3X 'DEPTH' 3X 'NU%' 3X,'E%' 6X 'EPSX'

14X, 'EPSY' ,4X, 'R/qO',2X ,'PGRAD ',3X ,'TGRAD' ,3X ,'ALPHA' )

WRITE(IO, 202)

DO 40 I-i ,N

WRITE(*, 203) I,TIN(1), DIN(I), POISSPC(I), EPC(1), EPSX(I), EPSY(I)

1 ,RHO (I),PGRAD (I),TGRAD (I),ALPHA (I)

203 FORMAT(IX, I2, iX,F7.2, iX, F7.0, IX, F5.3, IX, F5.3, IX, F8.5, iX, F8.6,
I iX, F5.3, iX, F5,3, IX, F7.3, iX, E9.2)

40 WRITE(IO, 203) I,TIN(I), DIN(I), POISSPC(1), EPC(I), EPSX(1),
1 EPSY (I),RHO (I), PGRAD (I),TGRAD (I),ALPHA (I)

WRITE(*,204) POISS,E,POISSI,EI

204 FORMAT(/2OX,'POISSONS RATIO YOUNGS MODULUS'/

1 3X, 'PRESENT VALUE', 8X, F7.3, lOX, EIO. 3/

2 3X, 'INITIAL VALUE', 8X, F7.3, IOX, EIO. 3)

WRITE(IO, 204) POISS, E,POISSI, EI

WRITE(*, 205) TR, NSTEPS

205 FORMAT(/' REI2OCATIO_:TIME-',FI4.4,' MYRS'/

1 ' EACH TIME STEP SUBDIVIDED INTO ',12,' INTEGRATION STEPS'/)
WRITE(10,205) TR, NSTEPS
RETURN

END

C

C

C

SUBROUTINE TABLE(N, TREL, SV, SHMIN, SHMAX, ESV, ESHMIN,

1ESHMAX, Si,S2,S3X, S3Y, PO, TEMP, EPSX, EPSY, PGRAD, RHO, PO ISSO, EO,
2ALPHA, IPU, NSTEPS, DREL){

PARAMETER (IT-20, ID-20)

DIMENSION TREL(IT, ID), SV(IT, ID), SHMIN(IT, ID), SHMAX(IT, ID),

IESV(IT, ID), ESHMIN(IT, ID) ,ESHMAX(IT, ID), DREL(IT, ID),

2SI(IT, ID), S2(IT, ID) ,S3X(IT, ID) ,S3Y(IT, ID) ,PO(IT, ID),

' 3TEMP(IT, ID), EPSX(IT), EPSY(IT), PGRAD(IT),RHO(IT), POISSO(IT),

4EO(IT) ,ALPHA(IT)
C WRITE OUTPUT IN A TABLE

• IF(IPU .EQ. i) PRINT*,' STRESS UNITS ARE IN PSI'

IF(IPU .EQ. 2) PRINT*,' STRESS UNITS ARE IN MPA'

DO 50 I-I,N

IF(I .EQ. I) JSTART-NSTEPS

IF(I .NE. i) JSTART-I

PRINT 210,(TREL(I,J),JmJSTART,NSTEPS)
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PRINT 211, (DREL(I,J),J-JSTART,NSTEPS)

PRINT 212, (SV(I,J),J-JSTART,NSTEPS)

PRINT 213, (SHMIN(I ,J) ,J-JSTART,NSTEPS)
PRINT 214, (SHMAX(I,J),J-JSTART,NSTEPS)

PRINT 215, (ESV (I,J),J-J START, NSTEPS )

PRINT 216, (ESHMIN(I,J),J-JSTART,NSTEPS) ,

PRINT 217, (ESHMAX (I,J), J-J START, NSTEPS)

PRINT 218,(SI(I,J),J-JSTART,NSTEPS)

PRINT 219,(S2(I,J),J-JSTART,NSTEPS)

PRINT 220, (S3X(I,J),J-JSTART,NSTEPS)

PRINT 221, (S3Y(I,J),J-JSTART,NSTEPS)

PRINT 222, (PO(I,J),J-JSTART,NSTEPS)

PRINT 223, (TEMP(I ,J),J-JSTART,NSTEPS)

PRINT 224, EPSX(1)

PRINT 225,EPSY(1)

PRINT 226, PGRAD(1)

PRINT 227,RH0(I)

PRINT 228,P01SSO(I)

PRINT 229,EO(I)

PRINT 230,ALPHA(1)

WRITE(IO 210) (TREL(I,J),J-JSTART,NSTEPS)

WRITE(10 211) (DREL(I,J),J-JSTART,NSTEPS)

WRITE(IO 212) (SV(I,J),J-JSTART,NSTEPS)

WRITE(IO 213) (SHMIN(I,J),J-JSTART,NSTEPS)

WRITE(IO 214) (SHMAX(I,J),J-JSTART,NSTEPS)

WRITE(IO 215) (ESV(I,J),J-JSTART,NSTEPS)

WRITE(IO 216) (ESHMIN(I,J),J-JSTART,NSTEPS)

WRITE(IO 217) (ESHMAX(I,J),J-JSTART,NSTEPS)

WRITE(IO 218) (SI(I,J),J-JSTART,NSTEPS)

WRITE(IO 219) (S2(I,J),J-JSTART,NSTEPS)

WRITE(IO 220) (S3X(I,J),J-JSTART,NSTEPS)

WRITE(IO 221) (S3Y(I,J),J-JSTART,NSTEPS)

WRITE(10 222) (PO(I,J),J-JSTART,NSTEPS)

WRITE(10 223) (TEMP(I,J),J-JSTART,NSTEPS)

WRITE(IO 224) EPSX(I)

WRITE(IO 225) EPSY(1)

WRITE(IO 226) PGRAD(1)

WRITE(IO 227) RHO(1)

WRITE(IO 228) POISSO(1)

WRITE(IO 229) EO(1)

WRITE(10 230) ALPHA(I)
49 PRINT 231

50 CONTINUE

210 FORMAT(/' TIME (MY)-',6X,F(IX,FB.I,2X)/)

211 FORMAT(' DEPTH (FT)-' ,5X,7F8.1)

212 FORMAT(' SV-',I3X,7F8.1)

213 FORMAT(' SHMIN-' ,IOX,7F8. i)

214 FORMAT(' SHMAX-' ,IOX, 7F8. I)

215 FORMAT(' EFF SV-' ,gx,7F8. i)

216 FORMAT(' EFF SHMIN-',6X,7F8.1)

217 FORMAT(' EFF SHMAX-' ,6X,7F8. i)

218 FORMAT(' SI-GRAV-',8X,7F8.1)

219 FORMAT(' S2-TEMP-',8X,7F8.1)
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220 FORMAT(' S3X-STPAIN,-', 6X, 7F8. I)

221 FORMAT(' S3Y-STRAIN-',6X,7FS.I)

222 FORMAT(' PO-' ,13X,7FS.I)

• 223 FORMAT(' TEMP (DEG F)-' ,3X,7FS.2)

224 FORMAT(' EPSX (IN/IN)-',3X,FS.5)

225 FORMAT(' EPSY (IN/IN)-',3X,FS.5)

" 226 FORMAT(' PGRAD (PSI/FT)-',IX,F8.3)

227 FORMAT(' RHO (GM/CC)-',4X,F8.3)

228 FORMAT(' POISSONS RATIO-',IX,FS.4)

229 FORMAT(' YOUNG MOD (PSI)-' ,E8.3)

230 FORMAT(' ALPHA (I/DEG F)-',ES.3)

231 FORMAT(//)
RETURN

END

C

SUBROUTINE SPLOT(D, TIN, SV, SHMIN, SHMAX, PO, Sl, S2, S3X, S3Y, T, ESV,

1 ESHMIN ,ESHMAX ,EPSX, EPSY, N,DEPTH, IPU, NSTEPS ,TREL,
2 DEFZONE)

C

C PLOTTING ROUTINE

C

PARAMETER (IT-20, ID-20)

CHARACTER*I IRP, ICH, IPL, IPLTYP
CHARACTER*40 DEFZONE

DIMENSION D(IT),TIN(IT),SV(IT,ID),SHMIN(IT,ID),SHMAX(IT,ID),

IPO(IT, ID) ,SI(IT, ID), S2(IT, ID) ,S3X(IT, ID) ,S3Y(IT, ID), ESV(IT, ID),

2ESHMIN(IT, ID), ESHMAX(IT, ID),YO(2,6) ,YSTEP(2,6) ,YEND(2,6),

3TEST(II),T(IT), EPSX(IT), EPSY(IT), PEPSX(IT), PEPSY(IT),TT(400),
4TREL(IT, ID)
IOC-97

IOPR-O

MC-97

MP-60

1 PRINT*,' PLOTS ARE SETUP FOR IBM EGA AND LASERJET PRINTER'

PRINT*,' DO YOU WANT TO CHANGE THESE? '

READ(*, 100) ICH

i00 FORMAT (AI)

IF(ICH .EQ. 'Y' .OR. ICH .EQ. 'y')CALL SETUP(IOC,MC,IOPR,MP)
C GET MIN OR MAX VALUES FOR PLOT

DO 3 I-l,ll

3 TEST(I)-0.0

DO 7 I-I,N

DO 5 J-I,NSTEPS
C PLOT I

IF(SHMAX(I,J) GT. TEST(1)) TEST(1)-SHMAX(I,J)

' IF(SV(I,J) .GT TEST(1)) TEST(1)-SV(I,J)

