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ABSTRACT

S t e k e t t e e ’s and M a r u y a m a 's works are followed in 

justifying the modelling of a hydrofracture as a disloca­

tion in an elastic half space. M a r u y a m a 's expression for 

the vertical component of displacement at the earth's 

surface does not include the source dilitation term. In­

cluding this term and taking spatial derivatives gives 

expressions for surface tilt.

Maps generated from these expressions suggest that:

1) Tilts as large as 3.3 x 10  ̂ radians may result from a
3 3large (vol. = 1 0  m ), shallow (depth = 1 km) h y d r o ­

fracture; and 2) the shape of the tilt field strongly 

reflects the fracture orientation.

An attempt to determine fracture azimuth with tilt- 

met ers was made at an Amoco well located in Sec. 20, T4N, 

R65W, Weld County Colorado, which was fractured on 

August 28, 1978. Four tiltmeters, each deployed approxi­

mately 400 m from the well, produced six tilt channels of 

records. One channel showed a tilt of 7 x 10  ̂ radians 

probably associated with the hydrofracture, on 5 channels 

the hydrofracture signal was hidden by noise in the period 

range 1 to 24 h o u r s .

Tilts associated with the filling of an irrigation 

ditch located within 50 m of 2 sites introduced noise
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episodes having amplitudes as great as 2 x 10 ^ radians. A

hydrologie equation was used to model these transient

tilts in terms of the parameters A , the maximum ampli-
^  max ^

tude, t , the onset time, and a function which involves ' o
the aquifer properties permeability, void ratio, and 

height of water table. These three parameters can be deter­

mined graphically from the tilt data.

Experimental parameter analysis shows: 1) shallow 

vaults with foam insulation limit diurnal noise to 1 y 

radian, which could be further reduced by recording vault 

temperature to 0.1°C; 2) more data could be recorded by 

implementing automatic instrument rezeroing, deploying 

more tiltmeters, and leveling of recorder boxes; 3) site 

specific noise arises from irrigation ditches within 

100 m, vehicles within 25 m, and people within 5 m of the 

tiltmeters; and 4) better inductors and provision for 

internal inspection would simplify operation of the par­

ticular tiltmeters used.
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INTRODUCTION

No method has yet been developed for adequately deter­

mining the azimuth of a massive hydrofracture. This is 

despite an interest which has been sufficient to prompt 

workers to investigate the applicability of several geo­

physical methods to this problem. It has been suggested by 

Wood (1976) that a massive hydrofracture might set up a 

measurable tilting of the earth's surface, and further, 

that by measuring this tilting, the orientation of the 

hydrofracture might be determined.

This work is in part an attempt to determine the ori­

entation of a massive hydrofracture, via a modelling study 

and a field experiment. Additionally, this work includes a 

study of surface tilting caused by leakage from an irriga­

tion ditch. Addressing this second subject became n eces­

sary when ditch tilts interfered with the tilt caused by 

the hydrofracture, the target signal in the field experi­

ment. Since the technique developed for treating ditch 

tilts may have application beyond its use in this h y dro­

fracture experiment, it is discussed with the hydrofrac­

ture tilt modelling technique in a chapter devoted to the 

modelling of surface tilts caused by these two sources.

The hydrofracture modelling is done according to a 

scheme developed by Volterra for determining how much an
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arbitrary point P in an elastic body is displaced, fol­

lowing a dislocation on some surface within that body. In 

the case of a hydrofracture, the two sides of the induced 

fracture surface are "dislocated" as fluid is injected, 

causing displacement of the surface of the earth.

Volterra's method has seen considerable application in geo­

physics, primarily in modelling earthquake faulting, and 

as a result, the equations which describe the surface dis­

placements of an idealized earth due to various types of 

dislocations are available in the literature. Maruyama 

(1965) gives a particularly complete listing of these equa­

tions, including the equation which treats the dislocation 

appropriate for modelling a hydrofracture.

In this study, M a r u y a m a 's equation was used to gener­

ate maps of the displacement fields set up by hypothetical 

hydrofractures having various dimensions. Surprising re­

sults led to an examination of the development of this 

equation, and it was found that a term had been dropped in 

its derivation. After including this term, spatial deriva­

tives of the displacement equation were taken to obtain 

tilt equations, which were then use to generate tilt maps. 

Examination of these tilt maps showed that for a hydrofrac- 

ture at a depth of 1000 m having a volume of 10 m , tilt 

values as large as 0.3 y Radians should result. These 

results suggested that a field exercise might be fruitful.
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provided the hydrofracture chosen for study were both 

large and shallow by present industry standards.

During August and September of 1978 a field experi­

ment was carried out, in which four two-component tilt­

meters were deployed at distances of approximately 400 m 

from an Amoco Production Company well. This well underwent 

a fracture treatment on the 28th of August, and records 

were collected for a total of 10 days, both before, 

during, and after the fracture day.

This field experiment was far from trouble free, as 

might be expected, since it involved deploying recently 

modified tiltmeters in a new location. The problems e n ­

countered were of two types; equipment shortcomings and 

high noise levels. From what was learned in the course of 

this experiment, a number of suggestions are made for m i n i ­

mizing these problems in future field experiments.

One of the most serious sources of noise in this exer­

cise was surface tilting associated with the flooding of a 

previously dry irrigation ditch, which passed near two of 

the 4 sites. Since this event occurred at the same time as 

the pumping, and had an amplitude approximately 50 times 

the anticipated hydrofracture signal, it was necessary to 

carefully approximate and remove the source of noise b e ­

fore the signal could be estimated. Assuming that surface
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tilting due to the ditch filling is proportional to the 

tilt of the groundwater table allows a hydrologie equation 

to be used in approximating this tilt. The equation, devel­

oped by Glover (1974), expresses groundwater table tilt in 

terms of several hydrologie parameters. By approximating 

these parameters from the field records, the ditch tilt 

can be approximately removed from the data.

After also approximating the diurnal signal on each 

channel and removing this approximate signal from the 

data, values can be chosen for the tilt or for the upper 

limit of tilt at each site. The best determined tilt value 

is 0.7 y Radians of North down tilt at site 4, the most 

noise free site in the experiment.

Comparing the magnitude of this tilt to the hypothet­

ical tilt maps which were generated suggests that the 

actual tilts from a hydrofracture are at least as large, 

and possibly larger than the modelled tilts. Also, this 

experiment indicates that under favorable field conditions 

these tilts are measurable. Since field conditions were 

far from ideal at several of the sites occupied in this 

experiment, the orientation of the hydrofracture cannot be 

determined, although certain orientations can be dismissed 

as unlikely, based on the data which was collected. The 

prospect of improving the field experiment to the point
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that enough tilt values can be determined to fix the 

orientation of the hydrofracture seems good enough to 

warrant another field effort.
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MODELLING OF SURFACE TILTS

In this chapter, methods are developed for modelling 

tilting of the earth's surface caused by two sources: 1) a 

hydrofracture, and 2) a linear ditch leaking water into an 

aquifer. The hydrofracture tilt model is discussed first 

in section A, the ditch tilt model is discussed in sec­

tion B.

In the following section, a review of the contribu­

tions made by many workers to the field of modelling dislo­

cations is undertaken. This is not intended to be a claim 

to originality, but rather is intended to demonstrate the 

applicability of the method to the problem of modelling a 

hydrofracture. Hopefully this approach will reveal the 

important assumptions made in arriving at the final equa­

tions, and will show the nature of a minor correction 

which was made to an expression presented by Maruyama.

A . ) HYDROFRACTURE MODEL

The theory of elasticity provides equations for cal­

culating the displacement, stress, strain, and rotation 

fields in an elastic body which are caused by a disloca­

tion on some surface within that body. By considering a 

hydrofracture to be a dislocation on some surface within 

the earth, these equations can be used to calculate the
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displacement and tilt fields resulting from the h y dro­

fracture. In order to express the equations for these 

fields in a tractable form, however, a model of the h ydro­

fracture geometry must be found which strikes an accept­

able compromise between being geologically accurate and 

having a simple mathematical description.

1.) The Hydrofracture Geometry

Several pieces of information suggest that a hydrau- 

lically induced fracture will follow a vertically oriented 

plane. Hubbert (1957) indicates that fractures created in 

an isotropic medium by the injection of pressurized fluids 

should be approximately perpendicular to the least princi­

pal stress axis. In tectonically relaxed areas, the 

greatest principal stress in the e a r t h ’s crust is v e r t ­

ical, which restricts the orientation of the least prin­

cipal stress axis to the horizontal plane. This implies 

the fracture should be vertical. Further, since it is 

unlikely that the stress state of the e a r t h ’s crust will 

vary appreciably in the small volume of crust which con­

tains a hydrofracture, the orientation of the least prin­

cipal stress axis should be relatively constant, and the 

strike of the fracture should in turn be nearly constant, 

giving a vertical planar surface.

Experimental evidence also supports the model of a 

vertical planar fracture. Several researchers from Sandia
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Laboratories created a small scale hydrofracture in a un i ­

form ash-tuff in order to study fracture geometry (Tyler 

and Vollendorf, 1975). The fracture was propped open with 

a colored grout, so it could be easily traced, and the 

fracture was mapped by mining it out. The results of 

mapping two separate hydrofractures showed fracturing to 

be nearly vertical and nearly planar in each case.

A diagram of the probable hydrofracture geometry is 

shown in figure 1-1. Figure 1-2 is a diagram of the h y d r o ­

fracture model chosen to approximate this geometry. In 

this model, the fracture is assumed to lie along a v erti­

cally oriented planar surface, the edges of which are 

vertical and horizontal, forming a rectangular surface. As 

fluid is injected during the fracturing operation, the two 

sides of the fracture are pried apart, and sand is trans­

ported into the fracture to prop it open. This results in 

the sides of the fracture being displaced, or dislocated, 

from one another by some distance, shown as Ax in figure 

1-2. For simplicity we assume that Ax is constant over the 

entire fracture area. The dimensions L, W , and Ax are 

chosen such that the volume of the rectangular slab used 

in the hydrofracture model approximates the volume of 

fluid injected in the actual hydrofracture.

