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ABSTRACT 

This thesis. details research conducted towards investigating the 

state,, of stress around inclined boreholes with the ultimate- aim of 

predicting borehole stability and providing realistic estimates of 

closure stress. -I 

Chapter I discusses the, factors affecting the stability of boreholes 

and reviews previous research conducted into borehole failure. The 

mechanics of hydraulic fracturing are reviewed as are methods of 

predicting fracture gradients. The manner in which closure stress is 

estimated is also critically reviewed. 

Chapter 2 describes-an initial investigation into the stresses 

around inclined boreholes using the photoelastic technique of Stress 

Freezing. 

Chapter 3 details the laboratory determination of rock properties 

required for the borehole stability work detailed in Chapter 4. The 

applicability of the Brinell Hardness test to rock is also examined. 

Chapter 4 presents a detailed analysis of borehole stability. 

Failure criteria are developed and applied to estimate the mud 

weight required to maintain the hole in an elastic condition. To 

investigate the post-failure stability, existing 'yield zone' 

equations are modified to allow the effect of rock strength, oil 

flow rate, in-situ stress and hole angle to be examined. 

- ii - 



Chapter 5 describes the'design and in-house manufacture of the 

specialised equipment required to measure fracture conductivity in 

the laboratory, the development of experimental procedures, the 

various test results and the conclusions drawn from them. Finally, 

the direct effect of a yield zone on the estimation of closure 

stress and on proppant selection is examined 

Chapter 6 summarises the conclusions that may be drawn from the work 

detailed in this thesis. The chapter also describes possible fields 

of future research which have been stimulated by the work presented. 

Two appendices are included, one providing a data-base of proppant 

properties, the other detailing the results of the application of 

the data-base to formation samples. 

i 

- iii - 
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CHAPTER ONE 

ROCK MECHANICAL ASPECTS OF BOREHOLE INSTABILI27 



1.1, INTRODUCTION, 

A knowledge of the stress distribution around a borehole is of great 

importance in seFeral situations, such as when drilling, during 

production or injection,. and when estimating fracturing pressures, 

Problems, oUborehple instability cost the petroleum industry a 

considerable amount. of lost drilling time and may contribute to the 

reduction in recovery from the reservoir. In particular, the 

problems associated with deviated boreholes will become more 

relevant with the future trends to develop marginal fields and also 

the possibility of enhanced oil recovery through horizontal 

penetration of the reservoir. 

In hydraulic fracturing operations, a knowledge of, the stress 

concentration or closure stress acting on the face of the fracture 

is essential for the determination of the optimum type of proppant 

for use in a specific formation. 

The objective of this investigation vas to examine and develop 

methods of predicting the stress. distribution around vertical and 

inclined vells to enable the prediction of ., 
borehole instability, and 

provide realistic estimates of the closure stress acting in the 

immediate vicinityýof the wellbore in order to optimise-proppant 

selection. 

The purpose of thischapter was-to review previous work on the 

prediction of borehole instability, including borehole failure in 
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tension as well as in compression, with a view to establishing the 

state-of-the-art knowledge of the stress distribution around both 

vertical and inclined borehol es. Emphasis was given towards 

understanding the mechanical factors that influence rock failure and 

borehole stability in open holes, the prediction of borehole failure 

and the application of rock mechanical concepts to control borehole 

stability. - Finally, the manner in which the closure stress is 

estimated was critically reviewed. 

1.2 GENERAL CONSIDERATIONS OF STRESS ANALYSIS 

1.2.1 Introduction 

In the context of this chapter and over' the course of this thesis, 

various references to the stress system will be made. This section 

was intended to clarify the terminology used in basic rock 

mechanical stress analysis. 

Comparing the results of one reference-using a ttension positive' 

sign convention with another using a 'compression positive* sign 

convention can cause confusion. In structural work, tensile stresses 

are assumed to be positive, and hence, the major principal stress is 

the maximum tensile or algebraically the minimum compressive stress. 

In rock mechanics, ' however, it is useful to assume that compressive 

stresses are positive as sub-surface in-situ stresses are generally 

compressive. Therefore, unless otherwise stated, a 'compression 

positive* sign convention has been used throughout the course of 

this investigation. 
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1.2.2 Specification of-the Cartesian Stress Convention 

In cartesian coordinates, the three mutually perpendicular axes x, 7 

and z are used as axes of reference. A normal stress acting on a 

plane which is perpendicular to the x-axis and parallel to the y and 

z-axes is denoted by crx. Similarly, normal stresses cr y and az act on 

the xz and xy-planes respectively. 

Two subscripts are required to identify a shearing stress. The first 

specifies the normalto the plane on which the shearing stress acts, 

while the second Indicates the direction of the stress in the plane. 

Thus the symbol Txy represents a shearing stress acting in a plane 

normal to the x-axis and directed parallel to the y-axis. 

The quantities crx# cry* Crz, Txy, 'Tyx, 'ryz, 'CZY, Czx and -cxz are 

called the Components of stress and their action on a small 

rectangular element with its edges parallel to the coordinate system 

are shown in Figure 1-1, with the shearing stresses shown in their 

positive directions. Taking moments of stress about the x-axis will 

yield the equilibrium condition -Czy = Cyz. Similarly, taking 

components about the y and z-axes respectively, we obtain r zx M TXZ 

and r,, = Therefore, only six of the nine stress components are 

independent quantities [1]. 
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1.2.3 Princival-Stresses and Principal Planes of Stress 

In the three-dimensional stress system described above there are 

always three mutually perpendicular directions for which the normal 

stress components ((YN) have stationary values. These three 

directions are termed the principal axes of stress and their normals 

are known as the pr4ncipal planes of stress. As the resultant stress 

on a principal plane is normal, no shearing stresses act on such a 

plane. Hence, around any point 0, it is possible to construct a 

small cube, as shown in Figure 1.2(a), so orientated that the 

stresses on its six faces are normal. The three principal stresses 

are denoted by the symbols crl, 02 and cys, with magniudes in the 

order cri > (Fs > crs. If two of the principal stresses are equal, say 

crs = crs, all planes perpendicular to the cri plane are principal 

planes acted on by the stresses (Y2-and a3, as shown in Figure 

1.20). In the case of where all the principal stresses are equal, 

as illustrated in Figure 1.2(c) every plane is a principal plane 

acted on by the principal stress 4N. This state of stress, in which 

no shear stresses act on any plane, is termed hydrostatic. 

1.2.4 Secondary-Principal-Planes 

Rotation of the cube in Figure 1.2(a) about any of the axes, say the 

z axis, through an angle 0 will produce changes in crx, cry and vxy. A 

pair of planes may be found orthogonal to each other and to the 

z-plane on which -rxy vanishes and the normal stresses crx" and am y 

(subscripts denote state of stress having different orientations) 

become one of the largest, and the other the smallest which acts on 
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the planes normal to the z-plane. These planes are not principal 

because shear stresses v" and v" remain to act on them and on yz zx 

the z-plane. They are 1nown as 'secondary principal planes' and the 

stresses a" and- ' are therefore 'secondary principal stresses'. x clý 

They are of Importance in the solution of three-dimensional problems 

by the photoelastic method. 

1.2.5 Plane Strels and Plane Strain 

A, body is said to be in a state of plane stress when the applied- 

forces act parallel to one plane. This condition is, realised in 

plates uniformly'loaded in their own plane. If the xy-plane is 

considered, the components of stress- normal to the two surfaces of 

the plate must equal zero, i. e (Yz = vxz v yz =0 and that the 

stress field is characterised only by ax, (v y and vxy. 

A state of plane strain exists when all the particles originally in 

one-planýe in a body remain co-planer after the body is strained. 

While plane stress involves a two-dimensional state of stress and 

three-dimensional strain,, plane strain involves a three-dimensional 

state of stress and two-dimensional strain. Plane strain is 

encountered in a prismatic body having one dimension much greater 

than the perpendicular dimensions and loaded by a uniform. - 

transverse load-along Its length. Typical examples are long tunnels, 

dams and long-, cylinders loaded radially by fluid pressure. If the 

section under plane strain is normal to the z-axis, the stresses crx 

and cr- in the plane of the section is related to the stress (r by yz 

the equation: 
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az-y (Crx + 0y) 000.000000 (1.1) 

where I is Poisson's ratio and has a value of 0.5 for an elastic 

material. 

1.2.6 Polar and Cvlindrical Coordinates 

In many problems the geometry of the component is such that it is 

not practical to use cartesian coordinates. Such problems include 

stress analysis of curved beams, circular openings and hollow 

cylinders. For problems of this nature, polar -coordinates r and 0 

are used for the case of two-dimensional analysis while cylindrical 

coordinates r, e and z are used for three-dimensional analysis. 
I 

Using polar coordinates, as shown in Figure 1.3(a), the position of 

a point P is specified by its distance r from the origin 0 and by 

the angle 0, the direction OP makes with a reference direction OX. 

lie stress components relative to this system are designated a., 470s, 

and -r, o* The mathematical relationship between polar and cartesian 

coordinates is as indicated in the figure. 

The cylindrical coordinate system involves polar coordinates in the 

OXY plane and a perpendicular Z coordinate, shown in Figure 1.3(b) . 

The stress components for this system are then cr., Oro, Crz, 'CrIBI TOZ 

and vzro The stress-strain relationships are similar to those in 

cartesian coordinates. 

-8- 



N 

ý0 
r-4 V 

4) T! 1*0 .U X0 + ;. 4A 0 

04 C'j- 

mm 

, : u 8 0 
43 0 4 d» 

1 , 
ä 

4 x * 3 

12 
Q 13 

14 

IN 

14 
;3 
e 

, PN 

44 
ts 
S: 

.0 

tj 

04 

-9 -1 

> 

0 



1.3 CONSIDERATIONS FOR ITE PREDICTION OF BOREHOLE STABILITY ' 

1.3.1 Introduction 

Borehole' stability can be 'said to be 'a balance be'tween the 

uncontrollable factors such as earth stresses, rock strength and 

pore pressure, and the controllable factors such as wellbore fluid 

pressure and mud chemical composition. All underground rock is under 

a' state of compressive stress due, to the weight of 'the overlying 

strata and to possible stresses of tectonic origin. - 
Any underground 

opening produces additional stresses in the rock surrounding the 

opening, -and this -rock will 'fail if the induced, stresses exceed the 

in-situ rock strength. Thus the problem of designing a stable 

borehole is reduced to determining, 

(1), the state of stress prior to drilling 

(2) the maximum induced stress surrounding the-borehole 

(3) the strength of the'in-situ rock. 

(4) the effect of the mud on-the rock strength 

The magnitude and distribution of the stresses around a single 

underground opening In massive rock can be determined either 

analytically or from laboratory model studies, provided simplifying 

assumptions are made regarding the state of stress prior to 

drilling, the shape of the opening and the mechanical properties of 

the rock. The strength of the in-situ rock can be approximated from 

physical property tests of drill-core rock specimens'or by'applying 
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rock failure criteria. The purpose of-this section was to review the 

uncontrollable factors and to introduce existing analytical 

solutions for the state,, of stress surrounding a circular opening at 

depth., 

1.3.2 The State of Stress Prior to Drilling : In-situ Stress 

1.3.2.1 Effective-Stress 

The concept of effective stress wasJntroduced by Terzaghi in 1923 

[2] and has subsequently been used extensively in mechanical 

applications. Basically, a hydrostatic stress (P 
p) within a pore 

fluid has no influence on deformation, which is controlled by the 

effective, stress. This 'pore' or 'reservoir' pressureIs therefore, a 

#neutral' stress, one that acts equally in all directions. This 

stress is regarded to exist in both--the solid, and Ahe liquid, 

therefore the effective stresses arise exclusively from the solid 

skeleton, i. e. the strata. Major studies on rock deformations by 

Iffandin et al [31, have shown that fracture is controlled by the 

effective stresses, provided the rocks have a connected pore system, 

viz. 

cril = cri -pp 

02' = CrS -ppa. *o****.. 

crs, = CYS -PpII 

To apply this concept to a subsurface environment, it must be 

assumed that the permeability is sufficient to allow movement of 
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fluid and that the pore fluid is, inert, so that -the effects are 

purely mechanical. It is therefore apparent that a reduction in 

fluid pressure will lead to a-corresponding increase in effective 

pressure,, "and vice 'verse. ' Thus, the, pres'sure drawdown is of major 

significance in the stability of a producing formation. 

1.3.2.2 Ileoretical-Sub-surface'Stress States 

For estimating the actual'yetrophysical and mechanical properties of 

rock, and for many other rock mechanics problems encountered in the 

petroleum industry, an accurate estimate of the in-situ earth stress 

is desired. 

It 'is usual to assume that the vertical stress at aý given'depth is 

equal to the overburden pressure. The overburden pressure' is 

obtained by integrating bulk density with respect to depth 141. viz. 

z 
S= 

10 
(gp)az .... .. (1.3) 

vbere S Overburden pressure 

S'= Acceleration due to gravity 

p Bulk density of the overburden 

z Depth 

There are two major'schools of tBought-regarding'the-state of stress 

within the earths crustý: 
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(a) The stress state is hydrostatic. i. e. the three principal 

stresses are equal. 

(b) The horizontal principal stresses are a function of the 

effective vertical stress and Poisson's, ratio. 

The jirst hypothesis is generally termed Heim's rule 141. It was 

stated in the form -that the three principal stresses, in geological 

time, tend to become equal due to the ability of the rocks to creep. 

This hypothesis is genera, lly applied to the relatively soft rocks of 

the coal measures [51, however, it is most often applied throughout 

the field of rock mechanics to simplify stress state calculations. 

The second hypothesis describes the state of stress in an elastic, 

flat-lying stratum of semi-infinite extent that is laterally 

constrained and under a condition of plane strain. If the weight of 

the overlying strata is the only source of stress, then the 

following relationship is derived 14). 

"1 
=.. SSSSSSS5 (1 " 4) 

Where aj and a' represent the effective horizontal and vertical V 

stress components respectively and -f is poissons ratio. 

Common to both hypotheses is the assumption that one principal total 

stress is vertical and equal to the veight per unit area of the 

over- lying rocks, and. that the horizontal principal stresses. are 

equal and act only in the horizontal 
-plane. Onshore, for vell 

compacted sediments, the overburden gradient may be assumed to be in 
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the order of 1 psi/fi (22 kPa/m) 161'&'however, offshore the actual 

overburden gradientmay be much les I s'than this due to the effect of 

seawater and the air gap as overburden pressure is measured from-the 

rig floor. Depending on the water depth, offshore overburden 

pressure gradients may be as low as 0.73 psi/ft at 5000 ft (16.5 

kPa/m at 1520 m) 

However, the picture is never quite as simple as this. Jn 

sedimentary basins that are still undergoing compaction, ' the 

geopressure gradient varies with depth making prediction of the 

stress-state all the more difficult. In tec , tonic regions, the 

principal stresses are seldom orientated in the vertical and 

horizontal planes'and take on varying quantitative values 18]. 

Faulting and folding 'of rock bears witness to the fact that the 

principal stresses must have at some time had different values. 

1.3.2.3 Measurint-in-situ Stresses 

Three techniques for measuring the in-situ stress are in common use. 

Ilese are :- 

Injection Tests 

(2) Long spaced-sonic logs 

(3) Strain recovery methods on core samples. 

Inic tion tests are often referred to as formation integrity or leak 

off tests. It comprises of perforating a short Interval of the 

formation, isolating the zone with straddle packers and fracturing 
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the formation by the Anjection of a very small volume of fluid. The 

advantage of this test is that definite data Is produced, however, 

the results mayýbe difficult to interpret, -especially in, highly 

permeable formations 191. 