IF(SHMIN(I,J) GT. TEST(I)) TEST(1)-SHMIN(I,J)

IF(SHMIN(I,J) LT. TEST(2)) TEST(2)-SHMIN(I,J)4

IF(SHMAX(I,J) LT. TEST(2)) TESr(2)-SHMAX(I,J)

IF(SV(I,J) .LT TEST(2)) TEST(2)-SV(I,J)
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IF(PO(I,J) .LT. TEST(2)) TEST(2)-PO(I,J)
C PLOT 2

IF(ESlIMAX(I,J) GT. TEST(3)) TEST(3)-ESHMAX(I,J)

IF(ESHMIN(I,J) GT. TEST(3)) TEST(3)-ESHMIN(I,J)

IF(ESV(I,J) ,GT TEST(3)) TEST(3)-ESV(1,J)

IF(ESV(I,J) .LT TEST(4)) TEST(4)-ESV(I,J)

IF(ESHMIN(I,j) LT. TEST(4)) TEST(4)-ESHMIN(I,J)

IF(ESHMAX(I,J) LT. TEST(4)) TEST(4)-ESHMAX(I,J)
C PLOT 3

IF(S3Y(I,J) .GT. TEST(5)) TEST(5)-S3Y(I,J)

IF(S2(I,J) .GT. TEST(5)) TEST(5)-S2(I,J)

IF(SI(I,J) .GT. TEST(5)) TEST(5)-SI(I,J)

IF(S3X(I,J) .GT. TEST(5)) TEST(5)-S3X(I,J)

IF(S3X(I,J) .LT. TEST(6)) TEST(6)-S3X(I,J)

iF(S3Y(I,J) .LT. TEST(6)) TEST(6)-S3Y(I ,J)

IF(S2(I,J) .LT. TEST(6)) TEST(6)-S2(I,J)

IF(SI(I,J) .LT. TEST(6)) TEST(6)-SI(I,J)
C PLOT 6

PEPSX (I)-EPSX (I)*I.E+06

PEPSY (I)-EPSY( I)*i, E+06
IF(PEPSY(1) .GT. TEST(7)) TEST(7)-PEPSY(1)

5 IF(PEPSX(1) .LT. TEST(8)) TEST(8)-PEPSX(1)
C PLOT 4

IF(T(1) .GT. TEST(9)) TEST(9)-T(1)
C PLOT 5

IF(D(1) .(;r.TEST(IO)) TEST(IO)-D(1)

C X AXIS (TIME)

7 IF(TIN(l) .GT. TEST(II)) TEST(II)-TIN(1)

KDEPTH- INT (DEPTH )
WRITE(*, 201) TEST(If)

201 FORMAT(' START TIME IS ',F12.3,' YRS BEFORE PRESENT'/

i ' INPUT: START TIME, TSTEP AND TEND (E.G. 75,5,0): ')

READ (*, *) TO, TSTEP, TMAX
TSTEP--TSTEP

C IPLTYP DESCRIBES TYPE OF PLOT

DO 80 J-l,6
IDEV-IOC

JDEV-MC

IPL-,N _

IF(J EQ i) PRINT* ' DO YOU WANT TO PLOT TOTAL STRESS: '

IF(J EQ 2) PRINT* ' DO YOU WANT TO PLOT EFF. STRESS: °

IF(J EQ 3) PRINT* ' DO YOU WANT TO PLOT STRESS COMP. : '

IF(J EQ 4) PRINT* ' DO YOU WANT TO PLOT TEMPERATURE: '

IF(J EQ 5) PRINT* ' DO YOU WANT TO PLOT DEPTH: '

IF(J EQ 6) PRINT* o DO YOU WANT TO PLOT STRAINS: '

READ i00, IPLTYP

IF(IPLTYP ,EQ. 'N') GO TO 80
C SETUP FOR TilE CORRECT PLOT

IF(J .EQ. I) THEN
IAXEP-I

IAXEN-2

TEST( IAXEN)-O .0

ELSE IF(J .EQ. 2) TIIEN
IAXEP-3

IAXEN-4
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ELSE IF(J .EQ. 3) TIIEN
IAXEP-5
IAXEN-6

ELSE IF(J .EQ. 6) THEN

, IAXEP-7
IAXEN=8

ENDIF

• IF(J ,HE. 4 .AND. J .HE. 5) THEN

PRINT 200, TEST( IAXEP), TEST(IAXEN)

200 FORMAT('THE MAX VALUE IS',FI2.2,' THE MIN VALUE IS',FI2.2)

PRINT*, ' INPUT YORIG,YSTEP,YMAX: '

READ(*,*) YO(IPU,J) ,YSTEP(IPU,J) ,YEND(IPU,J)
ELSE

IF(J .EQ. 4) THEN

WRITE(*,202) TEST(9)

202 FORMAT(' MAX TEMP =',FIO.3,

I ' INPUT STEP & MAX FOR PLOT: ')

ELSE IF(J .EQ. 5) THEN

WRITE(*, 203) TEST(IO)

203 FORMAT(' MAX DEPTH -' ,F12.3,
I ' INPUT STEP & MAX FOR PLOT: ')

ENDIF

READ(*,*) YSTEP(IPU,J) ,YEND(IPU,J)

YO(IPU,J)-O. 0
ENDIF

I0 CALL PLOTS(O, IDEV,JDEV)
XMAX-IO. 0
YMAX-8.0

CALL WINDOW(O. ,0. , 12. , 10. )
IF(IPL .EQ. 'Y' .OR. IPL .EQ. 'y') CALL FACTOR(0.68)
OX=l. 7

OY=I. 5

IF(IPL .EQ. 'Y' .OR. IPL .EQ. 'y') THEN
OX-2.0
OY-2,0

IF(JDEV .EQ. 62) CALL NEWPEN(3)

IF(JDEV .EQ. 64) CALL NEWPEN(6)
ENDIF

CALL COLOR (II,IERR)

CALL XAXIS(OX,OY, 'TIME (MILLION YEARS BEFORE PRESENT) ',35,XMAX,

I TO, TSTEP, TMAX, 0)

IF(IPU .EQ. I) THEN

IF(J .LE. 3)CALL YAXIS(OX,OY,'STRESS (PSI)',I2,YMAX,YO(IPU,J)

I ,YSTEP(IPU,J),YEND(IPU,J),O)
ELSE

IF(J .LE. 3)CALL YAXIS(OX,OY,'STRESS (MPa)',I2,YMAX,YO(IPU,J)

' i ,YSTEP (IPU, J),YEND (IPU,J ),O)
ENDI F

IF(J .EQ. 4) CALL YAXIS(OX,OY, 'TEMPERATURE (DEG F)' ,19,YMAX,

' I YO(IPU,J),YSTEP(IPU,J),YEND(IPU,J) ,0)

IF(J .EQ. 5) CALL YAXIS(OX,OY,'DEPTH (FT)',IO,YMAX,YO(IPU,J),

i YSTEP(IPU,J),YEND(IPU,J),O)

IF(J .EQ. 6) CALL YAXIS(OX,OY,'STP, AIN (MICROSTRAINS)',21,YMAX,

i YO(IPU,J),YSTEP(IPU,J),YEND(IPU,J) ,0)
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Xi-OX+O. 3

X2-Xl+O. 8

YI-OY+YMAX- 0.4

C

C FIRST PLOT HAS TOTAL STRESSES AND PORE PRESSURES

C
o

IF(J .EQ. I) THEN

DO 20 MN-I,4

iF(MN .LT. 4) CALL COLOR(2*MN+8,1ERR)

IF(MN .EQ. 4) CALL COLOR(6,1ERR)

CALL PLOT (OX,OY, 3)

DO 15 I-I,N

DO 15 L-I,NSTEPS

IF(I .EQ. i .AND. L .LT. NSTEPS) GO TO 15

IF(MN .EQ. I) Y-SV(I,L)
IF(MN .EQ. 2) Y-SHMIN(I,L)

IF(MN .EQ. 3) Y-SHMAX(I,L)

IF(MN .EQ. 4) Y-PO(I,L)

X- (TREL (I,L) -TO )/(TMAX -TO )*XMAX+OX

YP-(Y-YO(IPU, i) )/(YEND(IPU, i) -YO(IPU, i))*YMAX+OY

CALL SYMBOL(X,YP, O. 14,CHAR(MN- I),0.O, -2)
15 CONTINUE

DY-O. 4*FLOAT (MN - i)
CALL SYMBOL(XI ,YI-DY,O. 14,CHAR(MN- i) ,0.0, -I)

CALL SYMBOL(X2, YI -DY,O. 14,CHAR (biN-i),O.O, -2)

IF(biN .EQ. I) CALL SYMBOL(X2+O.3,YI-DY-O.04,0.22,

1 'SV' ,0.0,2)
IF(MN .EQ. 2) CALL SYMBOL(X2+O.3,Y1-DY-0.04,O,22,

i 'SIIMIN',0.0,5)

IF(MN .EQ. 3) CALL SYMBOL(X2+O,3,YI-DY-O.04,0,22,

i 'SHMAX' ,0.0,5)

IF(MN .EQ, 4) CALL SYMBOL(X2+O.3,YI-DY-0.04,O.22,
i 1 'PO' ,0.0,2)

20 CONTINUE

ELSE IF(J ,Zq, 2) THEN
C

C SECOND PLOT HAS EFFECTIVE STRESSES

C

DO 30 MN-I,3

CALL COLOR(2*MN+8, IERR)