Having now arrived at a model for the geometry of a 

hydrofracture, equations can be used to generate maps of
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Borehole

Fracture Surface Producing Formation

Fiqure 1-1

The probable hydrofracture geometry, idealized and shown 
in cross section. The cross section is taken in such a 
way that it includes the fracture surface (after Shuck, 197/)
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Surface of earth

Hydrofracture
surface

A X

Figure 1-2

The geometry of the model used to represent the hydrofractut
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the displacement and tilt fields at the surface of the 

earth which should result from a hydrofracture having this 

assumed geometry.

2.) Mathematical Treatment of a Hydrofracture Dislo­

cation

a .) Development of Volterra's Equation

Following work done by Volterra, Stekettee and 

others, Maruyama (1964) has developed equations which can 

be used directly to calculate the displacement field at 

the earth's surface due to a dislocation having the 

geometry shown in figure 1-2. For the purpose of relating 

the physics of the problem to the equations which will be 

used for numerical calculations, a brief review of the 

contributions made by various workers in developing these 

equations seems appropriate.

Volterra was able to develop an equation which gives 

the displacement at some point in a medium resulting from 

a dislocation on some surface in that medium. Volterra's 

equation is a general one: it applies to any medium 

geometry, any dislocation surface geometry, and yields the 

displacement at any point in the medium.

Volterra's equation is developed from Betti's recip­

rocal theorem, so we are adopting any assumptions made in 

arriving at this theorem. Betti assumes in his derivation
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that the superposition principle holds, which means a body 

subject to two sets of forces and stresses, F^, , and

F 2 , % 2 , will be deformed into a shape which does not 

depend on the order in which the two sets are applied.

This assumption is valid provided that the strains in the 

body are infinitesimal.

By making the assumptions that no stresses act on the 

free surface and that there are no body forces, Volterra's 

equation can be gotten from Betti's theorem. Volterra's 

equation is given below, after Maruyama (eq. 1.1).

U^^Q) = I AU^(P) t” j^(P,Q) Yj^(P) dZ (1.1)
-'z

where summation over the three spatial dimensions is 

implied by repeated indices.

b .) Physical Meaning of Terms in Volterra's 

Equation

Volterra has expressed the desired quantity, the mth 

component of displacement at point Q, U ^ ( Q ) , in terms of 

AU^(P), T^^(P,Q), Yj^(P) and E. In this equation P repre­

sents a point on the dislocation surface and Q represents 

a point elsewhere in or on the body at which the displace­

ment is desired. AU^(P) is the amount of dislocation in 

the k direction which exists between the two side of the
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dislocation surface at point P. Z is the dislocation sur­

face, and d Z  is the infinitesimal element of that surface 

located at point P. y^(P) is a unit normal vector, giving 

the direction cosines between the dislocation surface 

normal and the coordinate axes 1 at point P. The remaining 

term in equation 1.1, T™^(P,Q), is the k-1 component of 

the stress tensor which is set up at point P by the appli­

cation of a unit point force in the m direction at point Q 

In order to get numerical results for U^(Q), expres­

sions for AU^(P), Y^(P), Z, and t J^^(P,Q) which are approp­

riate for the model shown in figure 1-2 must be substi­

tuted into equation 1.1. The expressions for these terms 

are arrived at in the next section.

c .) Specialization of Volterra's Equation to 

Hydrofracture Geometry 

Each element of equation 1.1 is treated separately, 

in the order AU^(P), Y ĵ (P)j Z, and T™^(P,Q).

AU^(P):

Volterra's equation (1.1) is an integral equation for 

displacement U^; the displacement appears both inside the 

integral and as the left side of the equation. Solving 

this equation is difficult, and not all displacement func­

tions are acceptable solutions. Figure 1-3 shows a
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dislocation
surface

displacement
vectors

dislocation
vectors

Physically
Acceptable

dislocation
surface

Physically 
Unacceptable

Figure 1-3

The displacement vector at a field point must approach 
the dislocation vector at a source point as the field 
point approaches the source point.
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dislocation function which satisfies the integral equation 

and another dislocation which does not. Weingarten was 

able to show that by choosing the correct type of disloca­

tion, V o l t e r r a ’s equation reduces from an integral equa­

tion to a simpler integration problem. The Weingarten 

relation, given by Stekette (1958), requires that the two 

dislocation surfaces move with respect to one another as 

if they were rigid bodies. Since the motion of two origin­

ally coincident planes directly away from one another is 

of this type, the hydrofracture dislocation model shown in 

figure 1-2 does satisfy the Weingarten relation. This type 

of dislocation leads to singularities in stress and strain 

at the edges of the dislocation surface, however. Physi­

cally this is unreal, but considering the mathematical 

simplification it yields, it is a good approximation. From 

figure 1-2 then, for the hydrofracture is given by

equation 1.2 below.

AU^(P) = A x  (1.2)

AU2(P) = 0

AUg(P) = 0 for all points P.

Y ^ ( P ) :

Since 1 is a repeated index in equation 1.1, it is 

summed from 1 to 3. is the cosine of the angle between



T-2198 16

the hydrofracture surface normal and the axis. Since 

the surface is normal to this axis, = 1 (see fig. 1-2). 

The other axes are perpendicular to the surface normal, so

Y2 = Y3 = 0 *

Z:

Z, the dislocation surface, is a vertically oriented 

rectangular surface of dimensions L and W , located a 

distance h below the earth's surface, as shown in figure 

1-2. Z is normal to the x axis.

Finding an expression for T|^^(P,Q) is the most dif­

ficult step in solving Volterra's equation, and the solu­

tions given by Maruyama and others rest on certain simp­

lifying assumptions. For most geophysical problems, in­

cluding this one, it is assumed that the medium is homo­

geneous, isotropic, and described by Lame' coefficients 1 

and ]i.

The first step in finding an expression for T^^(P,Q), 

the stress at point P due to a unit force at point Q, is 

to find an expression for the displacement at point P 

which results from a force at point Q. In a homogeneous 

isotropic whole space, the Somigliana tensor is just such 

an expression, giving the kth component of displacement at
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point P due to the mth component of force at point Q. The 

Somigliana tensor, S^j, is given in equation 1.3 below.

= Skm = ^  ('km r,nn “ “ ^n,k>

X + y 
■y“ ■ X + 2 u ’

r is a vector from point P to point Q

where repeated indicies imply summation over the 

spatial dimensions, as before, and indicies following a 

comma indicate differentiation with respect to that 

spatial variable.

The fact that this is the expression for displacement 

in a whole space and we desire the solution of equa­

tion 1.1 in a half space is not a problem, as will become 

evident later.

By using the appropriate Somigliana tensor components 

as expressions for both the k and the 1 components of di s ­

placement due to the mth component of force, and by differ­

entiating these expressions, we obtain the k-1 component 

of strain at P due to the force at Q. Again following 

Maruyama's notation.

e“ l(P,Q) = + Ui(P,Q),k' (1.4)
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where e^^(P,Q) is the kl component of strain at P due 

to a unit force in the m direction at Q, and U^(P,Q) ^ is 

the derivative with respect to of the k component of 

displacement at P due to a unit force in the m direction 

at Q.

By assuming that the medium exhibits Hookean b e ­

havior, we can use the Lame coefficients of the medium to 

express the desired stresses in terms of the above 

strains. Doing so yields equation 1.5, below.

e™^(P,Q) + 2pe” j^(P,Q) (1.5)

As before, repeated indicies indicate summation. This 

expression for T^^(P,Q) is in terms of the elastic moduli 

of the medium and the coordinates of the points P and Q 

only. Equation 1.5 is a Gre'en ’ s function, and conse­

quently, certain symmetries exist among its subscripts. As 

a result of the symmetries, it can be shown (Stekettee, 

1958) that T™^(P,Q) correctly describes two different 

physical situations which turn out to be mathematically 

equivalent. T^^(P,Q) can represent the stress at P due to 

a force at Q, which is the case introduced into Betti's 

theorem, or T^^(P,Q) can represent the displacement at 

point Q which results from a combination of forces acting 

at point P. The latter interpretation seems to be physical­

ly more relevant, since it involves force combinations
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acting at the dislocation causing displacements elsewhere 

in the body.

The type of force combination which acts at each 

source point P depends on the type of dislocation being 

modelled. In order to find what kind of force combination 

represents the dislocation shown in figure 2, equa­

tions 1.4 and 1.5 can be combined to give equation 1.6

in which U ™  ^ is the 1-derivative of the k-m component of 

the Somigliana tensor with respect to . Maruyama (1964) 

shows that a spatial derivative of the Somigliana tensor 

can be thought of as an expression for the displacement at 

Q due to a double force applied at P. Specifically,

U ” .,p.Q) = <1.7,
-I- 0 1

Where U™(P + Axj^ Q) and - U™(P - Axj^ Q) each repre- 

sent the displacement at Q from one force removed from P 

by either + or - Ax^. This situation is shown in fig­

ure 1-4.

Equation 1.6 can now be used to show what combination 

of point forces corresponds to a dislocation of the type
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Figure 1-4

A double force at the source point
displacement u^  ̂ at the field point Q. K , 1

P results in a
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used in modelling a hydrofracture. Substituting the d e ­

sired 1,1,3 for k,l,m gives

OReferring to figure 1-4, we can see that Tj-^(P,Q) 

gives the displacement at Q due to the two sets of point 

forces shown as a and b in figure 1-5, and which cor­

respond to the Somigliana tensor derivatives labeled a and 

b in equation 1.8.

The set of forces shown in figure 5a is called a 

center of dilatation, and gives the response due to the 

volume change associated with the hydrofracture. The pair 

of forces shown in figure 5b is called a double force wit h ­

out moment, and gives the response due to the dislocation 

of the two surfaces.

d .) Half-Space Solution

Since the displacement due to a point force is not 

the same in a half space as in a whole space, it would 

seem that a new, more complicated expression for displace­

ment, equivalent to equation 1.2 but valid in the half 

space, must be developed. This expression could then be 

used to solve for the appropriate T^^(P,Q) for the half
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a.) Center of Dilatation

b.) Double Force Without Moment

Figure 1-5

These two point force combinations represent a dislocatioi 
of the type used to model a hydrofracture.
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space. In order to find such an expression, workers have 

introduced a modified image method, which has a known solu­

tion. This method, as discussed by Stekettee and Maruyama, 

involves working the problem with the whole space expres­

sions, and examining the boundary values. If they do not 

match the boundary values required for the half space 

problem, forces are added to the whole space problem as 

necessary to make the boundary values correct. When the 

boundary conditions are met, the solution of the image 

force problem in the whole space is identical to the solu­

tion of the half space problem involving the original 

f o r c e s .