Lonst spaced sonic loss are -special- logs used to measure the shear 

wave velocity of the rocks in conjunction with the more traditional 

compressional wave velocity measurement., These velocities are used 

to calculate a dynamic Poisson's ratio which in turn is used to 

calculate the horizontal stress by means of equation (1.4). There is 

little sound theoretical basis for the validity of the use of a 

dynamic elastic constant to represent geological behaviour over 

geological time. However, the logý-does offer'a -direct mechanical 

measurement of the formation and reasonable results have been found 

in several sand/shale reservoirs [101. 

measurements consist of monitoring the ., time, 

dependent relaxation of full diameter core immediately after 'its 

recovery at the surface. Laboratory tests are then used to measure 

the mechanical and-thermo-mechanical properties of the core, correct 

the data for thermal strain, and'back,, calculate the In-situ 

stresses. The method has the advantage of providing all three 

stresses and yields the stress orientations [111; however, it 

requires-full diameter core and extensive calibration and laboratory 

data correction. II- 11 
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1.3.2.4 Fluid-Pressure-Reitimes-- Reservoir PressUres 

So, far only hydrostatic fluid pressures have been considered. 

flydrocarbon pressure regimes are different in that the densities of 

oil and gas are less than that of water and consequently, the 

pressure gradients are smaller, typical figurestbeing :. 

", 1" 

[-0.465 

Psi/ft, (10.5 kPa/m) 
dD 

]'water' 
p 

dp 

oil 
= 0.35'0' psi/ft (7. 

-9 
kPa/Ift) 

dD 

dp 
= '0.080 PSI/ft (1.8 kpa/m) 

dD gas 

Abnormal, reservoir pressures-occur when fluids expelled by a 

compacting sediment cannot migrate freely to the surface [121. Ilis 

condition typically occurs in a black argillaceous series, because 

clays develop very low permeabilities when compacted. Such shales 

are said to be geopressured, or abnormally pressured. Any sand body, 

either embedded in, or contiguous with the shale will also be 

geopressured if it is isolated from the surface either by pinch-out 

or faulting. 

Geopressures mmay have any value up to the total veight of the 

overburden. and the density of the mud must be increased accordingly 

to control formation fluids. 
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1.3.3 Stress Conditions Around Circular Underground ftenings 

1.3.3.1 Elastic Theory 

The distribution and magnitudes of stresses around a single 

subsurface opening can be approximated by the mathematical theory of 

elasticity or from models made from elastic materials, as for 

example, photoelastic models. The two-dimensional 'Kirsh' solution 

is well known [131. The exact solution for stresses around a 

horizontal circular opening in a blaxial field considering tension 

as positive, assuming plane strain conditions and that the 

horizontal stress is related to the vertical stress by the 

relationship erh = mov, Is given below : 

a2] 11+3 a4' 4a'] 
(1.5) E+ [ffh 

Cos 20 r2 r2 2r r2 

+ ,, V] 
a2] 3 a4- 

170 =[-_[ 
11 

+I Cos 20 
2 rz r 

orh - cr 3 a" 2a2 

TrO =1--+-I Sin 20 [ -, 5 
211 it 2r rz 

where (rh , crV = the horizontal and vertical stresses 

crr " (to = the radial and tangential stresses 

TrO = the shear stress 

r- the radial distance from the centre of the hole 

a= radius of the borehole 
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0- the polar coordinate: x-axis represents 0- 00. 

These equations reveal that the stresses around the borehole are 

independent of the elastic constraints of the, material and the 

radius of the hole which appears in the equations only in , the 

dimensionless ratio a/r specifying the distance-from-the boundary, of 

the hole. It can be seen from Figure 1.4 that the tangential stress 

cro is at a maximum at the boundary of, the hole and decreases rapidly 

with distance from the periphery. The radial stress (Fr at the 

borehole wall is equal, to zero, but changes rapidly so that at a/r > 

4, err is approximately equal to the applied stress in the same 

direction. 

1.3.3.2 Elasto lastic Theorv 

In the same way that the initial problem of stress redistribution 

around a circular op ening was approached by considering a perfectly 

elastic host rock, the problem of a failed or yielded region around 

the opening can be studied by considering the host rock to be 

perfectly elastoplastic. Perfectly elastoplastic material, also 

called the St. Venant material, is perfectly elastic for stress less 

than cra and perfectly plastic for stress greater than a (Figure 

1.5(a)], undergoing permanent irrecoverable strain at that stress. 

Therefore, elastoplastic material is an idealisation of the two 

forms of the behaviour of the rock mass surrounding circular 

openings at depth. 

- 



The elastoplastic solution is, however, more complex than the 

perfectly elastic solution and accordingly further simplifying 

assumptions are'necessary,, the foremost being the assumption of 

hydrostatic ý conditions. The following solution, -although intended to 

represent a horizontal tunnel at depth, may be applied to examine 

the induced plastic -stresses around a borehole in a hydrostatic 

stress field., The, complete mathematical- solution for the stresses 

around a cylindrical opening in an elastoplastic material is [131: 

ro (r( -r : Stress solution for the plastic zone 

2aq 
'ln 

tyr 

.=I 

I-r J 

r 
aq1+ In EI 

rip 
r 

.... 0... 

.0 00 .. 04 (1.8) 

crz aq, 1 -+ 2 ln 

r Stress solution in the elastic zone 

ar 2 

cr q1 -[, -]e('-a)/a 
Ao 

r 
rI 

ar 2 

ve 

r2 

000a0.0. (1.10 ) 

I. "s .. ". (1.11) 

oz =2 yq .00. .. oo 

re e(l-a)/2a 
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where -crr, Or '-- Radial stress in the plastic and elastic zone 

cro, (re Tangential stress in the plastic and elastic zone 

esses in the elastic and plastic zones Ozo z 
Axial str 

-t = Poisson's ratio of the material in its elastic state 

q= The applied hydrostatic stress 

ro = The. ra dius of the opening 

i= Radius of plastic zone 

r= Ile radius at the-point of interest 

and a= A/q 

where er2, - 2A is the criterion for yield in the 
elastoplastic material 

and 2A in the plastic region Ire Crr '0 

A graph illustrating the stress concentrations for the elastoplastic 

solution Is shown in Figure 1.5(b) together with the elastic 

solution. It can be seen that the maximum tangential stress is 

closest to the boundary of the opening for elastic material and 

moves away from the opening as the strength of the elastoplastic 

material decreases. 

1.3.4 Failure Criteria 

1.3.4.1 Failure Criteria and the Failure Process 

The set of principal stress values at which rock failure occurs can 

be represented by a point in the stress space and the totality of 

these points describes the failure surface. The form of the failure 

surface is empirical and may be defined by observing rock failure 
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under various stress conditions. The attributes of the failure 

surface for rocks have been summarised by Franklin [141. 

Failure is a process by which a material changes from one state of 

behaviour to another. The principal types of failure are elastic, 

yield or plastic failure, fracture and rupture. A failure criterion 

is an algegraic expression used to describe the- form of a, failure 

surface. The main functions of such a criterion are to allow 

strength prediction for structural design and rock classification 

according to strength. 

A criterion describing-a failure surface would necessarily be three- 

dimensional, a function of al, a, and as. -In practice, however, most 

criteria are restricted to defining a two-dimensional curve in the 

failure surface intersecting a rendulic plane, e. g. 472 - as. A 

further attribute of the failure surface is commonly assumed, namely 

that strength is independent of the intermediate strength. This 

assumption enables the complete strength surface to be constructed, 

for an isotropic material, once the triaxial strength surface has 

been defined. 

Distinction must be made ýbetween a failure criterion and a failure 

mechanism, which describes the processes leading to failure. 

Preferably, a failure criterion should be based on a knowledge of 

the failure mechanism, but this is not always the case. Various 

failure criteria, have been proposed on both theoretical and 

empirical- grounds. Those which have proved to be reasonably valid 

for rock are summarised below. 
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1.3.4.2 lle Coulomb Criterion 

The simplistýand most important criterion was introduced in 1773 by 

Coulomb [151 and postulated that the shear stress tending to cause 

failure across a plane is resisted by the cohesion-of the material 

and by a constant multiplied by the normal -stress across the plane. 

Thus, the criterion for shear failure in a plane is, 

-r - SO pcr .. 00.. 0.0. (1.15) 

where a and v are the normal and shear stresses'across the plane, So 

is a constant which may be regarded as the cohesion or inherent 

shear strength of the material, and ji is the internal angle of 

friction. 

1.3.4.3 Mohr's Hypotbesis 

According to Mohr's hypothesis 1161, the basic elements of the, shear 

strength of a rock were cohesion and internal friction. He proposed 

that at failure the relationship between the normal and shear 

stresses on the failure plane was as follows: I1 .1 

. -r --f(0) '0 00 0* 00 o 

This functional relationship is determined experimentally as an 

envelope to Mohr's circles for various values of maximum and minimum 

principal stresses at failure. Mohr's hypothesis is therefore a 
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graphical method of determining the limits of failure. Rock 

subjected to the stress relationship represented by a circle tangent 

to the envelope will fail along the plane at an angle ý to the 

direction of maximum principal, stress (Figure 1.6). 

For the special case when the envelope is a straight line. the 

Coulomb and Mohr criteria are identical, viz. 
i 

(cr, - 02 (a, + crs) 
Sin a+ SO Cos a 

22 

One disadvantage of the Mohr approach is that it does not predict 

failure of brittle material in tension. In addition, it recognises 

only the maximum and minimum principal stresses vhile neglecting the 

effect of the mean stress. 

1.3.4.4 Griffith's Theory-of Brittle Strength 

Griffith's theory [171, postulates that in a two-dimensional stress 

field, rock fracture is initiated due stress concentrations induced 

at the boundaries of microscopic, randomly orientated elliptical 

cracks associated with grain boundaries. This theory has been 

substantiated by experimental- work on glass and states that if a, + 

3as < 0, fracture will be initiated when the minor principal stress 

equals the uniaxial tensile strength (TO) of the material, Le as 

To at an angle 0 0. If (r, + 3crs > 0. fracture will be initiated 

when, 
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(cri - crs)s x- -gTo(cri + vs) 40 00 es to .. (1.18) 

at an angle given by, 

11- 
Cos 20 =-I 

2 a, + crs 
.... .... 9. 

By combining the above equations, a failure equation can be obtained 

for comparison with the Mohr/Coulomb strength criterion: 

vf =21 TD cr Tj (1.20) 

The two-dimensional Griffith failure criterion is plotted in Figure 

1.7(a). The envelope is curved and is seen to indicate a'much lower 

tensile strength than would be deduced from a linear envelope; it is 

consequently more in accordance with experience. In addition, the 

envelope on the compressive side of the origin has a decreasing 

gradient, starting at 450 to the y-axis. This is also in general 

agreement with the results of triaxial testing of rocks 1181. 

I 

The theory leading to the Griffith criterion neglects the fact that 

cracks may be expected to close under sufficiently high compressive 

stress. If they do close, it may be expected that frictional forces 

operate between the closed surfaces. A modification to take this 

into account has been proposed by Mclintock and Walsh [191 and is 

referred to as the Modified Griffith's Theory. In which, after 

allowing for a'transition period and after all the cracks have 

'closed, the theory becomes identical to the Coulomb theory, which 

gives a linear stress-strain curve and therefore a linear Mohr 
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envelope. 

Both the original and modified Griffith theories are two-dimensional 

as they, are derived from the study of flat, elliptical cracks., A true 

three-dimensional generalisation would require a complete study of 

ellipsoidal cracks., and'as this has not yet been given, Murrel'1201. 

proposed a logical extension of this theory into three-dimensions. 

1.3.4.5 ArrellfoExtension-to the-Griffith neoEX 

The Griffith failure envelope extended to'three-dimens ions maybe 

defined as 1201, 

((Vll-(FS)2 + (Cr$-Crl)2 +' (Orl-Cr2 )2 - 24To(ajL+crz+as) .0.. -(1.21) 

Ile mathematical properties of this criteria are such that if two of 

the three stresses are set to zero, 'the third stress, ý being at the 

crucial condition, must be equal to' the uniaxial compressive 

strength CO, thus Co = 12To. Knowing C9, the three-dimensional 

failure enveloMis fully defined (Figure 1.7(b)). 

1.3.4.6, The Octabedral Shear Stress Theory 

This theory, -empirically derived by Nadai [211 , is explained as a 

limiting state of -mechanical strength. Given that the principal 

stresses acting on an element are crI, cra and cys. it is Possible to 

define two quantities, the mean and the, octahedral shear stress, 

viz. 
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croet w-- 113(cr, + es, + es) 000000 99 

Toct = 113 (Cyl - Cr2 )2 + (Crl - (FS )I+( Cr2 - (FS )2-.. (1.23) 

The mean octahedral stress (ooct) is a measure of the tension or 

compression that the element is undergoing, while the octahedral 

shear stress (voct) is a'measureof the deformation stress to which 

the-element is subjected. These two quantities have also a geometric 

significance - they represent the normal and shear'stress ! acting on 

a surface whose normal makes the same angle with' the direction of 

the three principal stresses. 

The octahedral Shear Stress theory therefore -assumes that the 

octahedral shear- stress at the limit of yielding' is a function of 

the octahedral normal stress. - Further, 'the octahedral normal stress 

is the mean of the three principal stresses, "'which Implies that -the 

intermediate principal stress has an influence on failure. 

1.3.4.7 Discussion of Failure Criteria 

The Coulomb and Mohr criteria provide empirical relationships 

between the applied stress at failure. Griffithes criterion provides 

an internal mechanism and a mathematical model which relates the 

stress relationship at fracture to the fundamental physical 

properties of the material. 4s these properties are difficult to 

determine, an empirical approach is adopted by evaluating the 

criterion In terms of compressive strength and the coefficient of 
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internal friction. 

Simple strength criteria rarely provide a close fit over the 

complete failure surface. Of Ahe above -, criteria, only Griffiths 

criterion can be validly extrapolated into the tensile quadrant. 

This is because the Coulomb and Mohr criteria assume failure occurs 

in shear whereas, in, a tensile stress field, tensile failure occurs 

prior to shear failure. It-has been suggested that different failure 

criteria should be applied at different stress levels 1221. This 

approach may be justified by the fact that different mechanisms 

operate depending on the region of the stress space in. vhich failure 

occurs. 

The foregoing criteria describe the upper limit, of rock strength; 

however, once peak strength has been exceeded, the rock retains a 

load bearing ability. This residual strength is characterised by the 

fall in strength reaching asymtotic values. Rock strengths in situ 

will develop between these upper and lower limits depending on the 

stress field and the extent to which the, rock has failed. 

1.4 CAUSES AND TYPES-OF BOREHOLE FAILURE 

1.4.1 Criteria-for Borebole Stability 

From the above analysis, when a hole is drilled into a sub-surface 

rock the horizontal stresses are relieved, the load is transferred 

to the circumference of the hole as a hoop stress and the borehole 

contracts until the radial stress at its malls equals the pressure 
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acting within the borehole (Figure 1.8) . If the strain so caused 

does not reach the elastic limit of the rock, the reduction In hole 

diameter will be negligible. If the strain exceeds the elastic 

limit, the resulting deformation will be plastic because of the high 

confining stresses prevailing at great depths. A ring of plastically 

deformed rock therefore forms around the borehole. The radius of the 

borehole decreases. and the outer radius of the plastic zone 

increases until the radial stress at the borehole walls becomes 

equal to the borehole pressure. The extent of the plastic zone 

depends on the ductility and the cohesive strength of the rock, the 

stress distribution in both the plastic and elastic zones, 

production rate and borehole Inclination. 

if the ultimate strain is not exceeded, the hole is then stable. If, 

however, the ultimate strain is exceeded before the required width 

of the plastic zone is reached, the borehole will collapse. 