CALL PLOT (OX,OY, 3)

DO 25 I-I,N

DO 25 L-I,NSTEPS

IF(I .EQ. 1 .AND. L .LT. NSTEPS) GO TO 25

IF(MN .EQ. i) Y-ESV(I,L)
IF(MN .EQ. 2) Y-ESHMIN(I,L)

IF(MN .EQ. 3) Y-ESHMAX(I,L)

X- (TREL (I,L)-TO) /(TMAX -TO) *XMAX+OX

YP-(Y-YO(IPU,2))/(YEND(IPU,2)-YO(IPU,2))*YMAX+OY

CALL SYMBOL(X, YP, O. 14,CHAR(MN), 0.0,- 2)
25 CONTINUE
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DY-O. 4*FLOAT (MN- I)

CALL SYMBOL(XI ,YI -DY,O. 14, CHAR(MN) ,0.O, -I)

CALL SYMBOL(X2, YI -DY, 0.14, CHAR (MN) ,O.O, -2)

° IF(MN .EQ. I) CALL SYMBOL(X2+O.3,YI-DY-O.04,0.22,

I 'ESV',0.0,3)
. IF(MN .EQ. 2) CALL SYMBOL(X2+O.3,YI-DY-O.04,0.22,

I 'ESHMIN' ,0.O,6)

IF(MN .EQ. 3) CALL SYMBOL(X2+O.3,YI-Dv 0.04,0.22,

I 'ESHMAX' ,0.O,6)
30 CONTINUE

ELSE IF(J .EQ. 3) THEN
C

C THIRD PLOT HAS STRESS COMPONENTS

C

DO 40 MN-I,4

IF(MN .LT. 4) CALL COLOR(2*MN+8,1ERR)

IF(MN .EQ. 4) CALL COLOR(6,1ERR)

CALL PLOT (OX,OY, 3)

DO 35 I-I,N

DO 35 L-I,NSTEPS

IF(I .EQ. i .AND. L .LT. NSTEPS) GO TO 35
IF(MN .EO. i) Y-SI(I,L)

iF(MN .EQ. 2) Y-S2(I,L)

IF(MN .EQ. 3) Y-S3X(I,L)

IF(MN .EQ. 4) Y-S3Y(I,L)

X- (TREL( I,L) -TO)/(TMAX- TO) *XMAX+OX

YP- (Y-YO( IPU, 3))/(YEND (IPU, 3)-YO( IPU, 3))*YMAX+OY
CALL SYMBOL(X, YP, O.14, CHAR (MN-i), O.0,- 2)

35 CONTINUE

DY-O. 4*FLOAT (MN-1)

CALL SYMBOL(XI ,YI- DY, O.14, CHAR(MN- I) ,O.0, -i)

CALL SYMBOL(X2, YI-DY, 0.14, CHAR (MN- i),O.0, -2)

IF(MN .EQ. I) CALL SYMBOL(X2+O.3,YI-DY-0.04,0.22,

I 'Sl',0.0,2)
IF(MN .EQ. 2) CALL SYMBOL(X2+O.3,YI-DY-0.04,0.22,

I 'S2 ° ,0,O,2) ,
IF(MN .EQ. 3) CALL SYMBOL(X2+O.3,YI-DY-O.04,0.22,

1 'S3X' ,0.O,3)
IF(MN .EQ. 4) CALL SYMBOL(X2+O.3oYl-DY-0.04,0.22,

i 'S3Y' ,0.0,3)
40 CONTINUE

ELSE IF(J .EQ. 4) THEN
C

C FOURTH PLOT HAS TEMPERATURE

• C

CALL COLOR(14, IERR)

CALL PLOT (OX,OY, 3)

• DO 45 I-I,N

X-(TIN( I )- TO) / (THAX- TO) *XHAX+OX
YP- (T ( I ) -YO( IPU, 4 ) ) / (YEND ( IPU, 4 ) .YO( !PU, 4 ) ) *YMAX+OY

45 CALL SYMBOL(X,YP, O.14, CHAR(O), O.O, -2)

ELSE IF(J .EQ. 5) THEN
C

123



C FIFTH PLOT HAS DEPTH

C

CALL COLOR(14, IERR)

GALL PLOT (OX,OY, 3)

DO 50 I-I,N

X-(TIN(1) -TO)/(TMAX- TO)*XMAX+OX

YP- (D (I)-YO(IPU, 5))/(YEND (IPU, 5)-YO( IPU, 5))*YMAX+OY

50 CALL SYMBOL(X,YP, O.14, CHAR(O) ,O.0, -2)

ELSE IF(J .EQ. 6) THEN
C

C SIXTH PLOT HAS ST_INS
C

DO 65 MN-I,2

CALL COLOR(2*MN+8, IE_)

CALL PLOT (OX,OY, 3)

DO 60 I-I,N

IF(MN .EQ. i) Y-PEPSX(1)

IF(MN .EQ. 2) Y-PEPSY(1)

X-(TIN( I)-TO) / (TMAX- TO)*XMAX+OX

YP- (Y-YO (IPU, 6))/(YEND (iPU, 6)-YO (IPU, 6))*Y'rtAX+OY

60 CALL SYMBOL(X,YP,O. 14,CHAR(MN) ,0.0, -2)

DY-0.4*FLOAT (MN- 1)

CALL SYMBOL(XI,YI-bY,O. 14,CHAR(MN) ,0.0, .I)

CALL SYMBOL(X2,YI-DY,O. 14,CHAR(MN) ,0.O, -2)

IF(biN .EQ. i) CALL SYMBOL(X2+O.3,YI-DY-O.O4,0.22,

1 'EPSX' ,0.0,4)

IF(MN .EQ. 2) CALL SYMBOL(X2+O.3,YI-DY.0.O4,0.22,

I 'EPSY' ,0.0,4)
65 CONTINUE

ENDIF

CALL COLOR (12, IERR)

CALL SYMBOL(OX+O. 2,YMAX+O. 2+OY, O, 2222, DEFZONE, O. O,40)

CALL PLOT(O, 0,0.0,999)

IF(IPL .EQ. 'Y' .OR. IPL .EQ. 'y') GO I'O 80
PRINT*,' DO YOU WANT A HARDCOPY OF THIS PLOT: '

READ(*, i00) IPL

IF(IPL .EQ. 'Y' .OR. IPL ,EQ. 'y') THEN
PRINT*,' PLOTTING IN PROGRESS '
IDEV=IOP

JDEV-MP

GO TO i0

ENDI F

80 CONTINUE

PRINT*,' DO YOU WANT TO REPLOT THE DATA? '

READ(*, i00) IRP

IF(IRP ,EQ. 'Y' .OR. IRP .EQ. 'y')GO TO l
95 CONTINUE

RETURN

END

SUBROUT! NE FA! LURE(N, ESV, ES|_ I N, ESHI_X , PO, T I N, DIN, I PU,
INSTEPS, TREL, DREL, DEFZONE)

C
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C ESTIMATE FAILURE BEHAVIORAT EACH STRESS HISTORY TIME STEP
C

, PARAMETER(IT-20, II>-20, IF-50)
CHARACTER*IIPLOT, ITABLE, IFD, ll_R, IUNITS, ICH, IPL, IRP, IRS
C_CTER*20 FILEIN, FILEOUT

" CHARACTER*40 DEFZONE

DIMENSION ESV(IT,ID) ,ESIIMIN(IT,ID),ESHM_(IT, ID) ,PO(iT,ID),
1 TIN(iT) ,DIN(IT),PMAX(IF),PMIN(IF),IFIAG(IF),SMEAN(IF),
2 TAUMAX(IF),ISTATE(IF) ,TMF(2,i0),SMF(2,I0),TREL(IT,ID),
3 TEST (4),DREL (IT,iD),TTA(IF),DTA(IF),TAUF (IF),TAUFR (iY),
4 XVERT( 25 ), YVERT( 25 ), XNVERT(10), YNVERT(10), XC(7), YC(7 ),
5 XRVERT( 25 ), YRVERT(25), XRIWER(2_), YRNVER(25)

C INPUT FAILURE DATA -- MOHRCOULOMB CRITERION
PRINT*,' INPUT FAILURE DATA; BY HAND (H) OR FILE (F): '
READ(*, 100) IFD

100 FORMAT(AI)
C INPUT DATA BY FILE

IF(IFD .EQ. 'F' ,OR, IFD .EQ. 'f') THEN
PRINT*,' WHAT IS THE NAME OF THE INPUT FILE: '
READ(*,IO1) FILEIN
OPEN (8,FIt,E-FILEIN)
REWIND 8

101 FORINT(A20)
RFAD(8 ,*) NF
DO 2 I-I,NF

2 RKAD(8,*) SMF(I,I),TMF(I,I)
CLOSE (8)
PRINT*,' DATA FILE READ '

ELSE
C INPUT DATA BY HAND

5 PRINT*,' HOW RANY DATA POINTS: '
READ (*,*) NF
PRINT*,' ARE THE DATA IN CO_ENTIONAL (C) OR SI (S) UNITS'. '
READ(*,IO0) IUNITS
IPUN-1

IF(IUNITS .EQ, 'S' ,OR, IUNITS .EQ. 's') IPUN-2
DO F I-I,NF

WRITE(*,333) I
333 FORMAT(' POINT NUMBER#' ,13, ' : ')