The boundary conditions for the half space are as 

follows: 1) All stresses vanish on the free surface 

Xg = 0, and 2) the stresses and displacements are differ­

entiable everywhere, and vanish at infinity. Examination 

of the contribution to the stresses at x^ = 0 made by the 

force combination which acts at one source point P(x^, X 2 , 

Xg), on the dislocation surface in the whole space shows 

that the stresses = 0), = 0), and

^33^*3 ^ ^^ are in general non-zero. Symmetry in the 
stress expression (obtained by taking spatial derivatives 

of equation 1.8 and substituting into Hooke's law) is h e l p ­

ful, however. As a result of the symmetry, an image force 

combination at a position P'(x^, x ^ , -x^), (the image
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point of P with respect to the plane = 0), will cause 

the tangential stress components to vanish for all points 

on the Xg = 0 plane, and will cause the normal component 

of stress to be doubled. By adding a third set of forces, 

a distribution of forces acting normally on the free sur­

face, we can exactly cancel the normal stress caused by 

the original and image force combinations, producing a 

stress free surface Xg = 0. The methods for finding the 

fields due to a distributed normal load are well known 

(Love, 1944). Figure 1-6 compares the image force whole 

space problem to the actual half space problem, for one 

source point on the dislocation surface.

Maruyama has solved for the various half space equiv­

alents of T^^(P,Q) by carrying the necessary mathematics 

through the steps which have been outlined above. As 

Maruyama develops this half space solution, he changes the 

variable T^^(P,Q), which is used to represent the displace­

ment at Q due to the force combination of P in the whole 

space, to W^^(P,Q), which represents the half space dis­

placement. At the free surface Xg = 0, these expressions
3

take a particularly simple form, and W^^(P,Q)^ _ q , the

solution which is appropriate for the hydrofracture model, 

is written below (from Maruyama).

2

B + E (1.9)
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HALF SPACE PROBLEM
displacement

free surface

point force 
combination

dislocation surface

IMAGE FORCE SOLUTION
displacement

distributed  
normal load

Figure 1-6

image force 
combination

surface x^ =  0

w hole space

The half space problem for which a solution is desired 
is shown above, the technique for obtaining a solution 
is shown below. (In the lower figure, two faces are 
transparent to show the surface = 0).
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with

B = -1 + 2 ; - C'", 

E = 2 - 9C + 13 ;

; = S]/p

p = (x^ + % 2  + and

r  =  ( x ^  +

The variable used in this expression are labelled in 

figure 1-7.

It can be shown by differentiation of equation B-1 

from Mindlin and Cheng's (1950) paper, or more easily, by 

differentiation of equation 32 from Yeatts (1973) paper,
3that M a r u y a m a 's expression for W^^(P,Q)^ _ q , equa­

tion 1.9 above, does not include the dilatation term shown 

in figure 1-5. After modifying his equation to include
3this term, the correct expression for is obtained,

given by equation 1.10 below.

W 11
1 1 X.

B + (1.10)

B = - + I)-!

E = 2 -  9 ; + 1 3 ç ^ - 6 ç ^

Ç defined as before
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Earth surface
(x-y plane )

Fracture surface 
{ y-z plane )

Figure 1-7

This shows the relation of the variables used by 
Maruyama to the hydrofracture geometry (After Maruyama 
1964).
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U.(Q) =

Equation 1.10 can now be substituted into equation 

1.1, along with the previously determined v^(P) and 

AUj^(P), giving

This expression can now be numerically integrated over the 

dislocation surface to give the displacement at one field 

point Q, caused by the entire dislocation. This procedure 

can then be repeated for many field points Q, resulting in 

a map of the sampled displacement field.

Obviously, the generation of such a map involves so 

many computations that a computer program is necessary.

Dr. F.R. Yeatts (of the Colorado School of Mines Physics 

Department) has written a program to generate surface dis­

placement maps for model earthquake dislocations, a 

problem which differs from that of generating hydro-
r>

fracture displacement maps only in that the W^^(P,Q) of 

equation 1.11 are not the same for the two types of dislo- 

cations. By substituting W^^(P,Q) into this program, we 

obtain the desired tool for making maps of the surface di s ­

placement to be expected from a hydrofracture with the 

geometry of figure 1-2. Dr. Yeatts was kind enough to pro­

vide a copy of his program for this purpose, as well as 

instruction for the proper modification and for the use of
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this program. A copy of this modified program, which has 

been documented, is given in appendix 1. Instructions for 

the use of this program are also given in appendix 1. 

Equation 1.10 may alternatively be written in the form

W 11
2G
U -AB +

X .

U
A-" - AB^ - 6A

(1 . 12)

This is a more efficient form for computational purposes, 

and is the form used in the displacement program.

e .) The Rotation Field 

The expression for the rotation field in an elastic 

body Is

w.. = 1/2 (U. . - U . .1 J 1 , J J (1.13

This expression can be simplified at the free surface Xg : 

0, since the stress must vanish at the free surface, that

1 s

T = X.5 0 + u(U. . + U. . ) = 0.
-^J ^ J -‘- s j  J ) ^

(1.14)

For i ^ j, this implies U. . = - U . .. Substituting this^ 5 J J 3 ̂
result into equation 1.13 yields

"ij (x,=0) - "i,j- (1.15)
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This expression can be used to calculate the rotation 

at a field point Q caused by the hydrofracture disloca­

tion. The rotation about the X 2 axis at point Q caused by

the force combination at point P is simply the derivative
o 3of with respect to x^ since is the only element

of equation 1.11 which contains the variable x ^ . Inte­

grating W^^(PjQ) ^ over the dislocation surface gives the 

total rotation at Q due to the dislocation, just as the 

integration of over Z yielded the total displacement.

Similarly, the rotation about the x^ axis at Q is the der- 
3ivative of with respect to X g , integrated over Z.

The rotations at Q about the x^ and Xp axes can be 

considered as components of a tilt vector. These compon­

ents can be composed into a vector at each field point 

Q(xg = 0), which points in the direction of tilting, and 

which has a length proportional to the magnitude of the 

tilting. By computing such a vector for a number of field 

points Q, a map of the tilt field due to the assumed hydro­

fracture dislocation can be constructed. A program has 

been written to generate such maps, and a copy of this pr o ­

gram, including documentation, is given in appendix 2. The 

necessary derivatives of ^ and 2 ? are arrived

at from equation 1.12, also in this appendix.
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4.) Feasibility Study

By generating maps for hydrofracture models having 

various dimensions, we can evaluate the feasibility of;

A) Measuring with field instruments the tilting caused by 

an actual hydrofracture event; and, B) of using these tilt 

measurements to determine the approximate azimuth of the 

hydrofracture. Maps which were made for this purpose are 

shown below in figure 1-8.

By comparing the maximum value of the tilt on each 

map with the sensitivity of the tiltmeters, we can see 

whether or not measurable tilts might be expected from 

hydrofractures having dimensions comparable to those of 

the models. Since the tiltmeters are capable of resolving 

tilts of ^ 1  X 10  ̂ radians, the maximum values shown in 

figure 1-8 suggest that if the hydrofracture is either 

small or deep, measurable tilts will probably not result. 

If the hydrofracture event is both large and shallow h o w ­

ever, it may be possible to record tilting. Furthermore, 

the shape of the hypothetical tilt fields reflect the di s ­

location orientation, suggesting that if a number of tilt 

values could be measured, some statement might be made 

about the orientation of the fracture.

On the basis of the modelling, it was decided that if 

a large, shallow hydrofracture operation were to be avail­

able for study, a field experiment would be in order.
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Fortunately, we were able to conduct a field experiment in 

August and September of 1978, at the site of a fracturing 

program which was large, shallow, and was conveniently 

close to Golden, Colorado. Our participation in this frac­

turing program was made possible in large part due to the 

efforts of Dr. Dan Kim of Amoco. The field experiment 

which was conducted is discussed in detail in the next 

c h a p t e r .

B . ) SURFACE TILTS FROM A DITCH LEAKING WATER

During the course of the field experiment which was 

designed to detect surface tilts caused by a massive h y d r o ­

fracture, a number of tilt episodes were recorded at sites 

located near an irrigation ditch. These tilt episodes co r ­

responded to changes in the water level of the ditch; par­

ticularly dramatic tilting occurred when the ditch was 

filled with water after having previously been dry. One 

ditch tilt episode occurred simultaneously with the frac­

turing program, obscuring any hydrofracture tilt. In an 

effort to approximate the ditch tilt so it could be sub­

tracted from the record in order to better expose the 

hydrofracture tilt, a method for modelling the ditch tilt 

was devised. This method is described below.
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1.) Possible Mechanisms

It has been hypothesized that the ditch related tilt 

may have resulted from one or both of the following mec h ­

anisms. 1.) As the groundwater table rose beneath the 

ditch following its flooding, an additional volume of soil 

became saturated. Individual grains in this volume were 

buoyed up by the fluid, resulting in a decrease in the 

amount of compaction of the soil. This effect would be 

greatest where the water-table was highest, producing a 

tilt away from the ditch, as observed. 2.) Alternatively, 

since a moving water table implies there is fluid flow 

which requires that a pressure gradient exist in the sat­

urated section, the surface tilt may have resulted from 

forces acting on material in the aquifer as a result of 

this pressure gradient. If either or both of these m e chan­

isms are responsible for the surface tilt, then it is 

reasonable to expect that at any given location, the 

tilting of the earth's surface caused by the ditch being 

filled will be proportional to the tilt of the groundwater 

table directly beneath that location.

2.) Describing Groundwater Table Tilt

Conveniently, an equation is given by Glover (1974),

which describes as a function of time the tilt of the 

groundwater table near a ditch leaking water into an
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aquifer. This equation treats an initially dry ditch which

is filled at time t = 0 ,  and thereafter leaks water at ao
constant rate q. The equation applies in the case of an 

infinite straight ditch on the surface of an aquifer 

having constant porosity and permeability. Furthermore, 

the surface of the water table must initially be hori­

zontal and a distance D above the base of the aquifer.