In order to prevent the rock from failing, the pressure in the 

wellbore is raised by increasing the weight of the drilling fluid 

and adding filtrate control to enable the wellbore to carry a 

proportion of the stress concentration acting on the well . 

Increasing the mud weight too far, however, may result in formation 

fracturing in tension causing lost circulation. Therefore, a balance 

is required in the mud weight to prevent hole collapse without 

accidentally fracturing the formation. 

- 32 - 



cr z 

L_. cro 
ýII., ý 

STATE'OF STRESS ACTING ON A BOREHOLE WALL 

3: PZastic 

Zone 

(To 

in situ a tress 

rr .0 cr 

Fore pressure--- 

BorehoZe 
RadiaZ Distance 

Figure 1.8 Induced State of Streas around a BorehoZe 

t 

- 33 - 



1.4.2 Types of-Borehole Failure 

Stress Induced borehole 'failures may be grouped into the following 

three classes, as illustrated in Figure 1.9 

(1) Hole size reduction due to plastic flow of the rock into 

the borehole. Symptoms of this condition are repeated 

requirements of reaming the hole to bottom, stuck pipe and 

excessive torque while rotating the drill string or 

excessive drag when pulling the string. Such problems 

occur, although not exclusively, in formations with a high 

clay content and in salt zones. 

(2) Hole enlargement due to-compressive failure of the rock in 

a brittle Manner and falling into the wellbore (sloughing 

shale) . 'Problems resulting from hole enlargement inilude 

fill-on,, trips, poor directional control and poor cementing. 

(3) Fracturing due to tensile splitting of the rock resulting 

from excessive wellbore pressure. Severe loss of drilling 

fluid to the formation from fracturing, known as lost 

circulation, causes lost time as well as increased costs 

and often results in well control problems experienced as a 

'kick' or 'blow out'. 

Once the cause of borehole instability is recognised, remedial or 

preventative action may be taken. Although the rock mechanical 

principles related to borehole failure are presently not fully 
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understood, progress has been made in recent years. In the case of 

inclined boreholes, however, less information is, known. With a view 

to gathering Information on the state-of-the-art knowledge in the 

mechanics of borehole stability, an extensive literature review was 

conducted. This involved a detailed examination of borehole failure 

in tension as -wel I as in compression, thus the mechanics of 

kydraulic fracturing were reviewed. 

1.5 BORE19OLE FAILURE IN COMPRESSION 

1.5.1-Introduction 

ý; 1 

All in-situ 'stresses in the unexcavated, form are, in general, 

compressional stresses. On the introduction of the borehole, 

compressional, failure may occur if the-formation pressure is greater 

than the wellbore pressure. This may be due to either : 

(a) Sudden formation pressure increase, 

or (b) The mud weight being too low. 1- 

This gives rise to the problem known as 'sloughing shale' which 

encompasses both'hole size reduction, with the the related problems 

of stuck pipe, and hole enlargement. From a rock mechanics approach, 

the problem, remains, as to the accurate prediction of the occurrence 

of borehole failure in compression. 

It was not the intention to reproduce the various Compressive 

stress-state solutions developed by the following workers as the 
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formulae, are lengthy and may be found in the, respective references. 

Emphes is was therefore -given, to reviewing the, various, assumptions 

and results obtained and to-detail the conclusions which were drawn. 

1.5.2 Review of-Previous Work 

The problem of 'the stability of an uncased deep well under plastic 

conditions was first studied by Westergaard J231, who considered 

that the plastic behaviour of the formation material was described 

by a simple Mohr's envelope. In his work, 'published In 1940, 

Westergaard used, the concept of effective stress to determine the 

stress distribution, around an empty borehole and concluded that at 

great depths a plastic state exists around the well which relieves 

the stresses and prevents the hole from collapse. ' tý 

A more detailed discussion of the influence of the pore pressure 

resulting from a fluid contained in a porous rock was given by the 

following year by Biot [241. Biot gave a general theory of 

three-dimensional- consolidation, taking into account also the 

possibility of a flowing pore fluid. Many of the later works are 

based on this study. 

One of these is, the work of Paslay and Cheatham 1251, which was 

published in 1963.11ey studied rock stresses caused by a fluid 

flowing Into the borchole.. In their study, they also considered the 

case where permeability was reduced in a region adjacent to the 

wellbore. Paslay and Cheatham assumed that-the wellbore was situated 
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in a state of hydrostatic stress under a condition of plane strain 

and that the rock behaved elastically, thus their study ignored the 

effect of a plastic zone around the wellbore. - 

In, 1968, Mahtab and*Goodman [261.,, examined'the state of stress 

around a vertical wellbore in a nonlinear. elastic material by-means 

of finite element -analysis. Their results, which were derived 

chiefly from, the investigations of Miles and Topping [271 and the 

photoelastic work of Galle and Wilhoit [281, in conjunction with 

Word-and Wilhoit [291 Andicated that- that the effect of 

nonlinearity was restricted to one well radius-from the bottom 

periphery of the hole. Beyond a distance of one-quarter wellbore 

radius, the effect of, nonlinearity of stresses was generally less 

than 5% for the cases examined. They concluded by stating that the 

consideration of a static pressure inside the well did not magnify 

the effect of nonlinearity on borehole stresses. 

Gnirk [301, realised the existance of a plastic zone around the well 

and published his analysis in 1972. He ýassumed that the rock was 

situated in a hydrostatic stress field In a condition of plane 

strain, was incompressible and that it obeyed the Mohr-Coulomb 

criterion of Plastic yield. Gnirk calculated the wellbore pressures 

required to prevent plastic yielding of an uncased wellbore, 

assuming no fluid flow would be involved. His results could be used 

in drawing up mud-weight programmes for a particular well. In his 

concluding remarks, Gnirk stated that for weak- rocks wellbore 

collapseýcould occur at contractions of approximately 10%. For 

expansion, the limiting wellbore pressure could be when the radial 
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increase is in the order of 300%. This appeared to be unrealistic, 

however, Gnirk went on to state that fracture probably occurred at 

much smaller values of expansion in the plastic state. As with 

similar studies, his work suffered from unrealistic, ideal 

assumptions from the beginning and also from lack of testing of the 

theories in practical situations. 

In 1978/9, Bradley [311, published a theoretical concept that could 

provide limits for borehole stability in deviated borcholes. He used 

the three-dimensional stress-state equations developed by Fairhurst 

[321 in combination with an extended Mises Failure Criterion along 

with the concept of the stress cloud to predict borehole failure. 

Due to the large amount of variables involved, a computer was used 

to calculate and plot, on the failure criterion axis, all the 

possible stress states for all hole angles and directions. The 

result was an area, or 'stress cloud'. Any change in variable would 

produce a change in shape of the stress cloud. From an examination 

of the location of the stress cloud with respect to the failure 

envelope defined by the Mises Criterion, the proximity of the 

borehole 'to failure could then be assessed. This method can also be 

used to predict pressure induced lost circulation due to tensile 

failure. 

An example of Bradley's stress cloud analysis is given in Figure 

1.10. From an examination of the figure, it is evident that the 

effect of decreasing wellbore pressure on the stress cloud is to 

move it upwards towards the failure envelope, thus indicating an 

increased possibility of borehole failure in compression. 
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Conversely, increasing wellbore pressure moves the cloud downwards 

and away from Ahe envelope and toward hole failure in tension. The 

effect of an increase in pore pressure causes the stress cloud to 

move i to the. lef t, , 
indicating an, Increased -susceptibility to borehole 

collapse and tensile failure. 

The major contribution of Bradley's work was providing information 

about the stability of, inclined boreholes. This work showed that, an 

inclined borehole required a greater mud weight to prevent stability 

problems and bole collapse. He illustrated that in a normally 

stressed formation, increasing the borehole angle from 00 to 600 may 

require increasing the mud weight by 2.5 lb/gal. In-a further paper 

[331, Bradley showed that in addition to, inclination, borehole 

direction could also influence borehole, stability in tectonic, 

regions. 

In a paper presented in, 1978, Geertsma-1341 stated that-At was 

impractical to apply, linear poro-elastic theory to predict borehole 

failure In compression. The reason he gave was that compressional 

failure is largely strain controlled, unlike tensile failure. He 

stated that stress and strain solutions required modifications due 

to the effect of strain-softening of, the rock in compression The 

yield condition of the rock material decreases with increased 

plastic deformation due to loss in cohesion. This was a departure 

from perfect Plasticity which appeared to be valid as few materials 

perform in such an ideal manner. Geertsma proposed that influx into 

the borehole would commence when failure occured at a point when 

there was little trace of the original cohesion. 
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A most useful approach made by Geertsma was the attempt to make such 

poro-plastic theory more applicable to field use by proposing that a 

simple hardness test may be used to assess particle-influx risk. Ile 

argued that hardness or indentation experimental results may be 

controlled by the same parameters that affect elastic-plastic 

behaviour. Correlation of experimental data appears to qualify this 

view. A plot of failure pressure of thick walled cylinders, as shown 

In Figure 1.11, gives a near straight line relationship when plotted 

against Brinell hardness. 

Geertsma concluded by proposing further investigations into the 

mechanics of indention of more friable rock materials to establish 

more soundly a link with the mechanics of failure in compression and 

that more research was required into the application of 

elastic-plastic theory taking Into account the effects of strain 

softening on weaker rock types. He vent on to state that it would be 

most useful if samples of rock known to be of similar type to 

formations to be drilled through could be simply tested on-site to 

assess the suceptibility to compressional failure. 

Ceertsma's study suffered from being essentially two-dimensional in 

a hydrostatic stress field and accordingly did not consider the 

induced stresses around inclined wells. He did, however. reintroduce 

the concept of Brinell hardness, originally presented by Van Der 

Viis [351, which appears to have an-empirical relationship with the 

elastic modulus of the rock and therefore has potential in 

estimating the behaviour of the well. 
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Rinses et al [361 studied in detail the stresses around a wellbore 

in poorly consolidated'- sand to determine the size of the plastic 

zone around a well. They, have also developed a stability criterion 

relating, the ef f ect of f luid -f low on , the s tate of stress and hence 

the ultimate rock failure. This analysis which was published in 

1982, does not apply to inclined boreholes or boreholes in 

techtonically active regions; however., the solutions that they 

proposed were such that small changes in geometry and stresses would 

require only slight modifications to their solutions. As with 

poro-elastic theory, the rock was assumed to be isotropic, 

homogeneous and the pore space was assumed to be completely filled 

with fluid. The Coulomb Failure Criterion was taken to'hold true for 

the material. The-work was based on an earlier paper on solid 

particle influx by the-same authors [371. 

Assuming no fluid flow, Rinses et al derived two solutions for the 

state of stress 'around the wellbore. These solutions, for the case 

in which either, the tangential stresses or the vertical stress was 

greater* showed that at- some point the two stresses must become 

equal. The region in which this occured was named the Inner Plastic 

Zone. A graphical representation of these results is illustrated in 

Figure 1.12. The inner plastic zone is clearly seen as the point-at 

which the intermediate stress, tangential or vertical, departs from 

the maximum stress. The elastic zone being the region where the 

vertical stress becomes constant. 
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Their analysis -illustrated that if the rock had high cohesive 

strength, the extent of the plastic zone would be small and elastic 

behaviour will predominate around the hole. A cohesive strength-of 

15800'kPa (2300 psi) was quoted for theoretical, elastic behaviour. 

It was indicated however, that further practical investigation into 

limiting sizes of - the plastic zone would be necessary in order to 

apply the theory'to the practical use of predicting failure. 'Using 

numerical examples, Rinses et al vent on to illustrate- that the 

extent of the plastic zone increased if there was any fluid flow. ý- 

Ile -results achieved by Rinses et al appear to be more soundly based 

theoretically than the models -proposed by'Bradley, Geertsma and 

Gnirk. However,, the solutions are extemely complicated and it would 

be advisable, if applying these solutions to drawing up working 

limits for mud weights in inclined holes, to employ a factor of 

saftey proportional to the inclination of the borehole. 

Brandis and Barton, [381 conducted experimental investigations based 

on 3-D physical models to demonstrate the'effect of the intermediate 

principal stress and published their preliminary results in 1986. 

Numerical analyses-based on' two-dimensional plane strain 

-'idealisation of the problem were obtained by solving the equation of 

equilibrium in the radial direction and satisfying the linear 

'Coulomb criterion in the plastic zone; however, ý no account of Ahe 

procedure was given. 

-Also in 1986, - Infante and Chenevert [391 presented a mathematical 

-and, laboratory analysis-which provided solutions to the problem of 

- 4S - 



plastic flow of salt formations into wellbores. In the mathematical 

analysis, it was assumed that the incipience of plasticity in the 

formation was regulated by the level of, ociahedral shear stress and 

that the formation was neither permeable nor porous but homogeneous 

and isotropic, and was under a state of hydrostatic stress. They 

derived equations which, in terms of constants of the formation 

material, yielded the limit of elasticity, the radius of the plastic 

zone, and the amount of borehole contraction as a function of, the 

mud weight used. They went on to state that after salt zones are 

drilled and cemented, there was still the possibility that salt 

creep and subsequent casing collapse may occur and as such, casing 

design should take this into consideration. The study proceeded to 

offer recommendations for drilling obtained as a result of the 

mathematical analysis and field applications. 

They concluded that salt zones were capable of creep and plastic 

behaviour at low levels of octahedral shear stress and when drilling 

in such a formation, plastic borehole contraction would occur if an 

appropriately high mud weight was not used. A figure of 19.2 lb/gal 

was quoted to ensure that a borehole, in a normally stressed salt 

formation, would remain in equilibrium and that neither creep nor 

plastic, 'deformations would take place. 

As regards vireline methods of predicting formation collapse, the 

Mechanical Properties Log, (MPL) computation 1401, has been available 

to the petroleum industry since 1973 for the purpose of detecting 

weak oil bearing formations. The loss required for the original MPL 

computation were the Formation Density and Sonic logs. Additional 
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data was required to determine clay content and Poisson's ratio of 

the sand under investigation. In 1981, Schlumberger proposed an 

alternative method of predicting sanding problems based on stress 

analysis. The Mechanical Properties Computer Analysis (MECEPRO) 

[411, was devised to compute the elastic moduli, radiall and 

tangential stresses, the initial shear strength, the pressure 

drawdown limit for avoiding sand production and to determine the 

fracture gradient. Application of this data to specific 'problems is 

achieved by estimating the downhole stress. An overview of the 

MECHPRO chain is given in Figure 1.13. The accuracy and reliability 

of wireline mechanical property logs is questionable and as such 

have not gained universal acceptance in the petroleum industry. 

II-i 

In the foregoing review of compressive wellbore failure, the 

influence of the drilling fluid on the rock strength is a factor 

which was rarely considered. It is known that the mature of the mud 

affects both the stress at failure and the mode of failure. Also the 

effect of the drilling fluid on swelling shales and brittle shales 

was little mentioned. 
ý! 

As only the mechanical or uncontrollable 

factors influencing borehole instability were of interest in this 

investigation, however, the effect of drilling fluids on the rock 

properties was considered to be outwith the scope of this project. 

Separate studies, including those done by Darley [421, Chenevert 

[431, and Simpson 1441 cover the subject in detail while an 

excellent review on the subject has been presented by Dempster [451. 