READ (*,*) SMF(IPUN,I),TMF(IPUN,I)
IF(IPUN .EQ. 2) THEN

SMF(I, I)mSMF(2,1).145,0

TMF(I,I)-TMF(2,I)'145,0
ENDIF

" 7 CONTINUE
C SAVE DATA IN A FILE

PRINT*,' DO YOU WANT THESE DATA WRITTEN TO A FILE: '
" READ(*, 100) IWR

IF(IWR .EQ. 'Y' .OR. IWR .EQ. 'y') THEN
PRINT*,' DATA WILl,BE SAVED; WHAT FILE NAME: '
READ(*,10I) FILEOUT
OPEN (9,FILE-FILEOUT)
REWIND 9
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WRITE(9,420) NF
420 _RIqAT(IX,12)

DO 8 I-I,NF
8 WRITE(9,400) SMF(I,I),_F(I,I)

t,OO FORMAT(IX,FI4.2,iX,FI4.2)
CLOSE(9)
PRINT*,' DATA FILE WRITTEN '

ENDIF
_DIF

C WRITE OUT FAILURE DATA TO SCREEN AND FILE

WRITE(*, 500) (SMF(IPU,J) ,TMF(IPU,J),J-I ,NF)
WRITE(IO,500) (SMF(IPU,J),TMF(IPU,J),J-I,NF)

500 _RMAT(' MEadqSTRESS SHEAR STRESS'/
I I0(IX,FI2,2,2X,F12,2/))
PRINT*,' DO YOU WANT A REDUCED STRENGTH ENVELOPE: '
READ(*,IO0) IRS
IF(IRS ,EQ, 'Y' ,OR, IRS .EQ, 'y')THEN

PRINT*,' INPUT REDUCTION FACTOR (E.G,, 0,8) : '
READ (*,*) REDF

ENDIF
C FIND MIN AND MAX EFFECTIVE STRESSES

10 IFLAG(1)-O
DO 15 J-i,4

15 TEST(J)-0.0
K-O
DO 18 I-I,N

DO 18 J-I,NSTEPS
IF(I .EQ. I .AND. J .NE. NSTEPS) GO TO 18
K-K+1

TTA(K)-TREL( I,J)
DTA(K)-DREL(I ,J)
IFLAG(K)-O
PMAX(K)-ES_(I,J)
IF(ESV(I,J) .GT, PMAX(K)) THEN

IFLAG(K)-i
PMAX(K)-ESV(I ,J)

ENDIF
PMIN(K)-ESHMIN(I,J)
IF(ESV(I,J) ,LT, PMIN(K)) THEN

IFLAO(K)-2
PMIN(K)-ESV(I ,j)

ENDIF
C CALCULATEMEAN STRESS AND MAX SHF.AR STRESS

SMEAN(K)-(PMAX(R)+PMIN(K))/2,0
TAUMAX (K)-(PMAX(K)-PMIN(K))/2,0
WRITE(*,501) K,SM_(K) ,TAUMAX(K)

501 FORMAT(' K-' ,13,' SMEAN-' ,F12,2, ' TAUMAX-' ,Ft2,2)
18 CONTINUE

KEND-K
C DETERMINE WHETHER EXTENSION OR COMPRESSION

STAN-PMIN (2)/SM_ (2)
ISTATE(I )-0
ISTATE(2)-O
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DO 20 K-3,KEND
ISTATE(K)-O
STANNEW-PMIN (K)/SMEA_N(K)

' IF(STANNEW .LT. STAN ,AND. PMIN(K) .LT. PM!N(K-I)) ISTATE(K)-I
!F(ISTATE(K) .EQ. I) TAIFM.AX(K)--TAUMAX(K)

, 20 STAN-STANNEW
C SET UP FOR PLOTS

PRINT*,' DO YOU WANTPLOTS: '
READ(*, I00) IPLOT
IF(IPLOT ._Q. 'N') GO TO 60

C GET MIN AND MAX DATA FOR PLOTS
DO 31 J-1,4

31 TEST(J)-0.O
DO 32 J-I,NF

I F (SMF( I PU,J ) . GT. TEST( i ) ) TEST( I )-SMF ( i PU, J )
IF(TMF(IPU,J) .GT. TEST(2)) TEST(2)-TMF(IPU,J)
IF(SMF(IPU,J ) .LT. TEST(3)) TEST(3)-SMF(IPU,J)

32 IF(TMF(IPU,J) .LT. TEST(4)) TEST(4)-TMF(IPU,J)

i _ITE(*, 310) TEST(3) ,TEST(1),TEST(4)0TEST(2)
310 FORMAT(' MR FAILURE DATA:'/' MIN AND MAX MEAN STRESS-',F12,2,

I ' AND ',F12.2/' MIN AND MAX SHEAR STRESS-',F12.2,
2 ' AND ',F12.2)
DO 34 J-1,4

34 TEST(J)-0,0
DO 36 J-1,KEND

I F (SMEAN(J) . GT. TEST( I ) ) TEST( i )-SMEAN(J)
IF(TAUMAX(J) .GT. TEST(2)) TEST(2)-TAUMAX(J)
IF(SMI_ (J) .LT. TEST (3)) TEST (3)-SMEAN(J)

36 IF(TAUMAX(J) .LT. TEST(4)) TEST (4)-TAUMAX(J)
WRITE(*,300) TEST(3) ,TEST(1)

300 FORMAT(' MIN AND MAX VALUES OF MEAN STRESS:',FI2.2,2X,F12.2/
1 ' INPUT MIN, STEP AND MAXVALUES FOR PLOT: ')
READ(*,*) XSTART,XSTEP,XEND
WRITE(*,301) TEST(4),TEST(2)

301 FORMAT(' MIN AND MAX VALUES OF SHEAR STRESS:',FI2.2,2X,FI2.2/
1 ' INPUT MIN, STEP AND MAXVALUES FOR PLOT: ')
READ(*, *) YSTART,YSTEP, YEND

C START PLOTTING
IOC-97
IOPR-0
MC-9 l
MP-60
PRINT*,' PLOTS ARE SETUP FOR IBM EGA AND [ASERJET PRINTER'
PRINT*,' DO YOU WANT TO CHA/qGETHESE? '

, READ(*,IO0) ICH
IF(ICH ,EQ. 'Y' .OR, ICH .EQ, 'y')CALL SETUP(IOC,MC,IOPR,MP)

50 IDEV-IOC
, JDEV-MC

IPL,-'N'
60 CALL PLOTS(0,IDEV,JDEV)

XMAX-10,0
YMAX,,,8,0
CALL WINDOW(O. ,0,,12.,IO,)
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IF(IPL ,EQ. 'Y' .OR. IPL .EQ. 'y') CALL FACTOR(O.68)
OX-l.7
OY-I. 5

IF(IPL .EQ. 'Y' .OR, IPL ,EQ. 'y') THEN
OX-2,0
OY-2.O
IF(JDEV .EQ. 62) CALL NEWP_(2)
IF(JDEV ,EQ. 64) CALL NEWPEN(4)

ENDIF

CALL COLOR(ll,IERR)
IF(IPU .EQ. I) THEN

CALL XAXIS(OX,OY, 'MEAN EFFECTIVE STRESS (PSI)',27,XMAX,XSTART,
1 XSTEP,XEND,O)

CALL YAXIS(OX,OY,'MAXIMUM SH_ STRESS (PSl)',26,YMAX,YSTART,
1 YSTEP,YEND,O)
ELSE

CALL XAXIS(OX,OY, 'MEAN EFFECTIVE STRESS (MPa)' ,27,X24AX,XSTART,
1 XSTEP,XEND,O)

CALL Y_I S(OX,OY,'MAXIMUM SHEAR STRESS (MPa)',26,YMAX,YSTAJ_T,
1 YSTEP,YEND,O)
ENDIF
Xl-OX+O. 3
X2-Xl+O. 8
YI=OY+YMJO_-O,4

C PLOT THE CALCU_TED MEAN STRESS VS SHEAR STRESS DATA
CALL COLOR(IO,IERR)
IST--1
DO 65 K-I,KEND

IF(I ,EQ, I .AND, L ,LT. NSTEPS) GO TO 65
X-(SM_ (K)-XSTART )/(XEND-XSTART)*XMAX+OX
YP- (TAUMAX (K)-YSTART)/(YEND-YSTART)*YMAX+OY
IF(K ,GT 2 .AND. ISTATE(K) ,NE, ISTA'rE(K-I))THEN

C CHANGE FROM COMPRESSION TO EXTENSION .- DRAW CURVED LINE
XC(1)-XoLD
YC (1)-YPOLD
DIS-SQRT( (X.XOl_)**2+(YP.YPOI_D)**2)
RADIUS-DIS/I,5
IF(ISTATE(K) ,EQ, I .AND, I_/TATE(K.I),EQ. O)THEN

CSIGN-I,0

ELSE IF(ISTATE(K) ,EQ, O .AND. ISTATE(K-I) .EQ. I) THEN
CSICN-- l,0

ENDIF

AM-. (X-XOld))/(YP-YPOLD)
B-(YP+YPOLD)/2.O+0.5* (X**2-XOLD**2)/(YP-YPOLD)
AA'YP-B •
AB-I.O+AM**2

XM- (X+AM*AA-CSIGN*SQRT ((X+AA*AM)**2
I -AB* (X**2+FJ_**2-RADIUS**2)))/AB

YM-AM*XM+B

THET-ASIN(O,5*DIS/RADIUS)
IF(YP ,LT. TPOLD) THET--THET
DTHET-THET/3,0
ALPHA-ATAN (AM)-THET
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THET-2. O*THET+ALPilA