This situation is shown in cross section in figure 1-9.

For ditches which satisfy these constraints, Glovers 

equation, 1.16 below, can be used to describe tilt trans­

ients .
x _

1 - I e"^ dU . (1.16)-KD ill = a
9 x

9h
9 x

q
K

D

a

V

slope of groundwater table 

rate of leakage 

permeability 

thickness of aquifer 

KD/V,

void ratio

Solving for the slope of the groundwater table is 

trivial, giving equation 1.17,
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Ca na l Ground
S u r f a c e

m m m

Figure 1-9

View in cross section of the geometry described by Glover's 
equation 1.16, wherein q is leakage per unit length, 
f is flow per unit length, h is height of the addition to 
the water table, and x is the horizontal distance from the 
ditch (After Glover, 1974).
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3h
9x 2KD 1 -

-U' dU (1.17)

We have hypothesized that surface tilt is propor­

tional to ground water table tilt, that is, surface 

tilt = B 1^, B being a constant of proportionality. Since 

neither B, q, K, or D are known, they can collectively be 

replaced by = Bq/2KD, a constant which can be deter­

mined from the data. Since the real disturbance we are

trying to approximate starts at t^ rather than at zero,
—  1/2the limits of integration must be changed from x[4at] 

to x[4a(t -

These substitutions yield the following expression

for surface tilt T, equation 1.18.
X  1

T = Amax 1 -

/4a / t - t
(1 . 18)

From equation 1.18, it can be seen that to specify a

particular groundwater transient tilt curve, 3 parameters

must be fixed: 1) the time of onset of the disturbance,
— 1 / 2t^; 2) the parameter x[4a] , which sets the upper limit

of integration for any time t; and 3) the maximum ampli­

tude of the disturbance, Amax
If field tilt records have been collected which con­

tain transient tilts related to the filling of a ditch, 

these three parameters can be determined from the records
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in the following manner, t^, the time at which the ditch 

was flooded, is determined by comparing the records from 

all tilt channels located near the ditch. If the disturb­

ance hits all channels at nearly the same time, this

common time can be taken as t . If the ditch is used foro
irrigation purposes, information regarding the onset of 

flooding might be obtained from the operator of the irri­

gation system. (As was done in this experiment.)

Attempting to find A directly from the records is ^ ° max
unfortunately a riskier prospect than determining t ^ . This 

is because the amplitude of the disturbance may not a p ­

proach its maximum value until several days after onset; 

this length of time is large enough that gradual drift and

later noise events can become superimposed on the tilt

transient, complicating the shape of the record in the 

region of maximum amplitude. Certain properties of equa­

tion 1.18 make it possible to infer the value of A from^ max
the shape of the curve shortly after the onset of the dis­

turbance, however, allowing A to be estimated in spite’ ° max ^
of the above limitations.

Figure 1-10 shows equation 1.18 plotted on a logarith­

mic time scale. A family of curves is shown, each curve
—  1/2representing a different value of the parameter x[4a] 

Examination of this figure shows that each curve in the 

family has exactly the same shape as any other curve.
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This means that the shape of the curve, and therefore

the slope at any particular fraction of is independ-
— 1 / 2ent of the parameter x[4a] . Another observation which

can be made from the figure is that the slope m is nearly

constant between values of 0.2 and 0.45 A , and has amax
value in this region given by

^ 2  ” ^ 1
“  " log(t, - t^) - log(t, - t ) (1-1-9)

where A^ has an amplitude of 0.45 A and occurs at 2 ^ max
time to 5 and A. has an amplitude of 0.20 A and occurs

I 1 ^ max
at time t ^ . Dividing each side of equation 1.19 by A^^^ 

and using values picked from the first curve in figure 

1 - 1 1  gives

m .25
Amax ” log - log (1 2 .6 ) ’

™ - = .533 . (1.20)
max

By plotting the record of ditch tilt on a logarithmic 

time scale, identifying the region of constant slope, eval­

uating the value of the slope, and substituting into 1 .2 0 ,

the value of A for the ditch transient on that partic- max ^
ular tilt channel can be computed. Note from figure 1-10
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that the region of constant slope contains the only inflec­

tion point on the curve - this helps to identify the 

correct segment of the real d a t a .

Having determined t and A , it is now possible to ° o m a x ’ ^
determine the final parameter required to specify a par-

— 1 / 2ticular ditch transient, x[4a] . First, the observed

tilt values are converted to fractional values of A ,max
and the data plotted logarithmically, in a fashion similar

to figure 1-10. Next, a number of curves showing equa-
—  1/2tion 1 . 8  for varying values of x [ 4 a] are plotted.

These curves are members of the family shown in figure
—  1 / 21 - 1 0 , and the value of x [ 4 a] which produces a curve

giving the best match with the actual record is the d e ­

sired quantity.

Once values have been determined for the three param-
— 1 / 2eters t , A and x[4a] , they can be substituted intoo max ■’

equation 1.18. Evaluating this equation for different 

values of t then gives an approximation of the tilt caused 

by the ditch transient. This technique proved useful in 

approximately removing the ditch tilts from the tilt 

records collected during the hydrofracture field experi­

ment. In chapter 3 the application of this method to the 

real data is discussed.
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EXPERIMENTAL PARAMETERS

A . ) INTRODUCTION

As a result of the feasibility study which was d e ­

scribed in the last chapter, a field experiment was 

designed and later conducted to investigate the tilt field 

caused by an actual hydrofracture. In this chapter, the 

parameters of the field experiment will be described, 

including a discussion of the instrument sites which were 

selected, the vaults constructed at each site, the instru­

ments which were used, and comments on the system response 

and the site noise encountered.

1.) Location and duration of the experiment 

This investigation was undertaken at the Amoco Pro­

duction Company Hemple #2 well, located at the center of 

the SW/4 of Sec. 20, T4N R65W in Weld County, Colorado. 

This location is shown on figure 2-1, which is a reproduc­

tion of part of the Army Map Service "Greely” Sheet, (NK 

13-11).

The Hemple #2 underwent a fracture treatment on 

August 28, 1978, and data was collected from August 26 

through September 4, 1978.
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syudy area T4N R65W sec.20 to Greely Colorado, and Fort 
Lupton Colorado. Section 20 is circled.
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2.) Past experience

The Instruments used in this experiment were previ­

ously used in a tilt experiment in the Las Vegas vicinity, 

and several experimental parameters were chosen on the 

basis of experience gained during the Las Vegas experi­

ment. Specifically, instrument modifications were made in 

order to allow the tiltmeters to be calibrated while 

running at the sensitivity necessary to see a signal of 

the anticipated magnitude, and the instruments were housed 

in insulated vaults in order to reduce the large diurnal 

signal encountered in Las Vegas. These improvements will 

be discussed in greater detail later in this chapter.

B . ) INSTRUMENT SITES

1.) Site Selection

Having four tiltmeters available, it was decided to 

deploy all four at approximately the same distance from 

the borehole, all equally spaced from one another. A hypo­

thetical tilt map, using appropriate source dimensions, 

suggested an optimum distance from the borehole at which 

the tiltmeters could be deployed. Several factors pre­

vented this ideal configuration from being implemented, 

however. Since hand carrying of the instruments and vault 

materials a large distance would be a formidable chore, 

the sites all had to be accessible with vehicles. Also,
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being guests on cultivated private property, we had to 

avoid occupying sites which would cause excessive damage 

to the o w n e r ’s crops. Figure 2-2 is a map of the study 

area, showing the site locations ultimately chosen and the 

location of the well which was fractured.

Each site which was selected had some unique prob­

lems, which are described, by site, below.

2.) Description of Sites

a .) Site 1

Site 1 was located approximately 220 m N of the bore­

hole in a recently mowed hay field. The selection of the 

site was unfortunate in two respects. First, it was 

located approximately 16 m from an irrigation ditch. The 

effect of the ditch on the data will be discussed in the 

next chapter. Secondly, a crew laying the pipeline for the 

well was operating near the site on the day of the frac­

ture and their equipment left an undesirable signature on 

the tilt records.

b .) Site 2

Site 2 was located approximately 440 m E of the bore­

hole, in a hay field which was mowed during the course of 

the experiment. This site was just off a well travelled 

access road, and pieces of farm equipment were occasion­

ally parked near enough to the instrument to disturb the
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record. The hay was irrigated by a mechanical sprinkler 

system which slowly moved over the field. The sprinkler 

system moved over the site during the afternoon of 

August 29, the day after the hydrofracture operation. This 

disturbed the record and prevented meaningful comparison 

of the tilts of these two days.

c .) Site 3

Site 3 was located approximately 340 m S of the bore­

hole, near the same ditch which was mentioned in the 

description of site 1. This ditch also "contaminated” the 

site 3 record, again discussed later. An additional prob­

lem at this site was the high water table, which was only

1.3 m below the surface. This necessitated elevating the

vault slightly, and packing dirt around the sides, rather 

than having a completely buried vault as at the other 

s i t e s .

d .) Site 4

This site, located approximately 370 m W of the bore­

hole was fortunately free of the problems encountered at 

the other sites, and provided a consistently good record.

The manner in which the sites were prepared and the

instruments installed is discussed next.
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C . ) TILTMETER VAULTS

Records obtained during a 1976 tiltmeter experiment 

in Las Vegas showed diurnal tilts associated with air temp­

erature variations of 1-2 x 10 ^ radians (Major, 1976). In 

order to reduce the magnitude of this diurnal signal, 

insulated vaults were constructed at each of the four 

sites discussed in the last section.

1.) Site Preparation

At each site, a pit was dug of approximately the 

dimensions 1.5 m deep, 2 m wide and 3 m long. In each pit 

a plywood and styrofoam vault was constructed, open on the 

bottom and with a roof slightly below ground level. Each 

vault had a hatch large enough for a person to climb 

through, which opened several inches above ground level. 

The vaults were then covered with earth, flush with ground 

level, and a styrafoam plug was placed in the hatchway to 

improve the thermal insulation. Figure 2-3 is a schematic 

diagram of this type of vault.