- 47 - 



I DATA ACQUISITION I 

IFT [ WAVEFORE 
IV 7AN AELFT0: 

11 
S7 I 

BULI 181.911111 
ANALM: 

CORE 
DATA 

S 
PIE41TERPRETATIGN ýThv PKv I *r , t. I 

OPTION 
DT, DT& p I DT.., I DTS, X V,,.,, 

EULSTIC 
Young's 
M%odulus , 

"g INNESENT I 

PROPERTIES - : TIENBTV I 
COMPUTATION Bulk 

Compressibility COMPUTATIONS 
ADD &ECIJAUIlRATION 

0verburden 
Well Pressure a Poisson's Ratio Initial Shea r. Uniaxial 

ressure Compress", Tensile 
Radial and v 

? 1IMIDE eas 
Tangent ial 

Stress FORMATION CRITICAL 
CALCILATIOIS COMPUTAT CIS CONINTATI CIS PtEOIC 

cow 

I 

COwLPSf 
PREOICTIOMS 

WELL 
PRESSURE 

" 
0. (without T, ) 

TECTONIC 
911AUNCE INFE1218 INEAKOUT 1 

01114RAC 7 
I 

FROM IORENOLIE ORIEVATI61 I 
DEFORMATION TESTS Lot 

: ; o or. 1with T. ) and r. twit T. ) and &UNION L L 
FRACTURE 

Ckul TIO1 C&UIRATICI r I. t calibrated IGNIZONTAL STRESS GEOMETRY A FRACTURE PRESSURE , Cal 0. Cal. PREDICTIONS COMPUTATIONS 

I 

0. 47. Cal 47. ca 

4 

j 

IlliviIIIIIIII MINIMUM INITIATION 
NOAIZOIFTkL NIZONTA N0 L All it-OPENING 

9 TRESS PRESSURE 

Extemal 
to MECHPRO 

MECHPRO 
output 

Figure 1.13 Overview of MECLIPRO Chain [411 

- 48 - 



1.6 BOREHOLE FAILU" IN TENSION 

1.6.1 Lost Circulation 

Borehole failure in tension occurs when the difference between the 

wellbore pressure and the pore pressure exceeds the sum of the 

compressive stress around the wellb'ore plus the tensile strength of 

the rock. In a drilling well, the effect of mud infiltration to the 

fracture is known as lost circulation, which is how'the problem is 

diagnosed at the surface. There are other possible causes for lost 

circulation, such as drilling into subnormal pressurised zones or 

penetrating a cavernous'. vuggy formation, however, they are outside 

the scope of this review. 

To avoid or at least minimise the danger of well kicks, stuck pipe 

and lost circulation, a basic understanding, of formation pore 

pressure and fracture-pressure is necessary. Pore pressure and 

fracture gradient are the two basic parameters in a well drilling 

andc omp Ieti on p1 an and, are e qua I ly , important in c ement Ing , 

hydraulic fracturing# fluid injection and sand consolidation- [461 . 

The concept of pore pressure has been previously reviewed in Section 

1.3.3. In order to, obtain an understanding of fracture gradient, it 

was necessary to review the mechanics of hydraulic fracturing. 

Induced fracturing in a drilling well is 'similar to hydraulic 

fracturing -during well completion: the only difference is that the 

litter-is deliberate and desirable while the former is unintentional 

and most unwelcome. 

-. 49-- 



1.6.2 Hydraulic-Fracturinx 

The technique, of hydraulic fracturing for stimulating the production 

of oil and gas is. one of-the major developments in petroleum 

engineering. Before 1950, acidizing was the primary method used to 

stimulate well productivity. Stimulation of nonreactive formations 

such as sandstones, however, was generally ineffective until the 

hydraulic fracturing process was introduced to the Andustry in 1949 

by Clark [471. Hydraulic fracturing increases well, productivity by 

creating a highly conductive path compared to Ahe reservoir 

permeability. Normally, this technique is applied to-sandstone 

reservoirs having relatively low permeabilities. 

Events leading to the evolution of the fracturing process. are 

documented in the SPE monograph of Howard and Fast 1481. Methods and 

procedures have changed significantly since fracturing began, 

however, the basic principles remain the same. Hydraulic fracturing 

is the process of injecting a viscous fluid into a formation at a 

faster rate that it can leak off into the rock. thereby producing a 

pressure within the borehole such that the formation fail a in 

tension and fractures to accept the f luid. The fracture will 

continue to propagate or grow as more fluid is injected: however, 

when this pressure is released, the fracture will begin to close. To 

prevent the fracture from fully closing, a propping agent is mixed 

with the gelled fluid which acts to keep the fracture open. 
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The fluids used to create the fracture are chemically designed so 

that, after a predetermined time, they lose their viscosity. If the 

well is then allowed to produce. the fracturing fluids flow out, 

leaving the proppant, which is held in place by the closing action 

of the fracture. The proppant-filled hydraulic fracture, which may 

be as wide as 6 mm to 12 mm 1491, provides a conductive flow path to 

the vellbore. 

It is important to distinguish between the vellbore pressure 

required to initiate a fracture and that required to extend it. In 

order to initiate a fracture, the vellbore pressure must be greater 

than the minimum hoop or tangential stress ao, and in order to 

extend the fracture beyond the hoop stress zone, it must be greater 

than the minimum horizontal stress crs. ' The minimum hoop stress may 

vary from a value of 2crs to zero, therefore the initiation pressure 

may be greater or, smaller than the extension pressure (Figure 1.14). 

although for a vertical well in a normally stressed formation, the 

former is generally'greater. 

Therefore the ability to predict the fracture gradient is important 

in order to prevent lost circulation and to estimate hydraulic 

fracture initiation pressure at a specific depth. In general, 

formation fracture pressure gradients are related to formation pore 

, pressure, lithology. age and depth of the formation, and to the 

f 
in-situ rock stress environments 1461. 

, In 1957, Hubbert and Willis [61 published a classical paper in which 

they critically reviewed previous reports that all hydraulic 
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fractures were horizontal or bedding-plane fractures. Through the 

use of accepted engineering theory, they showed that a hydraulically 

induced fracture should form in a manner which was perpendicular to 

the direction of the least principal stress, as shown in Figure 

1.15(a) . Therefore, in tectonically relaxed areas, as characterised 

by normal faulting, they illustrated that the least principal stress 

would be horizontal therefore a vertical fracture would form. In 

regions of tectonic compression however, they indicated that the 

least principal stress could be vertical and accordingly a fracture 

induced in such a formation would be horizontal. For the case of 

vertical fractures, the direction or azimuth of the minimum 

principal stress is also important as this controls the azimuth of 

the fracture [Figure 1.15(b)]. 

Hubbert and Willis showed that the minimum injection pressure in an 

area of incipient normal faulting was, 

Pf = 1/3 (oz - PP) + Pp (1.24) 

where A= Mini ý injection pressure 

az = Overburden pressure 

Pp- Pore pressure 

This expression provided an estimate Of the minimum fracture 

pressures that were likely to occur in a relaxed basin which was on 

, 
the point of normal faulting. Hubbert and Willis concluded that 

, 
fracture pressures are affected by the magnitude of the in-situ 

,, stresses, by the hole geometry and by the penetrating quality of the 
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fluid. Their analysis provided the theoretical and technical basis 

for many future studies and presented evidence that hydraulic 

fractures were vertical in tectonically realaxed areas. However, the 

main disadvantage of this approach was that it was imprecise and 

generally predicted fracture gradients which were lower than field 

data suggested [461., 1 

Numerous articles An the past years have dealt with the theory of 

hydraulic fracturing. The prediction of hydraulic fracture 

Initiation pressures has been approached from two different, points 

of view, oneýemploying classical elasticity theory and the other 

using empirical formulae in conjunction with information obtained 

from well-logs. 

1.6.3 Empirical Methods of Predicting Fracture Pressures 

In 1967, Matthews and Kelly, [501 published a study in which fracture 

pressures could be predicted in some U. S. Gulf Coast sand reservoirs 

by the use of empirical data. Unfortunately, they did not further 

the progress made by Hubbert and Willis., Matthews and Kelly chose 

the minimum fracture pressure as being equal to the pore pressure, 

and the maximum fracture Initiation pressure as being equal to the 

weight of the overburden. Their prediction method differed from the 

Ilubbert and Willis model in that it considered the effect, of a 

variable horizontal to vertical stress ratio, termed a matrix stress 

coefficient, Ki, viz. 
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pf- pp + lli uz oe 99 o e. ue 

Values for Ki may be obtained empirically by substituting field data 

for fracture initiation pressures into the above equation and 

solving for Ki. A graphical interpretation of the above relationship 

Illustrating fracture initiation gradients for the U. S. Gulf Coast 

area is shown in Figure 1.16. These empirical values and 

relationships however, are limited solely to the area of study. 

In 1969, Eaton [511 extended the concept of Matthews and Kelly by 

introducing Poisson's ratio into the mathematical expression for the 

fracture pressure gradient and therefore taking into account the 

effect of a variable overburden gradient: 

(F PTP 

P fg =D- 
'PIE-, ' 

'] 
+ (1.26) 

172 

DD 

Eaton surmounted the problem- of predicting or measuring the 

Poisson's ratio of every in-situ rock in a borehole by resorting to 

in empirical relationship. Furthermore, his 'Poisson's ratio, was 

not a function of the rock itself but of the regional stress field - 

the horizontal to vertical stress ratio. Accordingly, Eaton 

suggested that the minimum horizontal compressive stress should be 

taken as the fracture pressure. He claimed. that in a permeable 

formation there is little difference between the fracture initiation 

and extension pressure and therefore did not distinguish between the 

two. 
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Eaton presented empirical curves for 'Poisson's ratiot versus depth 

calculated from U. S. Gulf Coast data. These curves, which are 

independent of rock type, are illustrated in Figure 1.17(a) and it 

can be seen that with depth they approach the Poisson's ratio upper 

limit of O. S. Simplified local and/or regional fracture pressure 

gradient prediction charts may then be developed. Figure 1.17(b) 

shows a chart-for. the U. S. Gulf Coast area. The major contribution 

of Eatons's paper was the concept of variable overburden. Since 

overburden pressures play a major role in empirical fracture 

gradient estimations, the increase in accuracy of this variable 

allowed better fracture gradient predictions. Eaton's technique can 

only be applied in other areas if the 'Poisson's ratiot curve is 

known. Thus it is limited to areas of concentrated exploration in 

tectonically relaxed regions and cannot be used reliably on wildcat 

wells. 

The concept of predicting fracture pressure gradients from well logs 

was investigated by Macpherson and Berry [521 in ten offshore 

Louisiana fields. A quantitive relationship was found to exist 

between the ratio of'sand elastic modulus to overburden and the 

fracture pressure. The authors claimed that using this concept 

predictions should generally fall within 700 psi (4800 kPa) of true 

fracture initiation pressure. In their analysis, fracture pressure 

gradients vs depth were found to be different In all the ten 

offshore fields studied, but did correlate with the sand/shale 

ratio, geological age and overpressure. Fracture pressure gradients 

in shales were significantly higher than in sand, whereas breakdown 

in overpressured and normally pressured intervals were similar. 

- 58 - 



cr 2-, 

0- c3 
UJ UJ 

cc CM td') 
C) 0- 1- 
CL CL wo - 

cm 

OW v- e 

CD 

C%i lqr (D 
. 

Co c> CM «qw CLP c12 
v- Ir- 

JA 000 t 'Hld30 

cr) ;z 

cc: 
CD 
LLJ LLJ 
Cc: -J 

to 
4.1 

C/3 =D 
LLJ C: ) 

ts 
0 

CD CC ui 
CL cm 

t3 

LU CL. 
Or- CL 

C-*) 
cc 
cr. 
U- 

t3 

00 
1% 

II 

1 
In co 41 

- 04 1 

T 
IL 

40 is 

;I- 

; -i 0 a V14 0 

A4 

- 59 - 



2 - 

4 

tz 
CD CD 

8 
3ý 

UJ 
C: ) 10 

- 

12 

14 - 

16 1 
0 .50.60.7 0.8 0.9 1.0 

FRACTURE PRESSURE GRADIENT, PSI/FT 

Figure 1 . 18 Comparison of Several Fracture Gradient 
Predictions for the U. S. Gulf Coast 

(1) South Texas (after Matthews A KeZZy [501) 
(2) Louisiana Gulf Coast (ditto [501) 
(3) Average Empirical Trend for 10 Off-shore Fields 

L 

(after MacPherson & Berry [521) 

- 60 - 



Figure 1.18 shows the average trend of their field data compared to 

the results of other investigations. 

1.6.4 Theoretical Approach 

The majority of the theoretical prediction methods employ classical 

elasticity theory. in which the stresses are redistributed in the 

manner described by Kirsh's solution as modified to include the 

effective stress principle. More recently however. investigators 

have been considering elastic-plastic theory when examining borehole 

failure in tension. 

A criterion for the initiation and extension of vertical fractures 

was presented in 1967 by Haimson and Fairhurst [531. They assumed 

the formation was elastic, porous and included the effect of the 

fluid flow into the formation. Their solutions are essentially those 

, which have become associated with classical hydraulic fracturing 

theory. 

Their criterion for fracture initiation in porous rock was, 

Pf =3 
crx - vy + To 

- Pp (1.27) 
2- a(1-2y)/(1-1) 

where Pf Fracture initiation pressure 

ox Minimum horizontal compressive stress 

cry Maximum horizontal compressive stress 

To Tensile strength of the rock 
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a- poroelastic constant 

T= Poisson's ratio 

Pp= Pore Pressure 

For rock impermeable to the fracturing fluid the above equation was 

reduced to 

Pf =3 crx ay + To Pp (1.28) 

Ilaimson and Fairhurst showed that the effect of a penetrating fluid 

was to reduce the tangential stress acting on the hole periphery and 

therefore reduce the wellbore pressure necessary to initiate a 

fracture. Th'ey'stated that the reason for , this discrepancy was that 

in the case of a penetrating injection fluid, the pore pressure at 

the vellbore boundary would be P. [Figure 1.19(a)], while in the 

non-penetrating case, there would be no flow into the formation and 

consequently the pore pressure would be Pp everywhere [Figure 

1.19(b)] . Hubbert and Willis [61 reached the same conclusion at an 

earlier date, however, they did not examine the situation in as much 

detail. 

Bradley [311 disregarded the tensile strength of the rock In his 

criterion 'for tensile failure, -in which he stated 'when the 

effective fracturing stress - is less -than or equal to zero, tensile 

failure will occur'. His analysis did not consider fluid flow into 

the formation and 'accordingly his solutions were that for a 

non-penetrating fluid*. however, he did provide information about 

fracture pressures of deviated boreholes which hitherto had not been 

- 62 - 



PW 

pp 

P 

Figure 1.19(a) Radial Pore Pressure Distribution 
for a Penetrating Fluid [531 

P 

PW 

p 

2' 

rigure 1.19(b) Radial Pore Pressure Distribution 
for a Non-Penetrating Fluid [531 

- 63 - 



reported. Bradley Illustrated that the inclination of the borehole 

had an effect on fracture initiation pressure (Figure 1.20). As 

indicated by curve A, it can be seen that an Inclined borehole in a 

normally stressed formation will fracture at a lower wellbore 

pressure than a vertical well. This effect was found to be more 

pronounced in tectonically active zones, as shown by curve B. In the 

case illustrated,. the wellbore pres sure required to initiate 

fracturing is seen to decrease appreciably as the hole inclination 

increases. Bradley concluded by stating that fracture gradients 

measured in Inclined holes need to be corrected for the effect of 

borehole inclination to obtain true values. He went on to state that 

fracture extension pressures were unaffected by borehole angle. 