DO 777 L-I,5

TH ET-TH ET- DTH ET

" XC (L+ I)-XM+C SIGN*RAD IUS*COS (THET)

771 YC (L+ I)-YM+C SIGN*R_D IUS*S IN (THET )

- XC( 7)=X
YC( 7)-Yr
CALL CURVE(XC,YC,-7, -0.06)

ENDIF

XOLD-X
YPOLD-YP

IF(X .CT, (OX+XMAX) .OR. YP ,GT. (OY+YMAX)) O0 TO 65

CALL SYMBOL(X,YP,O. 14,CHAR(2),O.0, IST)
IST--2

65 CONTINUE

C ['LOT THE FAILURE DATA

CALL COLOR(12, IERR)
IYP-O

NVERT-O

NRVERT-O

IST--I

XSAV-OX+ (O, O-XSTART) /(XEND- XSTART) *XI_

YSAV-OY+ (O.0-YSTART )/ (YEND- YSTART )*YRAX
DO 67 J-I,NF

X-( SMF( I PU, J )- XSTART) / (XEND- XSTART) *XMAX+OX
YP- (TldF ( I PU, J ) .-YSTART) / ( YEND- YSTART) *YHAX+OY
IF(X .GT. (OX+XHAX) .OR. YP .GT. (OY+YMAX)) THEN

IF(XSAV .LE. (OX+XMAX) .AND. YSAV .LE. (OY+_)) THEN

SD-(YP-. YSAV) / (X- XSAV)
YYP-YSAV +SL* ( OX+XHAX - XSAV)
IF(YYP .LE. (OY+YHAX)) THEN

XX-OX +X'r_.X
ELSE

YYP-OY+YMAX

XX- (YYP-YSAV)/S I,+XSAV
IYP-I

ENDI F

CALL PLOT(XX,YYP, 2)
NVERT-NVERT +I

XVERT (NVERT)-XX

YVERT (NVERT )-'{YP
NRVERT-NRVERT+I

XRV ERT (NRV ERT )-XX

YRV ERT (NRV ERT )-YYP
_, GO TO 666

END! F

ENDIF

. CALL SYMBOL(X,YP,O, 14 ,CHAR(l),0.0, IST)
NVERT-NVERT +I

XVERT (NVERT) -X

ERT (NVERT) -YP
NRVERT-NRVERT¢ 1

XRV ERT (NRVERT) -X
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YRV ERT (NRV ERT )-YP
IST--2

66 XSAV-X

YSAV-YP

67 CONTINUE

C GET THE REST OF THE VERTICES OF THE UNSTABLE AREA FOR FILL

666 IF(IYP ,EQ, O) THEN
C IF THE UPPER RIGHT CORNER IS NEEDED FOR THE OUTER SHADING

NVERT-NVERT+I

XVERT (NVERT) =<)X+XMAX

YVERT (NVERT)-OY+Y_
ELSE

C IF THERE IS A REDUCED STRENGTH AREA, GET UPPER RIGHT CORNER
NRVERT-NRVERT+I

XRVERT (NRVERT) -OX+XMAX

YRVERT (NRV ERT )-OY+YMAX
ENDIF

NVERT-NVERT+I

XVERT (NVERT) -OX

YVERT (NVERT) =OY+YMAX
NVERT-NVERT+ 1

XVERT (NVERT) -OX

YVERT (NVERT) -OY
C PLOT THE NEGATIVE SIDE OF THE FAILURE ENVELOPE

IYN-O

IST--1

JVERT-O

XSAV-OX+ (O.0 -XSTART) /(XEND- XSTART) *_

YSAV-OY+ (O.0 -YSTART )/(YEND -YSTART )*YMAX

DO 69 J-I,NF

X= (SMF (IPU, J).XSTART) /(XEND-XSTART) *XMAX+OX

YP-(- TMF (IPU, J)-YSTART) / (YEND- YSTART) *YMAX+OY

IF(X .GT. (OX+XMAX) .OR. YP .LT. OY) THEN

IF(XSAV .LE. (OX+XMAX) .AND. YSAV .GE. OY) THEN

SL- (YP- YSAV) / (X- XSAV)
YYP-YSAV+S L* (OX+XMAX-XSAV )
IF(YYP ,GE. OY) THEN

XX-OX+XMAX
i ELSE

YYP-OY

XX- (YYP -YSAV )/SL+XSAV
IYN=I

ENDIF

CALL PLOT(XX,YYP, 2)

JVERT-JVERT+I .,

XNVERT (JVERT)-XX

_q'qERT (JVERT) -YYP

GO TO 668
END IF

ENDIF

CALL SYMBOL(X,YP,0,14,CHAR(!),O.O,IST)
JVERT-JVERT+ 1

XNVERT (JVERT)-X
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YI_ERT (JVERT)-YP
IST--2

68 XSAV-X
t

YSAV-YP

69 CONTINUE

C FINISH THE VERTICES BY RF.AR_GING IN REVERSE ORDER

668 IF(IYN .EQ. O) THEN
C IF THE LOWER RIGHT CORNER IS NEEDED

NVERT-NVERT+I

XVERT (NVERT) -OX+XMAX

YVERT (NVERT)-OY
END IF

DO 70 J-I,JVERT
NVERT-NVERT41

JN-JVERT-J+I

XVERT (NVERT )-XNV ERT (JN)

70 YVERT (NVERT)-YNVERT (JN)
C PLOT THE REDUCED STRENGTH ENVELOPE, IF WANTED

IF(IRS .EQ. 'Y' .OR. IRS .EQ. 'y') THEN
JRVERT-0

C POSITIVE SIDE FIRST

IST-3

XSAV-OX+ (0.0 -XS TART) /(XEND -XSTART) *XMAX

YSAV-OY+ (O.O-YSTART )/(YEND -YSTART) *YMAX

DO 73 J-I,NF

X-( SMF (IPU,J)-XSTART) /(XEND- XSTART )*XMAX+OX

YP-( REDF*TMF (IPU,J )-YS TART )/(YEND- YSTART) *YMAX+OY

IF(X .GT. (OX+XMAX).OR. YP .GT. (OY+YMAX))THEN

IF(XSAV .LT. (OX+XMAX).AND. YSAV .LE. (OY+YMAX))THEN

SL- (YP-YSAV) /(X-XSAV)

YYP-YSAV+S L* (OX +XMAX -XSAV )

IF(YYP .LE. (OY+YMAX)) THEN
XX-OX+XMAX

ELSE

YYP-OY+YMAX

XX- (YYP .YSAV )/S L+XSAV
ENDI F

CALL PLOT(XX,YYP, IST)
JRVERT-JRVERT+I

XRNVER (JRVERT)-XX

YRNVER (JRVERT)-YYP
GO TO 672

END IF

ENDIF

CALL PLOT(X,YP,IST)
JRVERT-J RVERT+ I

XRNV ER (JRVERT )-X

• YRNVER (JRVERT) -YP
IST-2

72 XSAV-X

YSAV-YP

73 CONT INUE

672 IST-3
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C FILL THE POSITIVE SIDE OF THE REDUCED STRENGTH FAILURE ZONE

DO 74 J-1,JRVERT
NRVERT-NRVERT+l

mN-J RVERT- J+1

XRV ERT (NRV ERT )-X_RNVER (JN)

74 YRV ERT (NRV ERT )-YRNV ER (JN ) ..

CALL NEWPEN (I)
CALL STFILL(6)

CALL FILL(XRVERT,YRVERT, NRVERT)

IF(JDEV .EQ. 62) CALL NEWPEN(2)

IF(JDEV .EQ. 64) CALL NEWPEN(4)
C PLOT THE NEGATIVE SIDE OF THE REDUCED STRENGTH FAILURE ENVELOPE

NRVERT-O

XSAV-OX+ (O.0-XSTART) /(XEND- XSTART) *XMAX

YSAV-OY+ (0.0 -YSTART )/(YEND- YSTART )*YMAX

DO 78 J-1,NF

X- (SMF (IPU,J)-XS TART) /(XEND- XSTART) *XMAX+OX

YP- (-REDF*TMF (IPU, J)-YSTART) / (YEND -YSTART) *YMAX+OY

IF(X .GT. (OX+XMAX) .OR. YP .LT. OY) THEN

IF(XSAV .LT. (OX+XMAX) .AND. YSAV .GE. OY) THEN

SL-(YP-YSAV) /(X-XSAV)

YYP-YSAV+ SL* (OX+XMAX -XSAV )

IF(YYP .LE. (OY+YMAX)) THEN
XX-OX+XMAX

ELSE

YYP-OY+YMAX

XX- (YYP -YSAV )/SL+XSAV
ENDIF

CALL PLOT(XX,YYP, IST)
NRVERT-NRVERT+ i

XRVERT (NRVERT)-XX

YRV ERT (NRV ERT )-YYP
GO TO 677

END IF

ENDIF

CALL PLOT(X,YP,IST)
NRVERT-NRVERT+I

XRV ERT (NRV ERT )-X

YRV ERT (NRV ERT )-YP
IST-2

77 XSAV-X

YSAV-YP

78 CONTINUE

677 CONTINUE

ENDIF

C FILL UNSTABLE AREA

CALL COLOR(14, IERR)

CALL NEWPEN (I)

CALL STFILL(3)

CALL FILL(XVERT, YVERT,NVERT)

IF(JDEV .EQ. 62) CALL NEWPEN(2)