These shallow buried vaults worked well. Figures 3-4 

and 3-5 show the diurnal signal recorded in this experi­

ment to be approximately 1 x 10 ^ radians. This is only 

1/20 of the amplitude observed in Las Vegas, when the tilt­

meters were mounted on uninsulated concrete slabs.
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Tiltmeter vault shown in cross section, 
are plywood and styrofoam walls.
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2.) Instrument Installation

In each vault, three threaded rods were pounded into 

the ground, and collectively served to couple the tilt­

meter to the earth's surface; the tiltmeter base being 

bolted to each rod. The electronics package for each tilt­

meter was also placed in the vault, as were the batteries 

which supplied power to the electronics and to the m icrom­

eter screw motors. Signal and motor control wires were run 

from the vault approximately 25 m to an operator's sta­

tion. This allowed the instruments to be monitored, cali­

brated, and rezeroed without having to approach the sites, 

either in vehicles or on foot, closely enough to produce 

measurable tilts from surface loads. At the operator's 

station two Easterline-Angus chart recorders and the 

switches for motor control were mounted inside plywood 

boxes. Four two component tiltmeters and two temperature 

recording devices were used in this study, these instru­

ments are described in the section which follows.

D . ) INSTRUMENTATION

1.) Tiltmeters

The tiltmeters used were constructed in 1967 for the 

Colorado School of Mines Geophysics Department, and have 

subsequently undergone several modifications to improve 

their performance. The tiltmeter outputs were recorded on
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Easterline-Angus wind up strip chart recorders, which 

inked an analog signal at either of two speeds,

1.5 in./hr. or 1.5 in./min.

a .) Principle of Operation

The tiltmeters operate according to the principle d e ­

scribed below, and shown schematically in figure 2-4.

The tiltmeter housing is rigidly fixed to the surface 

of the earth, and a mass is suspended from the top of this 

housing by wires, in such a manner that it is free to move 

under the influence of gravity, acting as a pendulum. If 

the surface of the earth tilts, the mass will move with 

respect to the side of the housing by an amount which is 

proportional to the tilt (for small angles). By monitoring 

the distance between the pendulum and the tiltmeter 

housing, in two perpendicular directions, the magnitude 

and direction of tilting can be established.

Obviously, to resolve small tilts requires that the 

distance between the pendulum and the housing be known 

accurately. By attaching parallel capacitor plates to the 

pendulum and to the housing, an air gap capacitance is 

established, this capacitance being inversely proportional 

and quite sensitive to air gap distance. Incorporating 

this capacitor in a resonant circuit, the response of 

which is inversely proportional to capacitance yields an
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output voltage which is, at least ideally, proportional to 

tilt. After rectification, this signal is used to deflect 

the pen on a strip chart recorder. Since not all the 

constants which relate air gap distance to capacitance, 

capacitance to output voltage, and output voltage to pen 

position are well known, it is necessary to calibrate each 

channel of each tiltmeter individually, in order to r e ­

cover tilt values from the field records. The calibration 

system, which was modified just prior to this experiment, 

is described below.

b . ) Calibration 

By changing the distance between the pendulum and the 

tiltmeter housing by a known amount, the effect of a known 

tilt on the system can be duplicated. Taking the ratio of 

the recorder response to this known tilt yields the sensi­

tivity of the channel. The pendulum-housing distance is 

changed by translating the suspension point of the pendu­

lum with respect to the housing. This adjustment is made 

with a micrometer screw, which is operated remotely via a 

servo motor. The micrometer screw bears on a motion r e ­

ducing lever, permitting the pendulum to be moved in incre­

ments proportionally smaller than the increments obtain­

able directly from the micrometer screw itself. A sche­

matic representation of the calibration mechanism is given 

in figure 2-5.
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Every l/lO of the micrometer screw revolution, a 

switch is briefly closed, which grounds the output cir­

cuit. This provides a record on the field trace of how far 

the pendulum was moved, allowing the sensitivity to be 

calculated. A sample calibration of one channel is shown 

in figure 2 - 6 , and sensitivity values for all channels are 

given on the operational summary chart, figure 2-7.

2 • ) Thermometers
If a relation between the diurnal tilt and tempera­

ture could be found, any tilt signal from the hydrofrac­

ture would be easier to identify, since much of the "back­

ground" signal could be accounted for. In hopes of finding 

such a relation, two recording thermometers were used in 

this experiment, one to monitor the temperature of air at 

ground level near site # 1 , the other to monitor the temper­

ature inside the tiltmeter vault at site # 1 .

a .) Air Temperature

The instrument for measuring air temperature was an 

old bimetallic strip type thermometer, which required re­

furbishing for the field. This refurbishing necessitated 

recalibrating the thermometer. Calibration was done in a 

rather crude manner, and the temperature values recorded 

may be in error by as much as 3°C. Since the goal of the
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temperature study was to establish curve shapes for com­

parison with the tilt records, this inaccuracy is uni m ­

portant. This thermometer was placed approximately 25 m 

from site # 1 , approximately 1 0  cm off the ground, and 

inside a plywood box with one side missing. This arrange­

ment provided continual shade, without creating stagnant 

air around the thermometer.

b .) Vault Temperature 

The temperature within the vault was monitored on a 

Rustrak strip chart recorder, the needle of which was d e ­

flected by a Radio Shack electronic thermometer kit. This 

sytem was also calibrated in a crude fashion, and recorded 

values may vary from actual values by as much as 3°C. As 

before, the absolute temperature value is not what we 

desire, and this inaccuracy is unimportant. Unfortunately, 

this device did not function as expected. The Rustrak 

meter drained the power battery quickly, and the system 

only operated for several hours before requiring a new 

battery. Since the site was usually inspected only twice 

per day, the vault temperature record is very incomplete.

E . ) SYSTEM RESPONSE AND OPERATIONAL SUMMARY

The fracturing program at the Hemple #2 involved ap­

proximately six hours of fluid injection. Thus, the dom i ­

nant frequency of the target signal should be in the



T-2198 60

period range of approximately six hours. A 100 sec. filter 

in the electronics and hand smoothing during digitization 

reduced the high frequency noise content. Important 

sources of noise had dominant frequencies near to that of 

the target signal, specifically the diurnal signal, which 

had an amplitude of approximately 1 j** radian, and the 

hydraulic ditch transient, with amplitudes of approxi­

mately 2 0 ^  r a d i a n s .

As might be expected, not all the instruments which 

were deployed yielded continuous records. Instruments o c ­

casionally went off scale, required mechanical adjustment, 

did not ink properly, or had other problems which inter­

rupted the record. Information on when each instrument was 

recording satisfactorily and when each instrument was 

"down” is presented in the operational summary chart, 

figure 2-7.
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DATA ANALYSIS

A . ) FIELD DATA

Figures 3-1 through 3-5 show the data which was collected 

in the field. Tiltmeter data is only shown for the inter­

vals during which the instruments were running at high 

gain. Some obviously contaminated data is not shown. (For 

example, if a tiltmeter vault was entered on a particular 

day, that day's record is considered to be contaminated.) 

All traces have been sampled at a 20 min. interval, and 

tears in the data resulting from the micrometers being 

driven to rezero the traces have been removed. The records 

have been converted from units of scale divisions to units 

of tilt, in micro-radians, by multiplication of the data 

for each channel by the appropriate sensitivity factor.

Note that no data from the E/W channel at site 1 is 

shown, despite the fact that this channel ran at high gain 

for many days. (See operational summary chart, figure

2-7.) This data has not been considered because the record 

was off scale during the entire pumping interval; no 

information about the hydrofracture is present on this 

c h a n n e l .

B . ) REJECTION OF NOISY DATA

Many of the days of data presented in figures 3-1 

through 3-5 contain noise events which can be identified.
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If a particular record segment is badly disturbed, and the 

cause of the disturbance is well known, that segment is of 

no use and can be discarded. An exception to the rule is 

that no data from the pumping day may be discarded, regard­

less of the presence of noise.

All data which contains such identifiable noise, and 

which will not be considered further, is marked on fig­

ures 3-1 through 3-5 with a number near the affected 

trace, at the approximate time of onset of each noise 

episode. For such episode so labelled, the nature of the 

disturbance will be discussed below. If a particular noise 

episode disrupts more than one site, the same number will 

be put near each trace so affected at the approximate 

onset time.

1.) On the morning of August 26 at approximately 

0800 local time the irrigation ditch passing near sites 1 

and 3 was observed to be dry, having been full on the 

previous day. Drying of this ditch consistantly caused 

West down and North down tilting which continued for sev­

eral days, while filling of the ditch consistantly re­

sulted in East down and South down tilting which also 

continued for many days. This particular ditch-drying tilt 

episode lasted until the ditch was again filled, on the 

28th of A u g u s t .
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2.) At approximately 1030 local time on August 27 

the vault was entered at site 3. This disturbance caused 

the North-South component of the tilt record to briefly 

reverse direction, but after several hours this effect 

died out, and was overpowered by the gradual North down 

tilting which started on August 26.

3.) At approximately 0150 local time on August 28 

the ditch was flooded, causing a rapid tilting to the 

South and East. The tilt rate gradually decreased with 

time, but tilting continued until the ditch dried up again 

on the 30th.

4.) Between 1200 and 1730 local time on August 29 an 

automatic sprinkler irrigation system passed over site 2 , 

drenching the site. This caused rapid South down and East 

down tilting. The North-South component did not recover 

from this drenching until the 31st of August. It is not 

clear when the East-West component recovered. The dif­

ferent response of the two channels could possibly be due 

to the anisotropy of ground cover at the site; the site 

was located near an East-West trending road which sepa­

rated a corn field from a hay field. Alternatively, some 

other condition which was not observed might have caused 

the difference between channel responses.

5.) On the 29th of August, a storm passed through 

the area, with rain starting to fall at approximately the
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time marked 5 on all traces. What effect the storm had on 

the records is not known, so consequently no data has been 

rejected. The possibility exists, however, that the 

records were complicated to some extent by this storm.

6 .) Another tilt episode caused by a drying of the 

ditch begins on August 30. The ditch was observed to be 

drying up at the time marked 6 , but may have started to 

dry prior to this time. The resultant North down. West 

down tilt continues until the ditch fills again, on the 

31st of August.