Geertsma [341, in his study of hydraulic fracture initiation 

pressures included a term for the tensile strength of the rock 

material which he modelled as a poroelastic solid. His results were 

similar to that of Haimson and Fairhurst for the case of a 

penetrating fracturing fluid. In his analysis, Geertsma realised 

that the poroelastic approach can only hold true when the rock 

behaves in an'elastic manner. Geertsma stated that for competent 

rock this would usually be the case for tensile failure but 

suggested that if the rock surrounding the borehole had at any time 

behaved in a plastic manner it was no longer possible to apply 

elastic theory in order to predict fracture initiation pressure. 

, Medlin and Masse [541 studied fracture initiation in the laboratory 

and compared this with the results from a theory which 'was based on 

ýporoelzstic behaviour. Their conclusions, published in 1979, were 
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restricted to results for hydrostatic stress conditions. For the 

non-penetrating fluid they found that when the stresses exceed the 

elastic range, failure pressures would be lower than predicted. For 

the penetrating fluid case, their results were notýcompletely 

consistent with the theory. - 

Horsrud et al [551, were-the first to show how a plastic zone 

surrounding 'a well- could influence' the stress distribution around a 

wellbore during injection of the fracturing fluid. They, extended 

their previous work on solid particle influx [371 to hydraulic 

fracturing by considering the effect of, fluid flow int*o the 

formation. They showed that if the inJection pressure was increased 

the plastic zone could increase or decrease in size depending-on the 

rock properties; however, they stated that if the 'radius of the 

plastic zone decreased, the rock would not return to its original 

state. Horsrud et al vent on to state that in a poorly consolidated 

sand, fractures would therefore be initiated in a plastically 

strained material and that the fracture -initiation pressures 

calculated when taking this into consideration could be lower than 

those calculated using elastic theory. The difference depended on 

the initial state of stress and the rock properties and was found to 

be greatest when the sand was poorly consolidated and the stress 

ratio and Poisson's ratio were low. The difference was then 

typically in the order of magnitude of 10%. 
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1.6.5 Discussion S? f 
-Fracture- 

Gradient- Prediction- Metbods 

In the U. S. Gulf coast and other areas that have undergone extensive 

drilling,.. fracture initiation pressures are predicted using the 

empirical formulae presented earlier. These can be applied with 

confidence in other areas of similar geological and tectonic regime 

only when suffic-ient drilling has allowed calculation of the 

necessary empirical constants . The absence of any method for 

predicting fracture pressures outside these areas has necessitated 

the use of those empirical formulae, with the general result that 

actual fracture pressures can be very different from calculated 

pressures [561. Accordingly, none of the empirical formulae can 

accurately predict stresses in poorly explored regions. An 

examination of the empirical formulae derived from well logs 

Indicates that they essentially estimate the value of the minimum 

horizontal stress. Therefore, the empirical approach appears to 

underestimate the effect of the stresses around the wellbore due to 

penetration of the injected fluid into the porous formation. The 

estimation of fracturing pressures from pure elastic theory, 

however, has the tendency to predict higher gradients as the stress 

concentration around the hole is taken into consideration. 

1.7 EFFECT OF-CLOSURE STRESS ON A PROPPED FRACTURE 

1.7.1 Proppant Selection 

The selection of a proppant is mainly governed by the fracture 

conductivity needed for a desired production rate. Ilis, in turn, is 
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related to the in-situ proppant permeability and concentration of 

proppant within the fracture. Each individual reservoir requires 

specific design criteria which dictates the physical properties of 

the proppani to be used. These physical properties, such as strength 

and density, -vary with-each proppant type, therefore a wide range of 

reservoir conditions can be -satisfied. Qualitively, the comparable 

strengths , and densities of each proppant'is as follows: 

PROPPANT STRENGTH' DENSITY 

Frac Sand 

Intermediate 

Bauxite 

Weakest 

Medium 

Lightest 

Medium 

Strongest Heaviest 

1.7.2 Determination of Closure Stress 

Ile strength required 
I 
and permeability of a proppant are dictated by 

the anticipated closure stress. As previously mentioned, when a 

hydraulic fracture is created the in-situ stresses must be overcome 

to open and propagate the fracture. The same stresses tend to close 

the fracture and remain to act on the proppant. This is often 

referred to as the closure stress. If the proppant is not strong 

enough to withstand the closure stress of the fracture, it will be 

crushed and the permeability of the fracture will be drastically 

reduced. 

lie closure stress may be represented by the equation [571 : 
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cs - (Pf 
g 
D) - BHPP oe (1.29) ý 

where CS = Closure Stress (psi) 

Pfg = Fracture Gradient -(p 'i/ft) 

D- Depth of Fracture (f: ) 

BHPP ='Bottom-Hole Producing Pressure (psi) 

From the above relationship it is clear that' the stress acting --on a 

proppaut Is controlled or influenced by the-producing pressure. 1,1t 

is common practice, however, to use the initial fracture 'gradient 

and the reservoir abandonment pressure to calculate the maximum 

closureýstress on the proppant. As the reservoir pressure is 

depleted, both the fracture gradient and bottom-hole pressure are 

reduced, but at different rates. The, net result is an increase in 

the effective stress on the proppant with time [581. The most'severe 

closure stress condition can happen early in the life of the well 

and close to the wellbore, because the amount of stress required to 

open- the fracture is at the highest value. During cleanup and 

testing operations, the flowing pressure at the wellbore is often 

reduced to zero. Ilerefore, consideration should be given to this 

increase In closure stress when selecting the optimum proppant for a 

specific formation. 

1.7.3 Effect of the Borebole on Closure Stress Estimation 

Almost without excePtiOn, the stress' concentration' effects caused by 

the borehole are -ignored in the calculation of closure stress [101 . 

4 
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It was indicated iný the -previous section that the empirical methods 

of predicting fracture gradients from well data appear, to 

underestimate the effect of the stress concentration around the well 

due to penetration of the injection fluid into the porous formation. 

The formation integrity or leak-off test, which is most often used 

to'give an indication of''the fracture gradient, is not always 

straight forward to interpret, especially in permeable formations. 

Accordingly, these techniques are used to provide minimum fracture 

initiation pressures equal to., or slightly greater than the minimum 

horizontal stress. This* is desirable to avoid problems of lost 

circulation, but to use 'the same method of determining fracture 

gradient to arrive at a realistic estimate of closure stress is 

questionable. 

When the well is in production, --fluid no longer penetrates into the 

formation, but flows from it. -Mis causes a pore'pressure drawdown in 

the formation towards the wellbore-and will accordingly increase the 

closure stress; - however, the stress concentration induced by the 

borehole remains to act on the fracture. If the rock surrounding the 

borehole behaves in an elastic manner. - the stress concentration is 

at & maximum at the hole periphery and will diminish some, three to 

four radii from the hole (Section 1.3.3). If a plastic zone is 

induced around the well, however, the maximum stress concentration 

no longer acts on the wall of the-borehole but on the, faceý of the 

propped fracture at -a radial -distance dictated by the mechanical 

properties of the surrounding rock. Although this stress abutment, 

which will henceforth be termed the maximum closure stress, is 

localised, it jnayýact to form a 'bottleneck' and accordingly 
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restrict the flow of fluid through the propped fracture when the 

well is produced. This will kave tke adverse effect of decreasing 

fracture conductivity and reduce the longterm effectiveness of the 

fracturing, treatment. 

1.8 DISCUSSION AND CONCLUSIONS 

In the foregoing chapter, an attempt has been made to illustrate the 

factors which have to be., taken into consideration when predicting 

the mechanical stability of a wellbore. Particular emphasis has been 

placed on understanding the rock mechanical factors that influence 

rock failure, which involved a detailed review of failure criteria. 

An, extensive literature search was conducted in order to establish 

the present state-of-the-art knowledge on the rock mechanical 

aspects of borehole stability in compression as well as. in tension. 

From the variety of, papers reviewed. however, it is evident that the 

rock mechanical principles that affect borehole stability - the 

uncontrollable. factors - are-not fully understood. , 

The area in which there is greatest interest but also the greatest 

confusion is in the prediction of borehole failure in compression. 

There is general agreement on theýoccurrence of a plastic zone 

around a borehole: however, the majority of earlier workers have 

simplified the problem by examining a vertical well under a 

hydrostatic state of stress. More recent Investigators, still making 

the unrealistic assumption of hydrostatic conditions, have 

introduced further complexities -into their stress solutions as to 

make them over- complicated And, difficult to apply to a field 
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situation. The case of a borehole in a nonhydrostatic problem has 

been investigated ýusing 'elastic theory, but it has yet to be 

analysed using ela-stoplastic theory. ' It can be concluded that it is 

not possible to arrive at a totally mathematical solution to the 

problem, and as such, "rock propertie's must-be taken into 

consideration. ' I 

As regards borehole failure in tension'. ý 'a lot more work has been 

carried out on this subject, mainly due to-the fact that it is the 

same mechanism that 'is involved 'in hydraulic frac . tur ing 

Consequently, there is far more agreement over the causes of 

hydraulically induced lost circulation than'isý the case' I or 

compressional failure. 

For the case of inclined holes, less information is known, although 

it is clear that a lower than usual wellbore pressure is required to 

prevent fracture initiation while at the same time a higher than 

usual wellbore pressure must be applied to prevent compressive 

failure. The approach'used by Bradley (311 appears to be most 

applicable to field situations. However, an extended approach to 

Include plasticity effects for inclined holes would greatly enhance 

the applicability of'this theoretical work to real situations. 

Therefore* for inclined boreholes, further theoretical 

investigations into the effects of a plastic zone is required for a 

complete and accurate assessment of the state of stress when a well 

is excavated. This has to be coupled with laboratory and field 

testing to verify or disprove the theory. Promising moves in this 

direction was Ceertsma's attempt to correlate compressive failure 
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with Indentation results [341 while Bradley's, use of well records to 

predict the%state of stress and the rock strength regionally by 

applying stability theory warrants further investigation. 

None of the-approaches reviewed can lay claim to be the panacea to 

the problems of borehole instability. They all suffer to some extent 

from lack of testing in the laboratory or field. It is difficult to 

simulate field conditions -in the -laboratory and this makes it 

difficult to relate such studies to field conditions. Properties of 

formation samples inevitably change on transportation to the surface 

and accurate simulation of, downhole conditions is costly, as is 

carrying out the tests. It is clear that in the interests of greater 

control over borehole stability, much more practical work has to be 

undertaken. c 

The foregoing analysis has exposed the following areas which require 

either further or exploratory research. 

The state of stress around inclined boreholes should be 

investigated by a physical modelling method, such as the 

photoelastic technique, in order to confirm that inclined holes 

are indeed less stable than vertical borcholes. The results of 

this analysis could then be applied to develop or enhance 

existing analytical methods to arrive at a better understanding 

of the induced state of stress and to provide more reliable 

stability predictions. 
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(2) There Is ample scope for research into the stability of inclined 

boreholes in a non-hydrostatic stress regime using elastoplastic 

theory. Such an investigation should consider flow of fluid into 

and out of the formation and the effect of an altered 

permeability in the plastic zone with the objective of 

predicting maximum and minimum mud weights which can be carried 

in the wellbore. to prevent instability. In order to apply these 

findings to a field situation, mechanical property tests would 

have to be performed on reservoir core to provide information on 

rock deformation failure criteria. Therefore, a great deal of 

rock mechanical testing is indicated. 

(3) If the concept of a plastic zone surrounding a well is. accepted, 

it follows that the direct effect of such a zone on the maximum 

closure stress acting on a propped fracture should be 

investigated. Such an analysis has not previously been dealt 

with in the literature although realistic estimates of closure 

stress are essential In order to optimise proppant selection. 
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CHAPTER YFO 

NZANINATION OF THE INDUCED STATE OF STRESS AROUND 

INCL. rBED BOBEHOLES USING THE PHOTOELASYIC TECHNIQUE 

OF SYMS FREEZING 

I, 



2.1 INTRODUCTION 

The Intention 'of this chapter wa's to investigate the Induced state 

of stress produced around deviated boreholes in a triaxial stress 

field by means of the three-dimensional photoelastic technique of 

stress freezing. 

A photoelastic model containing inclined boreholes was prepared and 

a loading frame designed and fabricated to provide -triaxial loading 

to the model. Stress analysis was performed using 'a' polariscope 

while the secondary principal stresses were separated by the Shear 

Difference'method. The effect of wellbore or 'mud' pressure was'not 

considered in this analysis. Although this loading in a homogeneous, 

isotropic, perfectly elastic medium did not actually simulate the 

stress state around an oil well in's porous, non-homogeneous, 

anisotropic medium, It was felt that it was an experimental step 

which would lead to useful information about the actual state of 

stress'around the vicinity of an'inclined hole. 

5 

2.2 .. THE, PBOTOELASTIC TECHNIQUE- 

2.2.4 The Development-of-Photoclasticity 

Photoelasticity is an experimental technique which enables the 

stressýconcentrations produced within a loaded, transparent model to 

be measured. It is one of the more useful methods for making 

quantitative stre'ss analysis in both two and three-dimens Ions. ' Even 

though the method Is experimental, the assumptions and principles of 
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the theory of elasticity are required to translate the measured 

optical effects, -, 
into terms of stress. It is not possible, however, 

to directly observe the separate maximum and minimum principal 

stresses, (Yj and 02 - termed P and Q in two-dimensional photoelastic 

analysis, within a stress field. It is therefore necessary to 

utilise further techniques, in, order to determine the magnitude and 

direction of these stresses. 

The optical phenomenon upon which, the science of photoelasticity, is 

based is the quas i-crys tall ine behaviour of certain stressed, 

transparent materials. This effect was first discovered by Sir David 

Brewster in 1816 when he noted that glass when stressed or strained 

became double refracting. He further noticed that the degree of 

optical anisotropy was. proportional to the applied stress or strain. 

It, has since been found that this property is present to some degree 

In. Most transparent solids. 

Little progress was made,, however, towards the application, of 

photoelast icity Jo general engineering problems. With the 

'Introduction 
of celluloid as a model material, Filon and Coker [591 

developed and applied the technique to such problems and published 

, 
their findings in their Treatise on Photoelasticity. 

Prior to 1952, the PhOtOclastic method was limited to analysis of 

, 
tv, o. -d imens Iona I surface stress distributions, except in special 

cases of symmetry. At this time, Frocht and Guernsey 1601 showed 

, 
that-it was possible to determine Interior stresses thus solving the 

, 
'general space' problem., This was accomplished by extending the 
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shear difference method to' cover three dimensions and by employing a 

technique known as 'Stress Freezing' . Accordingly, this technique 

has been utilised for the Purpose of this study. 

Today, photoelasticity is a well established science, and as such, 

there are many text books which deal with the subject admirably 

[61-631. Accordingly, only a brief discussion of the theory of 

photoelasticity is given, followed by an account of the essential 

photoelastic apparatus and an explanation of the photoelastic 

effect. 

2.2.2 Photoclastic Ileorv 

Photoelastic theory is founded on two subjects. namely optics and 

stress/strain analysis. The application of these tvo subjects to 

birefringence is defined as the 'Stress-Optic Law' [631. 