IF(JDEV .EO. 64) CALL NEWPEN(4)
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C FILL THE NEGATIVE SIDE OF THE REDUCED STRENGTH FAILURE ZONE

IF(IRS .EQ. 'Y' .OR. INS .EQ. 'y') THEN
IF(IYN .EQ. I) THEN

' NRVERT-NRVERT+ I

XRV ERT (NRV ERT )-OX+X-MAX

. YRV ERT (NRVERT )-OY
ENDIF

DO 79 J-I,JVERT
NRVERT-NRVERT+I

JN-JVERT -J+i

XRVERT (NRVERT) --X_NVERT(JN)

79 YRV ERT (NRV ERT )-YNV ERT (JN )

CALL COLOR(12, IERR)

CALL NEWPEN (I)

CALL STFILL(6)

CALL FILL (XRVERT, YRVERT, NRVERT )

IF(JDEV .EQ. 62) CALL NEWPEN(2)

IF(JDEV .EQ. 64) CALL NEWPEN(4)
ENDIF

C WRITE LABEL ON PLOT

CALL COLOR(14, IERR)

CALL SYMBOL(OX+O .2,YMAX+O ,2+OY, O. 2222, DEFZONE, O. O,40)

CALL PLOT(O.O,O.0,999)

IF(IPL .EQ. 'Y' .OR. IPL .EQ. 'y') GO TO 80
PRINT*,' DO YOU WANT A HARDCOPY OF THIS PLOT: '

READ(*,IOO) IPL

IF(IPL .EQ. 'Y' .OR. IPL .EQ. 'y')THEN
PRINT*,' PLOTTING IN PROGRESS '
IDEV-IOP

JDEV-MP

GO TO 60

ENDIF

80 IPL-' N'

PRINT*,' DO YOU WANT TO REPLOT THE DATA? '

READ(*, iOO) IRP

IF(IRP .EQ. 'Y' .OR. IRP .EQ. 'y') GO TO 50
85 PRINT*, 'DO YOU WANT A FAILURE TABLE: '

READ i00,ITABLE

IF(ITAJ_LE .EQ. 'N') GO TO 90

IF(IPU .EQ. I) PRINT*,' UNITS ARE PSI'

IF(IPU .EQ. 2) PRINT*,' UNITS ARE MPA'

DO 87 J-I,KEND

DO 86 K-2,NF

IF(SMF(IPU,K) .GT. SMEAN(J)) THEN

, SLOPE-(TMF(IPU,K)-TMF(IPU,K- I))/(SMF(IPU,K)

l -SMF(IPU,K- 1))

TAUF(J )-TMF (IPU ,K-1)+SLOPE*( SMEAN (J)- SMF( IPU,K- l))

• TAUFR (J)-TAUF (J)*REDF
ENDIF

86 CONTINUE

87 CONTINUE

PRINT 200

WRITE(IO, 200)



DO 88 J-1,KEND
WRITE(10,201)TTA(J), DTA(J),SMEAN(J),TAUMAX(J ),TAUF(J),TAUFR(J)

88 PRINT 201,_A(J) ,DTA(J),SMEAN(J) ,TAUMAX(J),TAUF(Y),TAUt(J)
90 CONTINUE

200 FORMAT(' ********** FAILURE TABLE **********'/IX, 'TIME',5X,
1'DEPTH' ,3X,'MEAN STRESS' ,3X,'MAX SHEAR' ,3X,'FAIL STRESS' ,3X,
2'RED. FAIL STRESS')

201 FORMAT(IX,FS.I,2X,FS.I,4X,FS.I,4X,FS.I,6X,F8.1,9X,FS.I)
RETURN
END
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COZZETTE SANDSTONE PICEANCE BASIN
7 TIME STEPS

I TIME DEPTH NU% E% EPSX EPSY RHO PGRAD TGRAD ALPHA
0

1 75 0 O 0 O0 0 O0 0 00000 0 O0000 2.10 0.433 0 O00 0 6OE-05
2 66 0 4100 0 38 0 38 O 00000 0 00050 2.30 0,433 19 960 0 6OE-05

. 3 60 0 4100 0 40 0 40 0 00000 0 00050 2.40 0,433 19 960 0 60E-05
4 46 0 10400 0 89 0 89 -0 00100 0 00100 2.50 0.500 20 230 0 60E-05
5 36 0 11700 1 00 1 O0 -0 00100 - 00040 2.50 0.850 20 250 0 60E-05
6 11 0 11700 1 O0 1 00 0 00050 - 00040 2.50 0.900 20 250 0 60E-05
7 0 0 7900 1 O0 1 O0 0 00036 - 00040 2.50 0,800 20 170 0 60E-05

POISSONS RATIO YOUNGS MODULUS
PRESENT VALUE 0.220 0.450E+07
INITIAL VALUE 0.400 0.300E+06

RELAXATION TIME- I000,0000 HYRS
EACH TIME STEP SUBDIVIDED INTO 4 INTEGRATION STEPS

TIME IN MILLIONS OF YE_S BEFORE PRESENT-66,00
EPSX- O.0000E+00 EPSY- 0.5000E-03

POISPC-0.38000000 EPC-0,38000000

INPUT PARAMETERS
RHO- 2.3000 GM/CM**3
TGRAD- 19,9600 DEG F/i00 FT
ALPHA- 0.6000E-05 1/DEG F
PGRAD- 0.43300 PSI/FT

D- 1025.00 SV- 1020.80 SI- 371,43 S2- 100.48
S3X- 28.73 S3Y- 73.58 SHMIN- 944.46 SHMAX- 989.31
PO- 443.83 TEMP- 70.5
EFF SV- 576.97 EFF SHMIN- 500.63 EFF SHMAX- 545.49
D- 2050,00 SV- 2041.59 Sl- 717.43 S2- 276.19
S3X- 77.44 S3Y- 203,80 SHMIN- 1958.70 SHMAX- 2085.06
PO- 887.65 TEMP- 90.9
EFF SV- !153.94 EFF SHHIN- 1071.05 EFF SHMAX- 1197,41
D- 3075.00 SV- 3062.39 SI- 1039,43 $2- 522.95
S3X- 143.59 S3Y- 388,93 SHMIN- 3037.44 SHMAX- 3282.78
PO- 1331.47 TEMP- 111.4
EFF SV- 1730.92 EFF SlaIN- 1705.97 EFF SHM_- 1951,31
D- 4100.00 SV- 4083,19 SI- 1338.77 $2- 836,89
S3X- 224.80 S3Y- 627.40 SHMIN- 4175.76 SHMAX- 4578.37
PO- 1775.30 TEMP- 131.8

, EFF SV- 2307,89 EFF SHMIN- 2400.46 EFF SHMAX- 2803.07

TIME IN MILLIONS OF YEARS BEFORE PRESENT --60,00
, EPSX- O.0000E+O0 EPSY- 0.5000E-03

POISPC=0.40000001 EPC-0.40000001



INPUT PARAMETERS

RHO- 2.4000 GM/CM**3
TGRAD- 19,9600 DEG F/IOO FT

ALPHA- O.6000E-O5 I/DEG F ,
PGRAD- 0.43300 PSI/FT

D- 4100.00 SV- 4260.72 SI- 1362,22 S2- 835,64

S3X- 313.19 S3Y- 893.77 SHHIN- 4286.35 SHMAX- 4866,92

PO- 1775,30 TEHP- 131.8

EFF SV- 2485.42 EFF SHMIN- 2511,O5 EFF SHMAX- 3091,62

D- 4100.00 SV- 4260.72 SI- 1385.60 $2- 834,38

S3X- 402.20 S3Y- 1162.43 SHHIN- 4397.48 SHHAX- 5157.71
PO- 1775.30 TEHP- 131.8
EFF SV- 2485.42 EFF SHMiN- 2622.18 EFF SHMAX- 3382.41

D- 4100.00 SV- 4260.72 SI- 1408.93 $2- 833,13

S3X- 491.80 S3Y- 1433,38 SHHIN- 4509,17 SHHAX- 5450,74
PO- 1775.30 TEHP- 131.8

EFF SV- 2485.42 EFF SHHIN- 2733,87 EFF SHHJ_X- 3675,44

D- 4100.00 SV- 4260.72 $1- 1432.20 $2- 831.89
S3X- 582.00 S3Y- 1706,61 SHMIN- 4621.39 SHMAX- 5746.00
PO- 1775,30 TEMP- 131.8

EFF SV- 2485.42 EFF SHMIN- 2846.09 EFF SHMAX- 3970.70

TIME IN MILLIONS OF YEARS BEFORE PRESENT -46,00

EPSX- -O,IO00E-02 EPSY- O.IOOOE-O2

POISPC-O. 88999999 EPC-O. 88999999

INPUT PARAMETERS

RHO- 2.5000 GM/CM**3

TGRAD- 20.2300 DEC F/IOO FT

ALPIiA- 0.6000E-O5 1/DEC F

PGRAD- 0.50000 PSI/FT

D- 5675.00 SV- 6143.19 SI- 1851.31 $2- 1459.20

S3X- 157,17 S3Y- 2123,45 SHMIN- 6020.01 SIIMAX- 7986.29

PO- 2552,33 TEMP- 164.0

EFF SV- 3590.86 EFF SHMIN- 3467,68 EFF SHMAX- 5433.96

D- 7250.00 SV- 7848. !2 SI- 2231.23 $2- 2205,11

S3X- -371.58 S3Y- 2644.23 SHMIN- 7446,89 SHHAX- 10462,70
PO- 3382.12 TEMP- 196.1
EFF SV- 4466.00 EFF SHMIN- 4064.76 EFF SflMAX- 7080.57
D- 8825,00 SV- 9553,06 S1- 2574.60 $2- 3061.85