7.) At 0700 local time on the 31st of August the 

ditch was full, but by 1800 on that same day had begun to 

dry out. This produced a short period of South down tilt­

ing followed by the North down tilt characteristic of a 

drying episode. This drying lasted until the end of data 

c o l l e c t i o n .

8 .) The sudden South down. West down tilt at site 2 

on the 1st of September and the sudden return several 

hours later were almost certainly caused by a piece of 

farm equipment being parked near to the vault.

Based on the previous discussion of noise events, the 

following channel-days of data are considered to be pol­

luted with noise, and will not be used further.

At site 1, August 26, 27, 30, 31, and September 1.

At site 2, August 30, 31, and September 1.
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At site 3, August 26, 27, 30, 31, and September 1

and 2 .

At site 4, no data is rejected.

A quick examination of the remaining data shows that 

on a typical day, excursions in the recorded tilt of 

1 micro-radian or more are common. Furthermore, on several 

traces tilt events exist which have amplitudes of many 

micro-radians. Since the maximum tilt amplitude expected 

from the hydrofracture is less than a micro-radian, it is 

evident that an effort to understand these daily ex­

cursions and occasional high amplitude events is n e ces­

sary. Ideally, such an understanding would enable these 

noise events to be removed from the records, leaving only 

the hydrofracture's tilt signature. Practically, an im­

provement in the signal to noise ratio is possible (Where 

"noise" is defined as everything except the tilt caused by 

the hydrofracture.)

The method employed to improve the signal to noise 

ratio and the resultant data are presented in the next 

s e c t i o n .
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C . ) IMPROVING SIGNAL TO NOISE RATIO

1.) Nature of Remaining Noise

Examination of the data on the pumping day, A u g ­

ust 28, shows that large deflections begin slightly after 

the start of the day at sites 1 and 3, but that no such 

deflections occur at sites 2 or 4. These large tilts were 

caused by the flooding of the irrigation ditch which 

passed near sites 1 and 3 only, and which was previously 

dry. It is unfortunate that this disturbance occured in a 

time window which included the pumping interval, since it 

pushed one record completely off scale (channel 1 E/W), 

and super-imposed on 3 of the remaining 6 channels a tilt 

approximately 50 times the anticipated tilt from the 

h y d r o f r a c t u r e .

As a result of the disturbance, two separate schemes 

for processing the data are necessary, one scheme for the 

sites not affected by the filling of the ditch (sites 2 

and 4), and one scheme for the sites near the ditch 

(sites 1 and 3). The scheme for sites 2 and 4 is discussed 

f i r s t .

2.) Sites 2 and 4 

Examination of figures 5-2 through 5-5 shows a simi­

larity between the records from the 2nd, 3rd, and 4th of 

September at site 2, and at site 4 a similarity of the
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records from August 29, 30, and 31, and September 1, 2, 

and 3; these being the most noise free days available for 

study at each site (see fig. 2-7). This similarity sug­

gests that there is some remaining diurnal signal on each 

channel, which possibly can be removed. Attempts were made 

to find a relationship between this diurnal tilt signal 

and the temperature data which was collected, without suc­

cess. Either temperature is not the principal cause of the 

diurnal tilt, or the vault temperature curves have a 

noticeably different shape than the air temperature 

curves. If the latter is the case, careful monitoring of 

vault temperature in future experiments might allow the 

diurnal tilt to be accurately accounted for.

In either event, a more approximate method must be 

used to treat the diurnal signal in this experiment, 

starting with the assumption that the physical parameter 

or parameters which cause the observed tilt vary in a 

similar manner every day, resulting in daily tilt records 

which deviate only slightly from some average daily tilt. 

An approximation of this average daily signal is calcu­

lated for each tilt channel in the following manner. 

Referring to figure 2-7, days for which the record is in­

complete and days which are known to contain noise are 

rejected. Point by point averaging of the remaining days 

yields an average day, in which the diurnal signal is
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emphasized and fluctuations not common to all days are 

d e - e m p h a s i z e d . This approximate diurnal signal is then sub­

tracted from every daily trace, leaving only each day's 

deviation from the average day.

The residual traces from sites 2 and 4, after removal 

of the average day, are shown in figures 3-6 and 3-7. Also 

shown in these figures are the calculated average days; 

the days used in calculating each average day are indi­

cated next to each average day trace.

3.) Sites 1 and 3 

In trying to recover the tilt signal from the h y dro­

fracture at sites 1 and 3, we must not only attempt to a p ­

proximate and remove the diurnal signal, but must also 

attempt to approximate and remove the tilt which resulted 

from the irrigation ditch being filled.

a .) Treating the diurnal tilt 

The diurnal effect is treated in the same manner as 

with sites 2 and 4, the only difference being an increase 

in the number of days rejected due to noise, since changes 

in the ditch's water level constitute noise, and u n for­

tunately, occur fairly frequently. In fact, at site 3 the 

only day used in estimating the diurnal signal is the 3rd 

of September, because all other days are either incomplete 

or are closely preceded by a change in the water level of



T-2198 75

Channe 2N

27

00

00

28

03

04

02
03

Ave.

24
Hour

Channel 2E

Î0  27
zo
00

o

0 2
z<
o
ogoQg 03
o
S

04
I—

Ave.
02
03

24
Hour

Figure 3-6

Tilt records from site 2 after removal of an average
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Tilt records from site 4 after removal of an average
diurnal tilt from every trace.
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the ditch. At site 1, the record for the 3rd of September 

is not complete, so the 2nd of September is used instead. 

This data is slightly closer to the last preceding time of 

ditch emptying, however, and thus probably contains 

slightly more drift than the 3rd. The tilt data, after 

removal of this diurnal estimate, is shown in figures 3-8 

and 3-9.

b .) Treating the irrigation ditch tilt 

When the irrigation ditch was filled on August 28 the 

instruments recorded tilting away from the ditch. This 

ditch tilt is modelled using the technique presented in 

the second section of the first chapter. For each tilt 

channel, a model tilt curve is calculated which represents 

the best approximation of the portion of the record which 

is due to the hydraulic transient. Subtracting this model 

tilt curve from the data should leave an approximation of 

the tilt which would have existed had the hydraulic trans­

ient not occurred.

To calculate the model tilt curve for a particular
—  1/2channel, the parameters t , A and x[4 ] ' must be^ o max

determined, as discussed in chapter 1 . t^ should be common

to all records, and the disturbance does appear to strike

all channels at approximately 0150 local time. Agreement

between channels seems to be a better indicator of t thano
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diurnal tilt from every trace.
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information provided to the landowner by the operator of

the irrigation system regarding the time of day when water

was turned into the ditch. (About midnight of the night of

August 27-28.)

The values of A for each channel are determined inmax
figure 3-10, according to the method described in

— 1 / 2chapter 1. The values of x[4a] are determined for each

channel in figure 3-11, again following the method de-

scribed in chapter 1. The parameters t ^ , Vx>
for each channel are presented in table

Co ^max ^
[4a]-C/2

1 N/S 0 1 ^ 0 22.5 125

3 N/S 0 1 ^ 0 16.9 118

3 E/W 0 1 ^ 0 13.0 130

Table 3.1

—  1/2Now that t^, A^^^, and x[4a] have been d eter­

mined, the ditch tilt for each component can be estimated 

by substituting these values into equation 1.18 and calcu­

lating tilt values as a function of time from the equation 

These approximate hydraulic tilt transients can now 

be subtracted from the data shown in figures 3 - 7  and 3 - 8 ,
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doing so yields the residual curves shown in figure 3-12. 

Both the average day and the ditch transient have been 

removed from these curves, they represent the best pos­

sible estimate of the hydrofracture tilt of sites 1 and 3. 

Clearly the noise has been imperfectly removed from the 

records, and it is still not possible to attribute a par­

ticular deflection of the tilt record to the hydrofrac­

ture. However, now it is possible to put a meaningful 

upper limit on the hydrofracture tilt at these sites, some­

thing not possible before the ditch transients were esti­

mated .

D . ) RESULTS

A collection of the data from the pumping day with 

the noise processed out according to the schemes discussed 

above is shown in figure 3-13. The lower-most trace on 

this figure is a plot of the volume of fracturing fluid 

injected during the pumping operation as a function of 

time. This trace shows data obtained from the Amoco Pro­

duction Company which gives the volume of material 

injected into the well during pumping and the volume of 

fluid recovered after pumping. The data provided by Amoco 

is reproduced in Appendix 3. Any tilt signature from the 

hydrofracture should have approximately this same shape. 

The residual signal on tract 4N has a remarkably similar
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Residual curves for channels affected by the ditch tilt, 
after removal of the diurnal signal and the approximate 
ditch tilt.
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Collection of data from all channels during the pumping
interval including a plot of the volume of^fluid'injected
into and recovered from the fracture.
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Channel 4N and the fracture volume as a function of time 
during the pumping operation. The high frequency noise 
on the tilt record is contained in the stippled envelope
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shape, which strongly suggests this tilt is due to the 

hydrofracture. No other channels show tilt which can 

realistically be attributed to the hydrofracture, but 

upper limits for the tilt due to the hydrofracture can be 

estimated for each remaining channel. An estimate of the 

hydrofracture tilt at site 4 and estimates for the upper 

limits for hydrofracture tilting at the other sites are 

given in table 3-2.

Tilt Upper Limit
Channel (micro radians) (micro radians)

IN —  0.75

2N —  0.75

3E —  0.5

3 N —  1.0

3E —  0.5

4N 0.7 -- —

Table 3.2



92
T-2198

SUGGESTIONS FOR FUTURE OPERATIONS

Although this experiment was not outstandingly suc­

cessful from the standpoint of locating the hydrofracture, 

at least one signal proved encouraging, and a second at­

tempt to determine a hydrofracture orientation with tilt- 

meters is probably justifiable. If such an attempt is to 

succeed, a fracture program just as large and just as 

shallow as the Hemple #2 program should be studied, and 

improvements must be made in the field technique to reduce 

the site noise to below the amplitude of the anticipated 

signal. If the following changes in experimental technique 

were to be implemented, this noise reduction may be real­

izable .

To obtain a more complete record s e t :

1.) Circuitry should be installed which will auto­

matically actuate the micrometer motors when the output 

voltage approaches the saturation level of the amplifier. 

This measure should eliminate all loss of records from the 

output drifting off-scale.