Certain transparent materials such as glass, Araldite, Bakelite, 

Solitbane 113 and other plastics art Optically isotropic vhen 

unstressed. When stressed, hovever, they become anisotropic and 

behave like a uniaxial crystal. In general, a plane-polarised vave 

entering a stressed plate of one Of these materials is split Into 

two components which are Plane polarised In the directions of the 

principal stresses at that point [621. These components are not 

transmitted with the same velocity, 90 that upon leaving the plate 

they have a relative path retardation. The magnitude of this 

relative retardation is directly proportional to the difference 

be tween the principal stresses, (P-Q), and the thickness of the 
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plate, while being inversely proportional to the wavelength of the 

litlit. Hence, 

ccrt 
(P-Q)' 

where R= Relative retardation in the plane of P and Q 

P= Maximum principal stress at point of interest 

Minimum principal stress at point of interest 

Wavelength of the light 

t Thickness of the plate (model) 

CO = The relative stress optical coefficient 

2.3 ESSENTIAL PHOTOEIASTIC APPARATUS AND THE PIROTOELASTIC EFFECT 

2.3.1 Introduction 

A complete photoelastic analysis can only be performed using a 

polariscope. A polariscope is an instrument which is used to measure 

the relative retardation produced when polarised light is passed 

through a stressed material. There are two types of polariscope 

which may be used for photoelastic analysis. They are respectively 

known as the Plane Polariscope and the Circular Polariscope. 
I 

2.3.2 The Plane-Polariscope 

A Nicol prism, or any other polarising prism, will convert ordinary 

light into plane polarised light. Figure 2.1 shows two polarising 

prisms with coinciding centre lines parallel to the path of a ray of 
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natural light emanating from a nearby source. 

Ile prism or plate nearest the light source will be referred to as a 

polariser, the other, as an analyser. It is evident that the effect 

of the analyser upon the light emerging from the polariser depends 

on the relative position of the principal planes. Two cases are of 

special interest: one when the principal planes are parallel as 

shown In Figure 2.1(a), and the other when they are perpendicular or 

crossed with respect to each other as indicated in Figure 2.1(b). In 

the first case, all the light will pass through while in the second, 

no light will get through. 

In a crossed, plane polariscope. there exists a plane polarised beam 

, which is completely extinguished by the analyser, yielding a dark 

background when a stressed medium is placed within its field. 

2.3.2 The Circular Polariscope 

This optical arrangement is shown schematically in Figure 2.2 and 

ýonsists of four elements, two polariaing plates and two 

quarter-'wave plates. The polariser and analyser are in a crossed 

position as are the optical axes of the quarter-wave plates which 

ire set at 450 to the principal plane of the polariser. 

If a beam of natural light enters the polariser the optical 

transformation will be as symbolically indicated in Figure 2.2(a) . 

The polariser, as before, will convert the natural light beam into 

plane polarised light. On entering the first quarter wave plate, 
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Plane Polarised 
Field 

AnaZyser 

(a) (b) 

Figure 2.1 : The PZane PoZariecope (after Frocht [631) 

ýI 

"I 
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this ray is split into equal components and will emerge as a beam of 

circularly polarised light. From the preceeding paragraph it follows 

that the effect of the second quarter-wave plate, which is crossed 

with respect to the first, will be to restore the circular polarised 

light to a plane polarised beam. The analyser, being crossed with 

respect to the polariser, will therefore prevent this beam emerging 

from the analyser. If the optical axes of the quarter-wave plates 

are set parallel with the axes of the polariser and the analyser 

respectively, the instrument will behave as a plane polariscope. 

The circular polariscope set-up described above effectually stops 

the light from the source and is used when a dark background is 

desired. Sometimes, however, it is preferable that the polariscope 

transmit rather than stop the light. This can be accomplished by 

crossing the Nicols and paralleling the quarter-wave plates, or by 

paralleling the Nicols and crossing the quarter-wave plates. In 

order to obtain circularly polarised light., the principal plane of 

the first quarter-wave plate must be set at 450 to the principal 

plane of the polariser. In both cases, the analyser will transmit a 

beam of plane-polarised light. Such an arrangement is illustrated in 

Figure 2.2(b), and is used when stress patterns against light 

backgrounds are required instead of the usual dark backgrounds i. e. 

to produce half-order isochromatic fringes. 

The circular polariscope is used when it 'is desirable to eliminate 

the isoclinics from the isochromatic fringes - the birefringence 

exhibited in a stressed medium. 
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Light Source 

PoZari8er 

Circularly 
PoZarised Field 

AnaZyser 

I 

,z, 2AW 
(a) (b) 

Figure 2.2 The CircuZar PoZariscope (after Frocht [631) 
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2.3.3 The Isoclinic Frinite 

As stated previously, when a photoelastic model is stressed, it 

produces a fringe pattern when viewed in a plane polariscope. When 

one of the principal stress directions is parallel to the principal 

plane of the polariser, the transmitted intensity is zero. A 

continuous, dark band called an isoclinic fringe will be observed to 

pass through all points in the stress field where this occurs. The 

isoclinic fringe is thus the locus of points at which one or other 

of the principal stresses is parallel to the polarising axis of the 

polariser. The sharpness of the isoclinic fringe depends upon and 

indicates the rate of change of the principal stress directions over 

the field. The greater the rate of change, the greater the degree of 

the isoclinic. 

It is usual to refer the principal stress directions to a suitable 

datum line on the model, such as an edge or an axis of symmetry. Ile 

angle between this line and the direction of the algebraically 

greater principal stress is referred to as the Isoclinic parameter 

0. For any given setting of the crossed plane polariscope, a 

corresponding isoclinic pattern can be observed. As the crossed 

polarlser and analyser are rotated together, usually in an 

anticlockwise direction, the isoclinic pattern changes. In a given 

model, there will be an isoclinic line corresponding to every value 

of 0 between 00 and 1800. Successive isoclinics can be recorded 

photographically or traced by hand from a projection screen to 

provide a map of the principal stress directions. Stress 
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trajectories, which indicate the direction of the principal 

stresses, may then be constructed graphically from the isoclinic map 

1641. The isoclinics produced in a stressed 'elbow' are illustrated 

In Figure 2.3 (a). 

2.3.4 The Isochromatic Frinte 

If a stressed model is viewed in white light, coloured lines or 

fringes are observed where the retardation and principal stress 

differences are constant, i. e. lines of constant (P-Q). The colour 

depends on the degree of retardation and is the complement of that 

extinguished by interference. These coloured fringes 
jare 

'called 

Isochromatics. 

If monochromatic light is used, a dark fringe will appear where the 

retardation is a multiple of the wavelength of the light used. Ilese 

lines are called monochromatic fringes and are generally very 

distinct. Most photoelastic analysis is conducted using this type of 

light source as accurate measurements can be made from well defined 

monochromatics. The monochromatic fringe pattern obtained from a 

stressed 'elbow' Joint Is illustrated in Figure 2.3(b). 

2.3.5 Distinction Between IsOclinic and Isochromatic Fringes 

From the foregoing analysis, it is evident that when a stressed 

model is placed in the field of a plane polariscope, two different 

systems of fringes appear simultaneously, namely the isoclinics and 

Isochromatics. If white light is used, they can be easily 
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Figure 2.3(a) : Isoclinica Produced in a Stresaed Mow 
(after Hendry [611) 

. vigure 2.3(b) : laochromatics Produced in a Stresaed Elbow" 
(after Hendry [611) 
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distinguished from each other as the isoclinics are black while the 

Isochromatics, with the exception of the zero fringe, are coloured. 

With monochromatic light both sets of fringes are black; however, 

the monochromatics are nevertheless distinguishable as they are more 

sharply defined. Accordingly, if a circular polariscope is used, the 

Isoclinics are optically removed. 

2.3.6 The Tardy- Method of -Compensation 

In photoelastic stress analysis, it is often necessary to determine 

the fringe orders at various points in the model. Points that do not 

lie on fringe lines have fractional values of fringe order N. The 

Tardy method of Compensation [651, provides a means of obtaining 

fractional fringe orders by rotation of the analyser. Consider a 

point In a model lying between fringe orders of N and (N+1), the 

following steps are taken to determine the fractional fringe order: 

(1) With a plane polariscope arrangement, the polariser and 

analyser are rotated until an isoclinic fringe passes 

through the point in question. 

(2) The quarter-wave plates are then inserted and rotated to 

attain a crossed circular polariscope arrangement, taking 

care not to adjust the polariser or analyser. 

(3) Ile analyser is then rotated until an isochromatic fringe 

coincides with the point. The angle 0 through which the 

analyser is rotated should then be noted. 
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(4) If the (N+l) fringe order moves to the point as the 

analyser is rotated through the angle 0, then the fringe 

order at that point, say P, is given by: 

0 
Np = (N+l) - 

180 
oe 99 @o 

(2.2) 

(5) If the Nth order fringe moves to the point as the analyser 

is rotated, then the fringe order at the point is: 

e 
Np=N+- (2.3) 

180 

When the analyser is rotated through 900, then the half-order 

fringes appear. Maximum light is transmitted in this position i. e. a 

light field transmission. 

The Tardy Method provides a simple means of determining fractional 

fringe orders. It does not, however, provide values of the integral 

fringe orders. In models where the values of the integral fringe 

orders are not known, an alternative method of compensation is 

required to provide firstly the integral fringe order and secondly, 

the fractional fringe order. Two methods exist, colour matchiu-g 

techniques [661 and the use of an optical element, such as the 

Babinet Compensator 1671. These procedures are well described in the 

literature and will not be reproduced here. 
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2.4 ITREE-DIMENSIONAL PBOTOEIASTICITY 

2.4.1 The Frozen Stress Metbod 

Three-dimensional photoelasticity is based on the fact that it is 

possible to produce frozen stress patterns in certain photoelastic 

materials. This is accomplished by means of the Frozen Stress Method 

[681. A frozen stress pattern is one that remains in the material 

after the load is removed. At room temperature the fringe pattern 

disappears upon removal of the load, the same is true at high 

temperatures. If the load is applied at high temperature, however, 

and maintained constant while the temperature of the material is 

cooled slowly to room temperature, the fringe pattern remains and 

effectively becomes 'frozen' in the model. Removal of the load at 

room temperature does not remove the fringe pattern. Once the 

fringes are frozen in a model they are unaffected by changing its 

shape by cutting, milling or filing. provided these operations do 

not raise the temperature of the model above its softening or 

critical temperature. 

The load may be applied to the model either before or after reaching 

the critical temperature, although in practice, the former procedure 

is usually adopted. Extreme accuracy is required to ensure that the 

model is subjected to the correct loading as even small loading 

errors can cause a large discrepancy in the frozen stress pattern. 

Overloading could result in excessive deformations in the model due 

to the low rigidity of the material at elevated temperatures. The 

heating of the model is best carried out at a steady rate and 
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adequate time must be allowed before commencing the cooling process 

to ensure that the softening point has been reached in the centre of 

the model. Cooling must be carried out slowly to avoid the formation 

of thermal stresses. 

Then a frozen stress model is viewed in a polariscope, a complex 

fringe pattern is observed which is not readily analysable. In this 

condition, however, the model can be sliced without modifying the 

fringe patterns. These slices may then be analysed individually as 

In the manner of two-dimensional photoelasticity. In interpreting 

the Isochromatic fringe pattern in an arbitrarily oriented slice 

viewed normally, a general form of the stress optic law is used with 

the principal stresses P and Q replaced by secondary principal' 

stresses in the plane of the slice. 

2.4.2 Ile Scattered Light-Method 

A more recent development of stress analysis in three-dimensi. ons is 

the Scattered Light Method. 11is technique, originally proposed by 

Weller [691 in 1939 and subsequently developed by Jessop 1701 and 

SrInath 1711, opened up the possibility of observing the effects of 

stress In a three-dimensional model without slicing and there .f ore 

without resorting to the freezing process. In practice however, -it 

is usually applied to the measurements of stresses at a free 

boundary or in a plane of symmetry. 

The scattered light theory is well described in the literature and 

will not be reproduced here. The construction, within the Department 
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of Mineral Resources Engineering, University of Strathclyde of a 

modified polariscope as required for scattered light 

photoelasticity, is detailed by the doctorial thesis of Davies [721. 

2.5 STRESS ANALYSIS 

2.5.1 Separation Of, The-Principal-Stresses 

The isochromatics produced in a tvo-dimensional photoelastic model 

represent the loci of points of constant principal stress 

difference. In slices obtained from three-dimensional models, 

hovever, the isochromatics generally represent loci of constant 

secondary principal stress difference. Several methods have been 

devised to separate the principal stresses. These include the 

Filon*s Graphical Integration method 1731, the Oblique Incidence 

Method [741, Frocht's Shear Difference Method [751, and methods of 

determining the isopachics. The latter includes graphical and 

numerical methods [761, and also experimental procedures using 

lateral extensometers. 

In three-dimensional photoelasticity, the two most widely used 

methods are by Shear Difference and Oblique Incidence. For the 

purpose of this investigation, the Shear Difference Method was 

chosen to separate the principal stresses as it Is readily adaptable 

to computer application and offers good results if the isoclinic 

lines are located with sufficient accuracy. The application of the 

technique is given below. 
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2.5.2 7le Shear Dif f erence Ketlhod 

This method utilises the isochromatics and isoclinics to calculate 

the normal and tangential stresses along an arbitrary line [751. 

Referring to Figure 2.4(a), OX 

photoelastic model along which it is 

and tangential stresses, OY is 

Integration is performed along OX a: 

the differential equations of 

transformed into equations of finite 

is an imaginary line in a 

desired to calculate the normal 

the axis normal to OX. If an 

nd using lines of finite length, 

equilibrium are accordingly 

differences, thus 

Clxn = (Fxo 
av XY ax 

(2.4) 
ay 

if ay = ax, then the above equation expressed in finite difference 

form Is reduced to: 

a 
lux 

11 
= CIX 

0-0 
&Txy (2.5) 

71e shear difference, Avxy, may then be determined from photoelastic 

data. In order to determine the rate of change of vxy with 

sufficient accuracy, the shear stress value should be calculated at 

corresponding points along two auxiliary lines A-A and B-B, 

equidistant from line OX. This is performed by the following 

relationship: 
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Auxiliary Line 

0 ine of Integration n dy 
B 

EE= 

IB 
ýdxý 

Figure 2.4(a) The Shear Difference Method 

+Y 
Normal to Section p 
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TXY 
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p 

Figure 2.4(b) : Sign Convention for Shear Difference Method 
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(P-Q) 
Sin 20 

Ile Shear difference is therefore: 

A-rxy . (. rxy) 
A-A - (. rxy) 

B-B 

o* ao *o oe (2.6) 

.... s (2.7) 

In practice, line. OX and auxiliary lines A-A and B-B are divided 

Into elements of equal length by a perpendicular system of lines as 

indicated in Figure 2.4(a). The shear difference is then calculated 

at each point along line OX. The normal stress acting in the 

1-direction crp may then be obtained by means of equation (2.4), 

commencing the integration from a point on a free boundary where crx 

- or from a point where (Y. is known. 

The isoclinic parameter e is measured clockwise between the normal 

to the section of integration and the direction of the greater 

principal stress. Ile sign convention used for the shear difference 

method is shown in Figure 2.4(b). To avoid errors in computation, 

this convention must be strictly adhered to. 

Knowing the value of (Y., the normal stress acting in the Y-direction 

cy 7, may then be obtained from the standard equation: 

Vy = Cr. +[ (P-Q) 2- 4-rX2 
yI oe oe oe (2.8) 

The positive sign before the root is taken if cry > ax, as is the 

case when the algebraically greater stress P makes an angle of less 

than 450 vith the normal to the section. The principal stresses P 
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and Q may then be obtained from, 

POQ = 40 o (2.9) 
22 

The normal stress to the x-y plane, orz. can then be obtained from 

the plane strain formula, where y=0.5 for Araldite CT200 at stress 

freezing temperatures. viz. 