S3X- -I007,18 S3Y- 3271.89 SitHIN- 8893,96 SHHAX- 13173.03
PO- 4264.68 TEMP,-, 228.3

EFF SV- 5288.38 EFF SHMIN- 4629.28 EFF SHMAX- 8908.35
D- 10400.00 SV- 11258.O0 $I- 2883.79 $2- 4022.38

S3X- -1752.69 S3Y- 4009.49 SHMIN- 10353.48 SHMAX- 16115.66

PO- 5200.00 TEMP- 260.4

EFF SV- 6058,00 EFF SHMIN- 5153,48 EFF SfIMAX- 10915.66

1_36



TIME IN MILLIONS OF Y_S BEFORE PRESENT -36.O0
EPSX- -0.IOOOE-O2 EPSY- -0.4000E-03
POISPC-I.0000OOO0 EPC-1.OOOOOOOO

o

INPUT PARAMETERS

, RHO- 2.5000 GM/CM**3
TGRAD- 20.2500 DEG F/IOO FT
ALPHA- O.6000E-05 I/DEG F
PGRAD- 0.85000 PSl/FT

D- 10725.00 SV- 11609.81 SI- 2631.34 S2- 4225.80
S3X- -2929.92 S3Y- 3303.86 SHMIN- 10228.16 SHMAX- 16461.94
PO- 6300.94 TEMP- 267.O
EFF SV- 5308.87 EFF SHMIN- 3927.22 EFF Sft_AX- 10161.00
D- 11050.00 SV- 11961.62 SI- 2384.48 $2- 4433.32
S3X- -4131.96 S3Y- 2587.25 SHMIN- 10144.59 SHMAX- 16863.80
PO- 7458.75 TEMP- 273.7
EFF SV- 4502.87 EFF SHMIN- 2685.84 EFF SHMAX- 9405.05
D- 11375.00 SV- 12313.44 $I- 2143.12 S2- 4644.86
S3X- -5358.52 S3Y- 1859.98 SHMIN- 10102.90 SHMAX- 17321.39
PO- 8673.44 TEMP- 280.3
EFF SV- 3640.00 EFF SHMIN- 1429.46 EFF SHMAX- 8647.96
D- 11700.00 SV- 12665.25 Sl- 1907.14 S2- 4860.37
S3X- -6609.31 S3Y- 1122.36 SHMIN- 10103.19 SHMAX- 17834.86
PO- 9945.00 TEMP- 286.9
EFF SV- 2120.25 EFF SHMIN- 158.19 EFF S_- 7889.86

TIME IN MILLIONS OF YEARS BEFORE PRESENT -11.00
EPSX- O.50OOE-O3 EPSY- -0.4OOOE.03

POISPC-1,00000000 EPC-1. 00000000

INPUT PARAMETERS
RHO- 2. 5000 GM/CM**3
TGRAD- 20.2500 DEG F/IO0 FT
ALPHA- 0,600OE.O5 I/DEC F
PGRAD- O, 90000 PSI/FT

D- 11700,00 SV- 12665.25 $I- 1870.62 S2- 4830.08
S3X- -6066.65 S3Y- 757.66 SHMIN- 10725.31 SHMAX- 17549.62
PO- 10091.25 TEMP- 286.9
EFF SV- 2574.00 EFF SHMIN- 634.06 EFF SHMAX- 7458.37
D- 11700.00 SV- 12665.25 SI- 1833.43 $2- 4799.99
S3X- -5529.89 S3Y- 397.76 SHMIN- 11341.02 SHMAX- 17268.68
PO- 10237.50 T_P- 286.9

, EFF SV- 2427.75 EFF SHMIN- 1103.52 EFF SHMAX- 7031,18
D- 11700.00 SV- 12665.25 SI- 1795.55 S2- 4770.08
S3X- -4998_98 S3Y- 42.61 SHMIN- 11950.40 SHMAX- 16992,00

, PO- 10383.75 TEMP- 286.9
EFF SV- 2281.50 EFF SHMIN- 1566,65 EFF SHMAX- 6608,25
D- !1700,00 SV- 12665,25 Sl- 1757,00 $2- 4740,36
S3X- -4473.85 S3Y- -307,86 SHMIN- 12553.51 SHMAX- 16719,51
PO- 10530,00 TEMP- 286,9
EFF SV- 2135,25 EFF SHMIN- 2023,51 EFF SHMAX- 6189.51
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TIME IN MILLIONS OF YEARS BEFORE PRESENT - 0,00
EPSX- 0.3600E-03 EPSY- -0,400OE-O3

POISPC-I, 00000000 EPC-1. 00000000
|

INPUT P_ETERS
RHO- 2,5000 GM/CM**3
TGRAD- 20.1700 DEG F/tO0 FF
ALPHA- 0,600OE-05 I/DEG F
PGRAD- O, 80000 PSI/FT

i>- 10750.00 SV- 11636.87 S1- 1764,87 S2- 4056,88
S3X- -6137.72 S3Y- -688.47 SIIMIN- 11090.29 S_- 14539.53
PO- 9406.25 T_P- 267.5
EFF SV- 2230.62 EFF SHHIN- 1684,O4 EFF SHMAX- 5133.28
D- 9800,00 SV- 10608.50 S1- !772.78 S2- 3375.28
S3XJ -3803.40 S3Y- -i067.15 SHMIN- 9676.67 SHMAX- 12410.91
PO- 8330.00 T_P- 248.1
EFF SV- 2278,50 EFF SHMIN- 1364.67 EFF SHMAX- 4080.91
D- 8850.00 SV- 9580.12 $1- 1780.74 S2J 2695.55
S3X- -3670.88 S3Y- -1663.91 SItMIN- 8306,66 SHMAX- 10333.64
PO- 7301,25 TEHP- 228,7
EFF SV- 2278,87 EFF SlIMIN- 1005,41 EFF SHMAX- 3032,39

7900,00 SV- 8551,75 S1- 1788,74 S2- 2017.69
S3X- -3140.16 S3Y- -1818.74 SHHIN- 6986.27 SRMAX- 8307,69
PO- 6320,00 TEHP- 209.3
EFF SV- 2231,75 EFF SHMIN- 666.27 EFF SIIMAX- !987.69

TIME (MY)- 75.0
DEPTH (FT)- 0 0
SV- 00

StlMIN- 00
SHMAX- 0 0
EFF SV- 0 0
EFF SHMIN- 0 0
EFF SIIMAX- O_0
S1-GRAV- 0,0
S2-TEMP- 0.0
S3X-STRAIN- O,0
S3Y- STRAIN- O. 0
PO- O.0
TEMP (DEG F)- 50.00
EPSX (IN/IN)- O.00000
EPSY (IN/IN)- 0.00000
PGRAD (PSI/VT)- O, 433
RHO(GM/CC)- 2, tOO
POISSONS RATIO- O, 4000
YOUNG HOD (PSI)-,300E+06
ALPHA (1/DEG F)-,600E-05
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TiME (HY)- 72.7 70.5 68.2 66.0
DEPTH (FT)- IO25.0 2050.0 3075.0 4100.0
SV- 1020.8 2041,6 3062,4 4083,2

' S_IN- 966.5 1958.7 3037.4 4175.8
SHHAX- 989.3 2085.i 3282.8 4578.4

. EFF SV- 577,0 1153,9 [730,9 2307,9
EFF 8HHIN- 500.6 1071.1 1706.O 26OO.5
EFF SHHAX- 565,5 1197,4 1951.3 2803.1
S1-GEAV- 371.4 717,4 1039.4 1338,8
$2-TZHP= 100,5 276,2 522,9 836,9
$3X- STI_AIN- 28.7 77,4 143,6 224.8
S3Y- STRAIN- 73.6 203.8 388.9 627,4
PO- 443,8 887.7 1331 5 1775.3
TEHP (DEC F)- 70.46 90,92 111.38 131,84
EPSX (IN/IN)- 0. O0000
EPSY (IN/IN)- 0,00050
PGRAD (PSI/FT)- 0,433
_0 (GM/CC)- 2. 300
POISSONS RATIO- O. 4000
YOUNGNOD (PSI)-,3OOE+06
ALPHA (I/DEG F)-,60OE-05

TIME (ICY)- 64,5 63.0 61,5 60.0
DEPTH (FT)- 4100,0 4100,0 4100.0 4100.0
SV- 4260 7 4260.7 4260 7 4260 7
SHMIN- 4286 3 4397.5 4509 2 4621 4
SICHAX- 4866 9 5157.7 5450 7 5746 0
EFF SV- 2485 4 2485.4 2485 4 2485 4
EFF SHHIN- 2511 0 2622.2 2733 9 2846 I
EFF SHHAX- 3091 6 3382.4 3675 4 3970 7
SI-GRAV- 1362 2 !385.6 1408 9 1432 2
S2-T_P- 835,6 834,4 833 I 831 9
S3X-STRAIN- 313,2 402.2 491,8 582,0
S3Y-STRAIN- 893,8 1162,4 1433,4 1706,6
PO- 1775,3 1775,3 1775,3 1775.3
TEHP (DEG F)= 131,84 131,84 131,84 13!,84
EPSX (IN/IN)- 0,O0000
EPSY (IN/IN)= 0.O0050
PGRAD (PSl/F'r)- 0.433
RJtO(GM/CC)- 2.400
POISSONS RATIO- O. 3316
YOUNGNOD (PSI)-.!9OE+07
ALPHA (I/DEG F)-.600E-05