2.) Two or more additional tiltmeters should be de­

ployed in the field. This measure would improve the data 

density and would reduce the severity of the loss if a 

site were to prove to be unacceptably noisy.
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3.) A better mechanism should be provided for lev­

eling and anchoring the recorder boxes to the ground; this 

should eliminate some of the record loss due to inking 

failures. Possible anchoring schemes are: a) mounting the 

boxes on short threaded rods, as the tiltmeters are 

mounted, or b) setting the boxes on leveled bricks and 

securing them to the ground with cord and tent pegs.

To Improve T i l t m e t e r s :

Several modifications might be made to the tiltmeters 

which would make their initial setup and subsequent opera­

tion less troublesome.

1.) The positioning of the ligature wires with r e ­

spect to the suspension wires should be improved so d e l i ­

cate adjustments are not required to keep these wires from 

interfering with one another.

2.) A port or tool should be included through which 

the capacitor air gaps could be viewed. This would allow 

the operator to be confident his initial adjustments of 

the pendulum position were correct.

3.) Higher quality tunable inductors should be used 

in the electronics boxes. This should eliminate the 

"skipping" sometimes experienced while tuning the circuits.

To Reduce Site N o i s e :

1.) Avoid irrigation ditches or other sources which 

might alter the groundwater table during the experiment.
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2.) Arrange to rope off an area approximately

30 meters in radius around each site to prevent unwanted 

surface loads.

3.) The sites could be monitored with a small movie 

camera, equipped with a wide angle lens, exposing 1 or 2 

frames per minute. This would allow positive identifica­

tion of noise sources.

To Improve Data A n a l y s i s :

1.) The vault temperature should be recorded to

0.1°C in order to attempt to correlate temperature with 

the diurnal signal.

2.) If possible, the tiltmeters should be running 

and the vaults should not be entered for several days 

before the pumping operation.
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CONCLUSIONS

By considering a hydrofracture to be a dislocation on 

a surface within an elastic half space, Volterra's method 

in elasticity theory can be used to model the displacement 

and tilt fields at the earth's surface which are caused by 

the hydrofracture. This method models a dislocation as a 

distribution of point force combinations, or nuclei of 

strain, over the dislocation surface. Different types of 

strain nuclei represent different types of dislocations; 

the strain nucleus which represents a hydrofracture dislo­

cation consists of a double force without moment and a 

center of dilatation. An equation which describes the v e r t ­

ical component of displacement at a point on the earth's 

surface caused by this type of dislocation is given by 

Maruyama, but he neglects in his formulation of the equa­

tion to include the contribution made by the center of 

dilatation. Including the dilatation term and taking 

spatial derivatives of M a r u y a m a 's equation gives expres­

sions for surface tilt, these expressions are used to make 

maps of the surface tilt field in the vicinity of the h y p o ­

thetical hydrofracture.

These maps of the modelled tilt response show that:

1) Tilts as large as ^3.0 x 10 ^ radians should be ex-
3 3pected from a large, shallow (vol. = 1 0  m , depth =
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1 km), hydrofracture, and 2) that the shape of the tilt 

field strongly reflects the fracture orientation. These 

modelling results were promising enough that a field 

experiment was carried out in August and September of 1978 

at the site of an Amoco Production Company well in Weld 

County Colorado. The goal of this experiment was to sample 

the tilt field set up by the fracturing operation in hopes 

of determining the fracture orientation. The results of 

the field experiment are:

1.) One record channel showed a tilt of ^7 x 10  ̂

radians which was probably caused by the hydrofracture. 

This is greather than the largest magnitude of tilt pre­

dicted by the modelling study, and suggests that the 

method used to model surface tilts is probably valid.

2.) Six record channels produced records on which no 

hydrofracture tilt signal could be identified. This indi­

cates that if a future experiment is to be successful, 

efforts must be made to eliminate much of the troublesome 

noise in the 1 to 24 hour period range which was present 

in this experiment.

Based on experience gained during this experiment, 

the following modifications of experimental parameters are 

suggested to improve the data quality in a second hydro­

fracture tilt field experiment.
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1.) To obtain a more complete record set: Automatic 

instrument rezeroing, deploying 2 more tiltmeters, and a 

simple mechanism for leveling and securing the recorder 

boxes to the ground.

2.) To simplify instrument adjustment: A slight 

change in ligature-suspension wire geometry, a method for 

viewing capacitor air gaps, and higher quality tuning 

s l u g s .

3.) To reduce site noise: Avoid locating near irri­

gation ditches, rope off 30 m radius area around vault, 

and use a movie camera with a wide angle lens to provide a 

visual record of noise sources.

4.) To improve field technique: monitor vault temper­

ature and operate instruments a greater time before the 

f r a c t u r e .

Two of the four sites selected in this experiment 

were within 50 m of an irrigation ditch. Tilt episodes 

with amplitudes as large as 2 x 10 ^ radians were observed 

to coincide with flooding of the ditch. Assuming surface 

tilt to be proportional to groundwater table tilt allowed 

the observed tilt to be modelled with a hydrologie equa­

tion.

Three parameters in this equation must be determined 

in order to specify a particular tilt transient, these 

parameters involve the aquifer properties permeability.
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void ratio, thickness of water table, leakage rate, and

flooding onset time.

If these properties are not known, the three hydrau-
1 / 2lie parameters t A and x[4a] can be determined^ o max

graphically from the tilt records. Curves calculated using 

this technique fit the observed tilt transients to about 1 

part in 20.

Possible applications of this hydraulic transient 

tilt modelling technique are: 1) approximately removing 

undesirable transients from tilt records, (as was done in 

this experiment), 2) evaluation of aquifer properties in 

the vicinity of leaky ditches, and 3) providing informa­

tion helpful in choosing tiltmeter sites which will not be 

subject to hydraulic transient tilts.
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APPENDIX 1 DISPLACEMENT MAP PROGRAM

This program is adapted from a program written by 
Dr. Yeatts. It produces a lineprinter map of vertical surface 
displacements. The program is written in the language basic. 
Two programs must be run to make a map : One program to build
a displacement array, another program to contour and print the 
data.

A map can be made on the lineprinter by the following 
commands.

BASIC 
READY OLD HYDROF 
READY RUN 
READY OLD FRAPLT 
READY RUN 
READY SYS

The user can choose fracture dimensions, map dimensions, 
and relationship of map boundaries to the hydrofracture.

Suppose fracture dimensions of L = 1.0 k m . , H = 2.0 k m., 
and X = 1.0 cm. are desired. (W always must be 0.2 x L ) . 
Suppose the map is to be 2.0 km. x 1.5 km., starting 0.5 km. 
to the left of the fracture and starting at the center of the 
hydrofracture, like figure 1-8. To make such a map, do the 
following.

1) Normalize all values to the fracture
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length. For this example,
L = 1.0 
H = 2.0 

X  = 10  ̂

map length x = 2 . 0  

map length y = 1.5 
map start x = -0.5 
map start y = 0 . 0

2) Multiply the x and y starting values by 10,
and subtract 0.25 from the x starting value, so map start
X = -4.75, and map start y = 0.0

3) Multiply the map lengths by 10 and add
to the starting values to get the final values, so map finish
X = 15.25, and map finish y = 15.0.

4) Substitute the x start and finish values
into line 160 and substitute the y start and finish values
into line 170 in the program HYDROF.BAS giving

0160 FOR X9 = -4.75 TO 15.25 STEP 0.5
0170 FOR X9 = 0.0 TO 15.0 STEP 0.5
5) Multiply H by 10 and insert into line 190,

giving
0190 FOR U = 20. + G TO ....

The programs can now be executed as outlined above, 
and will produce a lineprinter map of contoured vertical 
surface displacements. The contour values will be in values 
of X meters.
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00010 FILES FRADAT 
00020 SCRATCH *1 
00040 Pl=,314159/18 
00050 N=4 
00060 G=l/N 
00070 K=5-G
00160 FOR X9=-6.25 TO 13,5 STEP .! 
00170 FOR Y9=0 TO 14,5 STEP ,5 
00180 S=0
00190 FOR U=20+G TO 22-G STEP 2*G00200 X5=0
00210 Z5=U
00220 X=(X9-X5)/Z5
00230 X2=X"2
00240 0=(2*G/Z5)-2
00250 FOR Y5=-K TO K STEP 2*G
00260 Y=(Y9-Y5)/Z5
00270 Y2=Y"2
00280 Z=X*Y
00290 R=SQR(X2+Y2+1)
00300 A=l/R 
00310 A2=A*A 
00320 A3=A2*A 
00330 A5=A3*A2 
00340 A7=A5*A2 
00350 B=1/<R+1)
00360 B2=B*B 
00370 B3=B2*B 
00380 B4=B3*B 
00390 P2=6*A5 
00400 KO=-A*B 
00410 L=A3-A*B2-P2 
00500 E=K0+L*X2 
00510 E=0*E 
00520 S=S+E 
00670 NEXT Y5 
00680 NEXT U 
00740 PRINT *1,S 
00760 NEXT Y9,X9 
00770 END
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00010 FILES FRADAT
00030 DIM A(40,30), B(39,29), C(29,70) 
00040 DIM D(3,5), E(57,39), F(3,3)
00050 DIM U(39,70), V(57,70)
00060 FOR 1=1 TO 40 
00070 FOR J=1 TO 30 
00080 INPUT *1, A(IfJ)
00100 NEXT J,I 
00110 FOR 1=1 TO 39 
00120F0R J=1 TO 29 
00130 B(I,J)=A(I,J)

NEXT J,I
PRINT "CHECK AREAL (6,15)";B(6,15) 
PRINT 
PRINT 
PRINT 
MAT C=ZER 
MATREAD D
DATA 4f2f0f0f0>lj'3j'5f3rl>0y0!’0y2f4 
MAT D=(1/5)*D 
FOR 1=1 TO 29 
FOR J=1 TO 70 
K=INT((J-l)/5)
M=INT((I+K-l)/3)
IF K O M  THEN 270 
L=J-5*K 
N=I-2*M 
C(I,J)=D(N,L)
NEXT J,I 
MAT U=B*C 
MAT E=ZER 
MATREAD F
DATA 2ylyOyOy3fOyOyly2 
MAT F=(1/3)*F 
FOR 1=1 TO 57 
P=INT((I-l)/3)
FOR J=1 TO 39 
R=INT(<J+P-1)/3)
IF P O R  THEN 400 
0=I-3*P 
S=J-2*P 
F(I,J)=F(Q,S)
NEXT Jfl 
MAT V=E*U 
FOR 1=1 TO 57 
FOR J=1 TO 70 
V=VfI,J)