CY Z= -( (crx +cr y) -. .... .«e. 

The shear difference method involving stress components in 

three-dimens ions is more complex, involving the determination of the 

slopes of shear stress in two mutually perpendicular planes and may 

involve the use two similar models or sub-slicing techniques. The 

expansion of the shear difference method into three-dimens ions is 

well documented by Frocht and Guernsey [601 and will not be 

reproduced here. 

Thus, the shear difference method can be applied to both two and 

three-dimensional problems. The accuracy of the method depends 

significantly on the precision in determining the values of the 

isoclinic parameter, due to the term Sin29. In models where the 

isoclinics are easily deliniated, the shear difference method will 

provide an accurate means of determining the separate principal 

stresses. 
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2.6 CONSIDERATIONS IN MODEL DESIGN 

2.6.1 Properties of Pbotoclastic Materials 

The essential properties of a transparent material suitable for 

frozen stress photoelasticity models may be summarised as follows 

1771 :- 

(1) The material must not show any double refraction before the 

application of external loads. 

(2) The stress-strain and stress-retardation relationships 

skould be linear. 

(3) The fringe pattern must be retained in the material without 

alteration for a reasonable length of time. 

The material must have a well defined softening 

temperature. 

(5) The material must have adequate mechanical strength and 

maust be easy to inýchine without chipping or developing 

machining stresses. Good casting properties are of great 

value. 

The material must be moderate in cost and readily 

ava I Lab Ic- 
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2.6.2 Cliolce of-Material 

The selection of a photoelastic material is governed by the 

individual problem to be investigated, the data required and the 

procedure to be employed. 

Epoxy resins are today the most widely used photoelastic materials, 

being suitable for both two and three-dimensional investigations and 

for use as birefringent coatings. They possess good mechanical 

properties, are only slightly susceptible to edge effects and are 

avaliable at comparitively low cost. 

Epoxy resins suitable for photoelastic use are commercially 

avaliable under the trade names of Araldite C1700 and Araldite MY753 

178). The former Is highly recommended for photoelastic models as it 

has reasonable transparency, is readily machinable and exhibits 

little creep at room temperatures. For this reason, Araldite C7200 

was chosen as the transparent medium for the purpose of this study. 

2.6.3 Model design and Preparation 

A solid block of Araldite CT200 was obtained direct from the 

manufacturers, Sharples Mechanics Ltd. Receiving the material 

pre-cast prevented the difficult task of mixing the araldite resin 

and hardener without the entrapment of air bubbles, as reported by 

Irarin 1791. 
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The araldite block was squared off In a milling machine to form a 

true cube of 150 mm side length. To avoid chipping. moderate speeds 

and sharp tools were required. It was found that the use of cooling 

fluid made little difference to the production of machining 

stresses; however, it was retained as a means of removing cuttings. 

Throughout the above operations, the recommendations of Dixon 1791 

with respect to the machining of photoelastic materials were closely 

followed. 

The positioning of the boreholes was the next consideration. The 

original intention was to examine three boreholes: - one vertical, 

one horizontal and the other inclined at 450. As the main object of 

this investigation, however, was to investigate the stress 

concentrations around deviated wells, it was decided to include two 

further inclined holes at respective angles of 250 and 600 to the 

vertical. 

The disadvantage in drilling a large number of holes in close 

proximity was the danger of stress interference between the 

simulated boreholes. It was established in the preceeding chapter 

that for a circular hole In an elastic medium under biaxial 

compression, the maximum stress concentration would be 2a and that 

this stress concentration diminishes some three to four radii form 

the hole periphery. Although this simplification is valid only for 

two-dimensional circular openings, it was felt that it gave a 

reasonable indication of the possible stress effects. 
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Figure 2.5 : Diagram of Borehole Layout in Photoelastic Model 
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The bit used to drill the holes in the araldite block had a diameter 

of 6 mm, thereby producing a bole of radius 3 mm. Ile minimum planer 

spacing was therefore specified at 36 mm, (2 x 19 mm). A diagram of 

the borehole layout is given in Figure 2.5. 

On examination of the model in a circular polariscope, it was found 

to contain appreciable machining stresses . It was therefore 

necessary to anneal the unloaded model by passing it through through 

repeated stress freezing cycles (outlined in Section 2.8.3) to 

remove the undesired stresses. 

2.7 DESIGN AND CONSTRUCTION OF A SUITABLE LOADING FRAME 

2.7.1 Loading Reguirements 

As the photoclastic model was to be loaded in a manner as near In 

situ conditions as possible, it was required to construct a loading 

frame which would be able to : - 

(1) Simulate the three-dimensional state of stress, as occurs 

at great depth (Figure 2.6(a)). 

(2) Simulate plane strain loading. 

(3) Have the facility to alter the vertical to horizontal 

stress ratio. 
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As the loading frame and model were required to be inserted into the 

stress freezing oven, the limiting factors In the design were 

temperature, physical size and the method of applying the desired 

load. It was not considered practically possible to attempt to 

simulate 'mud weight' by applying air pressure to the wellbore as 

the requirement for three-dimensional loading necessitated that the 

model be surrounded by a loading frame and accordingly the provision 

of wellbore air-supply lines would overcomplicate the frame design. 

2.7.2 Design Considerations 

Three different designs were considered, 

(a) The most basic design, as indicated in Figure 2.6(b). 

proposed that loading would be effected by three pairs of 

tapered confining plates, the load being applied by 

tightening bolts to a specified torque. 

(b) A more advanced method consisted of loading the model on 

all six faces by a pressurised rubber membrane within a 

steel jacket, as shown in Figure 2.6(c). 

(c) An alternative design to the above proposed loading the 

model on all six faces by means of SeParate air-bags 

confined within a steel jacket, as shown in Figure 2.6(d). 
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Figure 2.6(a) Three-dimenaional Loading 

Confining Plates 
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Figure 2.6(b) Loading Frame De8ign #1 
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After discussions and testing 1801, the confining plate method was 

rejected as it would not produce a constant rate of loading. 

Additionally, problems were anticipated regarding the calibration of 

the torquing operations. 

The method of loading which employed a rubber membrane appeared more 

feasible than the-confining plate method. A complex system of 

gaskets would, however, be required to maintain an air tight seal, 

thus the subsequent increase in design and technician time deemed 

the method impractical. 

The remaining option, utilising air-bags appeared to solve the above 

problems but offered its own. Namely, obtaining air-bags capable of 

withstanding the elevated temperatures involved in stress freezing. 

2.7.3 Final Frame Design 

A sample air-bag made from a reinforced nylon material, glued at 

each edge and Incorporating a rubber inlet tube was supplied by MFC 

Survival Ltd., North Wales. Deflated, its dimensions were 155 mm 

square The manufacturers rated the unconfined bag at 69 kPa (10 psi) 

at a maximum temperature of BOOC 1811. It was therefore necessary to 

test the sample air-bag to the requirements dictated by the stress 

freezing process. 

To simulate loading conditions, the air-bag was inflated between two 

Ste , el confining plate*. An expansion of 7 mm was allowed as shown in 

Figure 2.7. Air pressure was supplied from a nitrogen bottle. A 
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Air InZet 

Figure 2.7 : Air-bag Test Rig 

Test 1 Pressure maintained at 345 kPa (50 psi) 
Temperature increased at 5*C/hr to 135*C 

Result Rubber inlet failed after 3 hrs at 135*C 

Test 2 Rubber inlet confined with copper tube, 
clamped and sealed with silicone rubber 
Pressure increased to 485 kPa (70 psi) 
Temperature maintained constant at 135'C 

Result Air-bag held pressure for 15 hours 

Test 3 Repeat test 
Pressure increased to 550 kPa (80 psi) 
Temperature increased to 145*C 

Result : Air-bag held pressure for 10 hours 
Pressure then increased to 825 kPa (120 psi) 
and maintained for 30 mins without failure 

Test 4 : Air-Bag tested over full duration of the 
stress freezing cycle 

Result : Air-Bag held pressure without failure 

Table 2.1 : ResuZte of Air-Bag Test 
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pressure regulator, calibrated to 1035 kPa (150 psi) was connected 

to the supply, thus ensuring a constant pressure acted on the test 

rig throughout the test period. The bag was tested under various 

temperature and pressure conditions, the results are presented in 

Table 2.1. 

In general, the performance of the air-bag was satisfactory. The 

initial failure of the rubber tube was caused by expansion of the 

inlet tube, thus exposing a section of unprotected rubber. This 

problem was solved by enclosing the rubber inlet within a short 

length of copper pipe. The air-bag proved, during the testing stage, 

that it was capable of withstanding pressures and temperatures in 

excess of that required for the stress freezing cycle. On this 

recommendation, a total of eight identical air-bags were ordered and 

the steel frame was designed to accept six of these bags. 

A schematic of the loading frame is presented in Figure 2.8. It can 

be seen that the frame consisted of three pairs of steel plates 

which were bolted together to form a cube. Each plate had a central 

hole to allow the air-bag supply tube to pass through. A short 

length of copper pipe was used to protect the rubber supply line. 

Fluro-Silicone rubber provided an air tight seal between the rubber 

and brass inlet pipe. The top and bottom air inlets were connected 

together and the outlet to a manifold, as were the four side or 

'horizontal' Inlets. This allowed the facility to alter the vertical 

to horizontal stress ratio. Copper tubing and brass connections were 

used throughout. The frame was supported by four adjustable legs to 

allow the loading frame to be levelled. 
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Figure 2.8 : Schematic Diagram of Loading Frame 
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2.8 EOUTPMRa MUIRM FOR- SMSS FREEZING PHOTOELASTICITY 

2.8.1 Required Equipment 

The equipment required to perform and analyse the stress freezing 

experiment consisted of a polariscope, a camera for recording the 

Isochromatic fringes, an oven large enough to accommodate the model 

and loading frame, and some means of controlling the rate of change 

of temperature. It was also necessary to design a 'stress freezing 

cycle', detailing the rate of heating and cooling which the model 

was to be subjected to. 

2.8.2 Oven and-Proaramme Controller 

The oven used for the stress freezing experiment was a fan 

circulated, LTE oven with an internal capacity of 157 litres. It had 

an operational temperature capability of 3000C. It's features 

included a West Cardian programme controller (set to a maximum of 

1500C), glass door, internal light and two vents on either side as a 

provision for tubes or wires. The vents could be closed with 

asbestos flaps when not in use. 

The programme controller, which had a variable time scale from 1 

hr/rev to 16 days/rev, was set at 72 hrs/rev to correspond with the 

duration of the freezing cycle. 

- 107 - 



2.8.3 Stress Freezinx Cycle 

The conditions of stress freezing are primarily governed by the 

requirements such as that on heating, no parts of the model should 

become overstressed by reason of differential expansions or of 

internal load transfer from parts that are above the softening 

point. Secondly, adequate time must be allowed before commencing the 

cooling process to ensure that the softening or critical point has 

been reached not only on the surface of the model but also in the 

centre. Cooling should be carried out slowly to avoid thermal 

stresses. The 'soaking' period and rate of cooling required for 

varying thicknesses of Araldite C1700 are indicated respectively in 

Figures 2.9(a) and 2.9(b). Accordingly, considering the thickness of 

the model, the stress freezing cycle illustrated in Figure 2.10 and 

detailed in Table 2.2 was devised. 

2.8.4 Cam Profiling 

The stress freezing cycle was then transformed onto a cam which 

would be used to control the heating process. Blank cams were 

avaliable, comprising of a circular aluminium plate with a central 

fixing hole. Referring to Figure 2.11, temperature and time lines 

were printed on the surface of the cam. The temperature lines being 

concentric circles spaced at 50C intervals, while the time markers 

were curved and ran across the temperature lines. A total of 72 

lines were included, each corresponding to one hour of the programme 

cycle. 
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Soaking Period : Araldite CT200 
For Various Section Thicknesses 
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Figure 2.9(a) after Karim [781 
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Figure 2.9(b) After Karim [781 
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Stress Freezing Cycle 
Borehole Model : Araldite CT200 

50 

0 
12 24 36 48 60 72 

Time (hours) 

Figure 2.10 : Streas Freezing CycZe for BorehoZe ModeZ 

Heat model from 25*C to 1350C at 50C/hr 22 hours 

Maintain maximum temperature of 1350C 8 hours 

Cool model from 1350C to 256C at 2.50C/hr 42 hours 

Total Cycle Time 72 hours 

TabZ* 2.2 : Stress Freezing CycZe 
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The stress freezing cycle was then tplotted' onto the cam, the 

method of marking being as illustrated in the diagram. After the 

profile was cut the cam was inserted into the programme controller 

and Its accuracy confirmed. 

2.8.5 Polariscope . 

Ile photoelastic bench used was a Sharples combined transmission and 

diffused light polariscope. The unit was compact, built around a 

wooden storage cabinet and incorporated a mercury vapour and a 

tungsten filament light source, loading frame, projection screen, 

camera stand and the necessary optical arrangements (as detailed in 

Section 2.3.2). Full instructions as to the operation of the 

polariscope may be found in the Sharples Instruction Manual 1821. 

2.8.6 Phototraphv 

The camera used for black and white photography was an Olympus OM2 

SP, fl. 8, automatic and manual over-ride SLR with a spot metering 

facility. For close-up work, an 80-210 f 3.8 macro zoom was used. 

This was found to yield better results than conventional close-up 

lenses. All the Isochromatic fringe photographs were taken under 

sodium monochromatic light using the diffused light arrangement of 

the crossed circular polariscope. The film used was Kodalitb, ASA 

12, which being a lith film, reproduced only black and white colours 

i. e. without any grey tones. 
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In photographing the isochromatics, the maximum aperture was used as 

the only advantage to be gained by employing smaller apertures was 

less critical focusing. The exposure times varied with the quality 

of surface finish and thickness of the slice, however, an average 

exposure time of 8 secs was established for a 4-5 mm slice smeared 

with Benzyl Benzoate. 

2.9 CALIBRATION OF-ARALDITE-CT200 SPECIMENS 

2.9.1 TheorX 

Photoelastic materials normally display some variation in mechanical 

and optical properties from one batch to another. It is therefore 

necessary to calibrate the material to be used. The calibration 

specimens were obtained from the same batch of Araldite C7200 as 

used for the borehole model. The two parameters normally required in 

the calibration of the photoelastic materials are the Material 

Fringe Value (F) and the modulus of elasticity (E). For the purpose 

of this investigation, only the material fringe value was required. 

From the stress optic law: 

P--Q = FN/t .. oe. o. oe 

therefore, 

(P-Q) VN .. so es so so (2.12) 
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Thus, for calibration specimens of known thickness in which the 

principal stress difference is known (using elastic theory), it is 

possible to calculate the material f ringe value. The disk in 

diameteral compression is the most useful method commonly used for 

calibration of epoxy resin specimens. From the theory of elasticity, 

the principal stresses P and Q at the centre of the disk under 

applied load L are: 

6L/7rdt and Q- -2L/ndt o99o (2.13) 

71ke principal stress difference is therefore, 

P-Q - 8L/ndt o. .... s. e. (2.14) 

From Eqn (2.12). it follows that, 

F- SL/ndN so so so .... 

lie material fringe value can therefore be expressed quite simply in 

terms of the load. diameter and fringe order at the centre of the 

disk. 