, TIME (MY)- 56.5 53.0 49.5 46.0
DEPTH (FT)- 56 75,0 !250,0 8825.0 10400.0
SV- 6143.2 /848,1 9553,1 11258,0

. SHMIN- 6020.0 7446.9 889l,.O 10353.5
S_- 7986.3 10462.7 13113.O 16115.7
EFF SV- 3590,9 4466,0 5288,4 6058,0
EFF S_IN- 3467,7 4064,8 4629,3 5153,5
EFF SHHAX- 5434,0 7080,6 8908,3 10915,7
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$1-GRAV- 1851,3 2231,2 2574,6 2883,8
$2-TDIP- 1459,2 2205.1 ]061,9 4022,4
S3X-STRAiN- 157.2 -371.6 -IO07.2 -i752.7
S3Y-S_IN- 2123,5 2644.2 ]271.9 4009.5
PO- 2_52.3 338_,1 4264.7 5200,0
TE/4P (DgG F)- 163,98 196,11 228,25 260.]9
gPSX (IN/iN)- -0,001OO
EPSY (IN/IN)- 0.00100
PORAD(PSI/_)- O, 500
RHO (GM/CC)- 2. 500
POISSONS PATIO- O, 3280
YOUNCHOD ( PSi )-, 198 E+O7
ALPHA (I/DEG F)-.6OOE.05

TIHE (HY)- 43,5 41,0 38.5 36,0
DEPTH (_)- 10725,0 11050,0 11375,0 11700,0
SV- 11609.8 11961.6 12313,4 12665.2
SHHIN- 10228 2 10144.6 10102,9 I0103.2
SHHAX- 16461,9 16863,8 17321,4 17834,9
EFF SV- 5308.9 6502.9 ]640.0 2720.2
EFF SHHIN- 3927.2 2685,8 1429.5 158,2
EFF SHAqAX- lO161,0 9405,1 8648,0 7889,q
SI,GRAV- 2631_3 2384.5 2143,1 i907,1
S2-T_P- 4225.8 4433,3 4644,9 4860,4
S3X-STRAIN- .2929.q o4132,0 .5358,5 .6609,3
S3Y-STRAIN- 3303,9 2587,3 1860.0 1122,4
PO- 6300.9 /h58.7 8673./, 99,,5.O
TF_P (DEG F)- 267,03 273,66 280.29 286.92
EPSX (IN/IN)- .O_0010()
EPSY (IN/IN)- -0.O0040
PORAD (PSI/_)- 0,850
RÁtO(GM/CC)- _, 500
POISSONS RATIO- 0,2398
YOUNGHOD (PSI)-.4OI, E,O7
ALPHA (I/DE(;F)-,6OOE-05

TIME (MY)- 29,1 23.5 i/.2 II,0
DEPTH (FT)- 11700.0 11100,0 ll]O0,O I1100,O
SV- 12665_2 12665 2 12665,3 12665 2
SHMIN- 10725.3 11341 0 11950.4 12553 5
SIII,LAX- 17549,6 17268 7 16992,0 16719 5
EFF SV- 2574,O 2427 7 2281,5 2135 2
EFF SHHIN- 634.1 II03 5 1566.7 2023 5
EFF S_- 7458,4 7031 2 6608,2 6!89 5

SI.GRAV- 1870.6 1833 4 I795.6 1757 0
S2-T_P- 4830.1 1,800 0 4770,1 4740,4
S3X-STRAIN- -6066.6 -5529.9 .4999,0 .4473,9

S3Y-STRAIN- 757.7 397,8 42.6 -307,9
PO- 10091.2 10231,5 10383.7 10530,0
T_P (DEC F)- 286.92 286,92 286,92 286,92
EPSX (IN/IN)- 0.00050
EPSY (IN/IN)- .0.O0040
PGRAD (PSI/FT)- O,900
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POlO(GNiCC)- 2. 500
_ISSONS RATIO- 0,2200
YOUNGHOD (PSI)-,45OE+07
ALPHA (IIDEG F)-,6OOE-O5

* TIME (_)- 8,2 5,5 2.7 0.0
DEPTH (_)- 10750.0 9800,0 11850.0 7900,0
SV- 11636,9 106011.5 9580,1 8551.7
SHIN" 11090.3 9674.7 11306,7 6986,3
SFII_.X- 14539,5 12410.9 10333.6 8307,7
EFF SV- 2230.6 2276,5 2278.9 223i,7
EPF SHNIN- 1684.0 1344,1 !00_,4 666,3
EFF S_- 5133,3 4080,9 3032,4 1987,7
SI-GIL&V" 1764,9 1772,8 1760.7 1766,7
S2,.TEMP- 4056,9 3315.3 2695.6 2017,1
S3X.STRAIN- o4137,7 -3803,4 -3470,9 -31_0,2
S3Y._S_IN- "688.5 _' IO61.2 .' 1Lil43,9 " 1818.1

9406.2 8330.0 7301,2 6320,0
TEHP (DEG V)- 267,53 248,13 228.14 209,34
EPSX (!N/IN)- O,00036
EPSY (IN/IN)- *0.00040
PGRAD (PSI/FT)- O, 800
RHO (GM/CC)- 2.500
POISSONS PATIO- O, 2200
YOUNGNOD (PS i )', 450E_01
ALPIIA (I/DEG F)-.600E-05

M_ STRESS SH_R STRESS
"2320,OO 0,OO
1!231,50 11165.OO
17960,00 16451.50
22q 10, O0 2O010.OO
291¢,5.00 26195,00

********** FAI LURE TABLE **********
TIME DEPTH MEAN STRESS HA)( StlFAR FAll+ STRESS RED. FAIl.

STRESS
!5.0 O 0 0,() 0.0 2421,9 II,56.7
72.7 1025 0 538.8 38,2 2841,t, 1104.8
10,5 2050 0 1134.2 63,2 3298.6 1919.0
68.2 3075 0 1828,6 122.7 3831,3 2298,8
66 0 4100 0 2555.5 261,6 6389.1 2633,5
64 5 6100 0 278C.5 303.1 1,5679 211,0.8

i 63 0 4100 0 2933,9 448,5 t16195 280/.7
61 5 6100 0 3080 t, 595,0 6792 O 2875.2

. 60 0 4100 0 3228 1 762,6 t,905 3 29t13,2
56 5 5675 0 t,/,50 8 983,1 581_3 7 3506,2
53 0 1250 0 5572 1 i501,9 6706 6 6022.8

, t,9 5 8825 0 6168 8 2139,5 1622 6 6513.5
46.0 10400 0 8036 6 2881,! 859Z,0 5156.1,
43.5 10725 0 7044 I -3116,9 7833,9 t_100.3
41,0 11050,0 601156 °3359.6 1061,t, 6260.5
38.5 I1315,0 503R 1 -3609.2 6296.8 3176.9
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36 0 11700,0 4024.0 -3865,8 ._516, i 3309.7
29 7 11700,0 4046.2 3412,2 _533.1 33,19.9
23 5 11700.0 4067.4 2963,6 5549,4 3329.5

4
17 2 11700.0 4087,5 2520.8 5564,8 3338,9
I1 0 11700,0 4106.5 2083,0 5579,4 3347.6

8 2 107_0,0 3408.7 [724,6 5043,9 3026.3 ,
$ 5 9800.0 2712.8 1368.1 4509,8 2705.9
2 7 88_0.0 2018.9 1013.5 3977,3 2386,4
0 0 7900.0 1449.0 -782.7 3539,9 2124.0
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Figure F I. Calculated magnitudes, through time, for the
vertical stress (SV), minimum and maximum h()rizontal stresses
(SHMIN and SHMAX), and the pore pressure (PO) for the
Cozzstte Sandstone at the MWX site.
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Figure F2, Calculated magnitudes, through time, f()r the
vertical effective stress (I'_SV), and minimum and maximum
effective h()riz()!ltai stresses (14_SHMIN sad ESHMAX).

143



COZZEITESANDSTONEPICEANCEBASIN
300"

I,i.

o 200.

150"
i,-

_I00-

50_

i,

]r-'J_r_sJ-_''''........ 1 ..... v"'""" • " H,i.m: :__ _ vUl,I, V : m j _ .....V-- -V LJI•. r 'I

75 "/065 60 55 50 q5 qO 35 30 Z$ _ 15 I0 5 0
TIME {MILLION TERR$BEFOREPRESENT}

Figure F4. Input values for the temperature through time.
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Figure FS. Input values for the depth of burial through time.
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, Figure F6. Input parameters for the maximum and minimum

tectonic strains (EPSY and EPSX) through time.
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COZZETTE5ANDSlONE PICEANCEBASIN
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Figure F7. Calculated streB8conditionsin the Cozzette Sand-

stone at the MWX sitethrough time,with respectto the limits

of laboratory-determined failure(lightshading) and the prob-

able failureunder true geologicconditions (dark shading) for

the rock. The streB8condition at the time of deposition 75

millionyears ago isdepicted by the trianglenearestthe point of

origin of the failureenvelope, and the present day 8treBs

conditionisthe triangleat the other end of the circuitouspath,

justto the lower rightof the originaltriangle.The most likely

times of fracturingare the two events depicted by the stress-

condition trianglesthat liebeyond the limitsof yielding.(See

Warpinski, 1989, for complete details.)
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