'T. 3/fS

00150
00155
00156
00157
00158 
00160 
00170 
00180 
00190 
00200 
00210 
00220 
00230 
00240 
00250 
00260 
00265 
00270 
00280 
00290 
00300 
00310 
00320 
00330 
00340 
00345 
00350 
00360 
00370 
00380 
00390 
00400 
00410 
00420 
00430 
00440
00450 IF V>-,384 THEN 471
00470 GO TO 850
00471 IF V>-,352 THEN 480
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00472 PRINT " " ;
00473 GO TO 850
00480 IF V>- ,320 THEN 501
00490 PRINT "5";
00500 GO TO 850
00501 IF V>- ♦ 288 THEN 510
00502 PRINT" " ;
00503 GO TO 850
00510 IF V>- ,256 THEN 531
00520 PRINT "4" ?
00530 GO TO 850
00531 IF V>- ,224 THEN 540
00532 PRINT" " ;
00533 GO TO 850
00540 IF V>- ,192 THEN 561
00550 PRINT "3";
00560 GO TO 850
00561 IF V>- ,160 THEN 570
00562 PRINT" " ;
00563 GO TO 850
00570 IF V>- ,128 THEN 591
00580 PRINT "2";
00590 GO TO 850
00591 IF V>- ,096 THEN 600
00592 PRINT" " ;
00593 GO TO 850
00600 IF V>- ,064 THEN 621
00610 PRINT "1";
00620 GO TO 850
00621 IF V>- ,032 THEN 630
00622 PRINT" " f
00623 GO TO 850
00630 IF V>0' THEN 651
00640 PRINT "0" f
00650 GO TO 850
00651 IF V>,032 THEN 660
00652 PRINT" " ;
00653 GO TO 850
00660 IF V>,064 THEN 681
00670 PRINT "A";
00680 GO TO 850
00681 IF V>,096 THEN 690
00682 PRINT " " ;
00683 GO TO 850
00690 IF V>, 128 THEN 711
00700 PRINT "B";
00710 GO TO 85000711 IF V>, 160 THEN 720
00712 PRINT" " ;
00713 GO TO 850
00720 IF V>, 192 THEN 741
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00730 PRINT "C" ?
00740 GO TO 850
00741 IF V>, 224 THEN 750
00742 PRINT" " f
00743 GO TO 850
00750 IF V>, 256 THEN 771
00760 PRINT •D" ?
00770 GO TO 850
00771 IF V>, 288 THEN 780
00772 PRINT" " ;
00773 GO TO 850
00780 IF V>, 320 THEN 801
00790 PRINT •E" Î
00800 GO TO 850
00801 IF V>,352 THEN 810
00802 PRINT" " ;
00803 GO TO 850
00810 IF V>,384 THEN 840
00820 PRINT "F" f
00830 GO TO 850
00840 PRINT " " ;
00850 NEXT J
00860 PRINT
00870 NEXT I
00880 END

104
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APPENDIX 2 TILT MAP PROGRAM

This program creates a tilt vector map similar to figure 
1-8. The user can specify the fracture dimensions L, H, 
and A x  as shown in figure 1-2. The dimension W is fixed at 
0.2 X  L. The user can also specify the map dimensions and 
position with respect to the hydrofracture.

Suppose fracture dimensions L=1.0 km., H=2.0 km., 
map length x = 2.0 km. and map length y = 1.5 km. are desired 
Suppose further the map is to start 0.5 km. to the left of 
the fracture and at the center of the fracture (as in figure 
1-8). To create such a map, do the following.

First, normalize all variables to L, so L = 1.0,
H = 2.0, A X  = 10 map x = 2.0, map y = 1.5, map start x 
=-0.5, and map start y = 0.0.

5Second, multiply x by 10 , so for this example.
A x  = 1.0

Third, substitute these values into the correct var­
iables in the program tilt, as follows. (These variables are 
the first six executable fortran statements.)

L: L always 1 (built into program).
H: H = 2.0

A x :  X = 1. 0
map length x: MAPX =2.0
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map length y : MAPY = 1.5
map start x: X9S = -0.5
map start y : Y9S = 0.0

The program can now be executed to generate a plot, 
with the command

EX TILT,TLTPLT
No interaction is required, the program creates a plot file 
during execution.

DISPLAY OPTIONS 
If a denser sampling of the tilt field is desired, 

increase the value of the variable NPTSX in TILT.
If a different size plot is desired, change the value 

of the variable FACT in TLTPLT.
If the arrows are not of a convenient length, all 

can be scaled up or down by changing the value of the den­
ominator in the fortran statement VECL=VECL/4.GO in TLTPLT.

The program will not plot vectors for tilts less than 
1.0 X 10 ^ radians. This threshold can be changed b / altering 
the additive constant in the statement VECL=ALOG10(TMAGN)+4. 
in TLTPLT,
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C
DIMENSION XT(30,30),YT(30,30) 
REAL K,MAPX,MARY
H-2,0
X=1,0
MAPX=2,0
MAPY=1,5
X9S=-0,5
Y9S=0,0

T - / I T

N " 4
0=1,/N 
K=5,-G 
X9S=X9S#10,
X9F=X9S+(MAPX*10,)
NPTSX::: 1 0
XDIF=X9F-X9S
XINC=XDIF/FL OAT(NP1 S X-1)
X9=X9S XINC

DO 400 1=1,NPTSX
X9=X9+XINC
Y9S=Y9S*10,
Y9F=Y9SF(MAPY*10,)
YDIF=Y9F-Y9S
N I"' 1 S Y ::: INI' ( N P 'Ï SX*(Y DIF / X D ]: I- ) ) 
Y9=Y9S-XINC

DO 300 J=1,NPTSY 
Y9=Y94XINC 
TILTXT=0,
TILTYT=0,
UINC=2,*0 
T0P=H*10,40 
IMTOP-UINC

DO 200 L=l,4 
l)::::UfU INC 
0=((2,*G)/U)**2,
X=X9/U
X2=X*X
Y5=-(K+UINC)

DO 100 M=l,20 
Y5:::-Y54U INC 
T I L TX:: 0,
IIL1Y=0,
Y:(Y9-Y5)/U
Y2=Y*Y
R=(X2+Y2+1)**,5
A=l,/R
A2=A*A
A3=A2*A
A5=A2*A3
A7=A5*A2
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B=1,/(R+1»)
B2=B*B 
B3=B2*B 
TXC=X9/(U**2,)
TF1=((-3*A5)+(A3*B2)+(2*A2*B3)+(30*A7)) 
TF2=(X9/U)**2,
TX1=(A3*B)+(A2*B2)+(2*A3)-(2*A*B2)-(12*A'
1 11... 7 X = ( 7 X1 f ( 7 F ■ :l 7 F 2))*7X C 
TILTX=TILTX*0 
TYC=(Y9-Y5)/(U**2,)
TY1=(A3*B)+(A2*B2)
TIL. TY=< I Y1 + (TF1* 7 F 2.) )*T Y C
TILTY=TILTY*0
TILTXT = 7ILTXT4 7ILTX
TILTYT=TILTYT+TILTY

100 c o n t i n u e ’
200 CONTINUE

XT(I,J)=TILTXT*X 
YT(I,J)=TILTYT*X 

C WRITE(4,999)X9,Y9,XT(I,J),YT(I,J)
C 999 FORMAT(40)

300 CONTINUE
400 CONTINUE
101 F0RMAT(2I20)

CALL. TLTPLT ( XT , YT , NPTSX , NETS Y )
STOP
END
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SUBROUTINE TLTPLT (XT, YT,NPTSX, NPTSY)
DIMENSION XT(30,30),YT(30,30)
DIMENSION XPLT(4),YPLT(4) T L T T L l

IF- ( NPTSX ,l.T , NPTSY ) GOTO 20 
NPTSM=NPTSX 
GOTO 30 

20 NPTSM=NPTSY 
30 PINC=9,5/(NPTSM-1)

K=IPLOT(1)
CALL SETWIN(14,,11,)

FACT=0,7
CALL FACTOR(FACT)
IF(K,NE,0,)STOP 
CALL PL0T(l,5,1.5,-3)
X=0.
ANG=0,

DO 100 1=1,NPTSX 
Y = 0,

DO 90 J=1,NPTSY
TMAGN= ( XI ( I , J ) YX<2 , +YT(I, J ) **2
RATX=XT(I,J)/TMAGN
RATY=YT(I,J)/TMAGN
VFCL=ALOG10(TMAGN)T4*
IF(VECL,LE,0) GO TO 90
VECL=VECL/4tOO
XT(I,J)=RATX*VFCL
YT(I,J)=RATY*VECL
XPLT(1)=X
XPLT(2)=X4XT(I,J)
XPLT(3)=0,
XPLT(4) = 1 ,0 
YFIT(1)=Y 
YPLT(2)=Y+YT(I,J)
YPLT(3)=0,
YPLT(4)=1,0
CALL LINF(XPLT,YPLT,2,0,0,0)
IP=NEWPEN(3)
IF(YT(Iy J) ,I_T ,(), )GOTO 70 
YP=Y-,20 
GOTO 80 

70 YR=Y4,1
SO XR :: X- , 22

FNUM::TMAGNfl,0E2
C A I... L. N U M h F R ( X P , Y I-' ,,17, F N U M ,0,1)
ANG=ATAN(YT(J,J )/XT(I,J )>
ANG=ANG*57,29578
IF(XT(I,J),LT,0,)ANG=ANG4 180
ANG=ANG-90
IP=NEWREN(1)
CALL SYMB0L(XPLT(2),YPLT(2),,10,6,ANG,-1)
Y = Y4-PINC
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90 CONTINUE
X=X+PINC 

100 CONTINUE 
RETURN 
END
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APPENDIX 3

The following seven pages are copies of the fracturing 

program summary provided by the Amoco Production Company
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