2.9.2 Loading Device for-Disk in Diameteral Compression 

The loading device used for the calibration is shown in Figure 2.12 

and was f irst used by Karim 1781 
. The unit operates by the 

application of weights placed upon a circular platform attached to a 
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, Figure 2.12 : CaZibration Rig for Disk 
in DiametraZ Compression 

Test 
Number 

Material Fringe Value 
kPa/fr/m psi/fr/in 

#1 0.274 1.58 

#2 0.254 1.44 

#3 0.246 1.40 

Average 0.258 1.47 

Table 2.3 : CaZibration ReauZte 

- 115 - 



brats rod, one end of which carries a brass wedge. A similar wedge 

was located on the base of the loading device. A load of 2.73 kg was 

placed on the circular platform. The weight of the platform, brass 

rod and attached wedge amounted to 0.25 kg, thus the total applied 

load was 2.98 kg. Two disks were prepared for calibration, the 

diameter and thickness of each disk were 45 mm and 15 mm 

respectively. 

2.9.3 Results-of Calibration 

After each disk was subjected to the stress freezing cycle, it was 

examined using a crossed circular polariscope. The zero fringe 

order, which was identified as a black fringe, was located at the 

edge of the disk. The integral fringe order was determined by 

counting the successive fringes towards the centre of the disk. The 

Tardy Method of compensation was used to give the exact value of 

fringe order at the centre of the disk. The material fringe value 

was calculated using equation (2.15) and the results are presented 

in Table 2.3. 

2.10 STRESS FREEZING-EXPERIMENT : GENERAL PROCEDURE 

2.10.1 Loading the Model 

The loading rig, containing the model was placed in the stress 

freezing oven and leveled using the adjusting feet. Two lengths of 

copper tubing were led through an inlet on the side of the oven, one 

was connected to the vertical and the other to the horizontal 
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pressure input manifolds. An initial pressure of 69 kPa (10 psi) vas 

applied in order to centre the model vithin the rig. 

A vertical to horizontal stress ratio of 1.0 : 0.8 was chosen, which 

was felt to represent a normal in-situ ratio. Accordingly, a 

vertical pressure of 345 kPa (50 psi) in conjunction with a 

horizontal pressure. of 275 kPa (40 psi) was applied to the model and 

maintained by regulators. The air supply was provided by two 

nitrogen bottles, the arrangement being as indicated in Figure 2.13. 

The model was then passed through the stress freezing cycle, as 

described in section 2.8.3. 

2.10.2 Slicinst-Plan 

The model was initially divided into three sections with a large 

band saw, as shown in Figure 2.14. Slices perpendicular to the axes 

of the boreboles were then taken from the centre of the model, away 

from the effects of the confining bass, as illustrated In Figure 

2.15. Slicing was carried out by means of a diamond cutting wheel, 

water being used as a lubricant. The thickness of the slices 

produced varied from approximately 4 mm to 6 mm. 

The slices were then ground smooth on sheets of wet and dry 

sandpaper to remove the cutting marks invariably left by the diamond 

wheel and to obtain a uniform thickness. Polishing was not necessary 

as the slices were to be immersed in Benzyl Benzoate, a fluid of 

matched refractive index. 
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Figure 2.14 : Model Sliced into Three Sections 

Figure 2.15 : General SZicing Method 
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The isoclinics and isochromatics frozen into each slice will remain 

unchanged for several years with a minimal amount of creep recovery. 

Time-edge-effect caused by moisture absorption can be removed by 

heating the slices at a temperature between 60-700C for 24 hours. 

Alternatively, the slices may be stored in a desiccator. 

2.10.3 Examination of Slices 

From both theory and experiment, it can be shown that the stresses 

In the direction of propagation of plane polarised light produce no 

photoelastic effect upon the light [751. Thus, if the direction of 

light is in the z-direction, i. e. along the borehole axis, the 

components of stress having the subscript z have no pkotoelastic 

effect, namely crzv 'Trz and vez. Therefore, the only components that 

Save rise to secondary principal stresses are err, are and 'cre, 'Which 

car be determined by a two-dimensional approach. The procedure of 

analysis was as follows: 

,, 
(1) The isochromatic fringes were photographed. 

ý (2) The integral fringe orders were then determined from the 

photograph and by colour matching techniques [661. 

(3) The- isoclinics were projected and traced at 100 intervals. 

(4) A grid was drawn along sections of interest to obtain 

point-to-point data. 
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(5) The isoclinic parameter 0 was noted at each point of 

interest. 

(6) The fractional fringe order at each point of interest was 

determined by the Tardy method of compensation 1651. 

(7) The principal stresses were then determined using the Shear 

Difference Method [701. 

2.11 DATA ANALYSIS 

2.11.1 Separation of the Principal_ Stresses 

This was accomplished 

described in Section 2., 

along two sections of 

vertical (OY) axis. For 

axis is considered 

I nelination. 

by means of the Shear Difference method, as 

5.2. The principal stresses were separated 

the slice, the horizontal (01) axis and 

the purpose of this analysis, the borehole 

as the z-axis. regardless of the bole 

Referring to Figure 2.16, two lines A-A and B-B were drawn with a 

fine lead pencil 1.5 mm appart on either side of the horizontal line 

01. Similar lines, C-C and D-D, were drawn 1.5 mm apart on either 

side of the vertical line OY. OX and OY represented the lines along 

which the principal stresses were to be separated. Each set of lines 

were equally divided into eight divisions, 1.5 mm apart. As the 

radius of the simulated borehole was 3 mm, the radial depth of 
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Investigation was therfore four times the borehole radius. The 

Isoclinic parameter 0 was obtained directly from the slice viewed 

In a plane polariscope arrangement for each data point along lines 

A-A and B-B, and similarly along C-C and D-D. Having obtained the 

isoclinic parameters, the slice was then viewed in a circular 

polariscope arrangement and the fractional fringe orders were 

determined for each data point using the Tardy Method of 

compensation. 

The shear stress was then calculated at each data point by means of 

equation (2.6). The shear difference Av, e, was then calculated for 

each point, as indicated in equation (2.7). Commencing from point 0 

on the free boundary of the hole where cr r= 
0, Av 

rO 'Was summated from 

point to point along OX. This procedure was repeated along OY. Ile 

tangential stress cre. at each point was then calculated using 

equation (2.8). 

Having obtained the secondary principal stresses (r" and cr", as a r0 

function of radial distance, the principal stresses P and Q (cr() and 

of ) were then obtained from equation (2.9). The axial stress cr z was 

then calculated from elastic theory using equation (2.10). 

Tke above calculations were performed on an Apricot F1 

micro-computer using Supercalc 3. a commercially available 

spreadsheet package. 
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1 2.11.2 Presentation of Results 

The Isochromatics and isoclinics obtained from each slice are 

presented in diagrammatic form. Accordingly, a tracing of the fringe 

Pattern is presented in place of the photograph, as it was 

considered that a fringe diagram gave a clearer illustration of the 

fringe orders. The Isoclinics have been traced at 100 intervals. 

The values of the secondary principal stresses cr', " and -r" are r Ile re 

given in terms of the parameters of the isochromatics (N) . The 

principal stresses, however, are presented in stress units. To 

obtain values in terms of stress units, the Isochromatic parameter N 

for the principal stress were mutiplied by the conversion factor, 

which was obtained by dividing the material fringe value obtained 

from the calibration procedure (Section 2.9.3) by the thickness of 

the slice, i. e. F/t. A positive sign in the table denotes 

compression. The principal stresses measured from the horizontal and 

vertical sections are also presented graphically to allow a visual 

comparison of the results. 

2.12 RESULTS 

2.12.1 Vertical-Borehole 

The isochromatic and isoclinic fringe traces for the vertical 

ýborehole are illustrated in Figure 2-17. An examination of the 

-symmetrical fringe pattern produced indicated that correct loading 

had occurred. Ile maximum isochromatic parameter was observed at the 
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3.0 . 89 -2.0 3.0 -. 0776 3.63 4.52 

. 00 
3.5 . 61 -3.0 3.0 -. 0638 3.69 4.30 . 00 
4.0 . 55 -1.0 2.0 -. 0288 3.72 4.27 . 00 
4.5 . 39 -1.0 2.0 -. 0199 3.74 4.12 . 00 
5.0 , 25 1 

1: 0 
L 

_- 
. 0044 3.75 

1 4.00 * 00 

Table 2.4(a) 

Radial 
Dist. 

Fringe 
Number 

Isoclinic 
C-C 

Isoclinic 
D-D 

Mean Shear 
Differe nc . 

Min 2ad 
Principal 

Straße 

Mar 2,4 
Principal 

Str*$$ 

Shear 
Stress 

1.0 8.00 . 00 9.00 . 00 
1.5 3.60 -15.0 34.0 -2.5689 2.62 6.22 . 00 
2.0 1.95 -8.0 12.0 -. 6653 3.25 5.20 . 00 
2.5 1.30 -4.0 7.0 -. 2477 3.48 4.78 . 01 
3.0 . 92 -3.0 4.0 -. 1121 3.59 4.51 . 00 
3.5 . 60 -3.0 3.0 -. 0627 3.66 4.26 . 00 
4.0 . 55 -2.0 3.0 -. 0479 3.70 4.25 . 00 
4.5 . 40 -1.0 3.0 -. 0279 3.73 4.13 . 00 
5.0 . 25 2.0 -* 0087 

1 
3.74 

1 
3.99 , 00 

fable 2.4(b) 

Radial 
Distance 

r/o 

Radial 
Stress 

(kP&) 

Hoop 
Stress 

(kPa) 

Axial 
Stress 

(kPa) 

1.0 0 504 252 
1.5 147 369 257 
2.0 211 330 271 
2.5 224 296 260 
3.0 229 285 257 
3.5 233 271 252 
4.0 235 269 252 
4.5 236 260 248 
5.0 236 1 252 1 

244 

Radial 
Distance 

f/s. 

Radial 
Stress 

(kPa) 

Hoop 
Stress 

(kPa) 

Axial 
Stress 

(kPa) 

1.0 0 504 252 
1.5 165 392 279 
2.0 205 328 266 
2.5 219 301 260 
3.0 226 284 255 
3. S 230 268 249 
4. o 233 268 251 
4.5 235 260 249 
5.0 

1 
236 

1 
2SI 244 

Table 2.4(c) Table 2.4(d) 

Vertical Borehole 

Yable 2.4(a) Secondary PrincipaZ Stressee - Line OX 
(b) Secondary PrincipaZ Streaaes - Line OY 
(c) PrincipaZ Stressea - Line OX 
(d) PrincipaZ Stres8ee - Line OY 
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borehole wall and had a value of 7.5 fringe units. The isoclinics. 

iihich were traced in intervals of 100, were found to extend radially 

from the borehole. The thickness of the slice was measured and found 

to be 4.09 mm, thus the conversion factor WO was 63 kPa fr. 

Although the fringe isochromatics appeared symmetrical around the 

borehole, the seconAary principal stresses were separated along both 

the OX and OY axes to confirm that the desired horizontal loading 

had occurred. Accordingly, the Input parameters and the computed 

secondary principal stresses for lines OX and OY are displayed in 

Tables 2.4(a) and 2.4(b) respectively. No shear stresses were 

measured along either line as the slice was taken from a plane of 

principal stress. Therefore the secondary principal stresses 

measured were identical to the principal stresses. 

Ile principal stresses measured along line OX are presented in Table 

2.4(c) and In graphical form in Figure 2.18. The maximum hoop stress 

acting on the periphery of the borehole was found to be 504 kPa 

(2.02 cr app 
). This value decreased to 368 kPa (1.47 crapp) at r/a - 

1.5 before further decreasing to a value of around 252 kP& (1.01 

a APP 
) at the maximum radius of investigation. The radial stress 

Increased from zero at r/a =1 to 147 kPa (0.59 cr app) at r/a - 1.5 

before reaching a value of 236 kPa (0.95 cr app 
) at the maximum radius 

of investigation. Ile difference between the radial and hoop stress 

at-this radial distance was 16 kPa. The axial stress varied from 244 

M (0.98 crapp ) to 271 kPa (1-08 crapp ). 
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The principal stresses measured along line OY are given in Table 

2.4(d) and illustrated graphically in Figure 2.18. The maximum hoop 

stress acting on the periphery of the borehole was measured to 504 

IN (2.02 crapp ). This value decreased to 382 kPa (1.57 oapp) at r/a 

- 1.5 before reaching a value of about 251 kPa (1.0 (y app 
) at the 

maximum radius of investigation. Ile radial stress increased from 

zero at the periphery to 165 kPa (0.66 a app 
) at r/a, = 1.5 and 

reached a value of 236 kPa (0.95 (Yapp) at the maximum radius of 

Investigation. Ile difference between the radial and boop stress at 

this radial distance was 15 kPa. The axial stress varied from 244 

kp& (0.98 crapp) to 278 kPa (1.11 cr app 
) 

2.12.2 250-Borehole 

The isoclinics and isochromatics obtained from the 250 borehole 

slice are illustrated in Figure 2.19. The fringe orders at the 

periphery of the borehole were found to be 8 and 7 fringe units on 

the OX and OY axes respectively. The isoclinics were traced at 100 

Intervals. Two isotropic points were Identified (i. e. regions where 

the two principal stresses were equal), each on the horizontal axis 

on either side of the borehole at a radial distance of approximately 

4.5 radii. As the slice thickness was 4.23 mm, the conversion factor 

(F/t) was 61 kPa fr. 

The input parameters and the resulting secondary principal stress 

values for section lines OX and OY are given in Tables 2.5(a) and 

2.5(b) respectively. As the slice was not taken along a plane of 

principal stressr shear stresses were present along each section of 
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Radial 
Dist. 

Frinte 
Number 

Isoclinic 
A-A 

Isoclinic 
B-B 

Mean Shear 
Difference 

Via 2ad 
priscipal 
stress 

Kaz 2; 4 
prizal .1 
Stress 

Shear 
Stress 

1.0 8.00 . 00 8.00 . 00 
I. S 3.7S -26.0 14.0 -2.3S78 2.36 S. 99 -. 47 
2.0 2.2S -16.0 4.0 -. 7S27 3.11 S. 30 -. 2S 
2.5 1.36 -18.0 -2.0 -. 3S23 3.46 4.7S -. 22 
3.0 . 90 -20.0 -10.0 -. 13S3 3.60 4.39 -. 22 
3.5 AS -22.0 -19.0 -. 04S4 3.64 4.32 -. 26 
4.0 . 76 -26.0 -23.0 -. 0261 3.67 4.1ý9 -. 28 
4.5 . 70 -28.0 -2S. 0 -. 0220 3.69 4.20 -. 24 
S. 0 * so 1 -30.0 -28.0 -, 0092 3.70 1 CIS -, 11 

Table 2.5(a) 

Radial 
Dist. 

Frinle 
Number 

Isoclinic 
C-C 

Isoclinic 
D-D 

Me n Shear 
Ditference 

11 Nin 2ad 
pt incipal 

Stress 

Xaz 2ad 
Principal 

Stress 
Shear 
Stress 

1.0 7.00 . 00 7.00 . 00 
1.5 3.56 -6.0 45.0 -2.1501 2.15 5.67 . 28 
2.0 1.85 -4.0 28.0 -. 8956 3.05 4.98 . 13 
2.5 . 95 -1.0 20.0 -. 3219 3.37 4.30 . 10 
3.0 . 65 -1.0 18.0 -. 2024 3.57 4.21 . 06 
3.5 AS 2.0 16.0 -. 1035 3.67 4.12 . 04 
4.0 . 25 3.0 15.0 -. 0494 3.72 3.97 . 03 
4. S . 15 4.0 15.0 -. 0271 3.75 3.90 . 02 
S. 0 . 20 5.0 15.0 -* 0163 3.77 

1 
3.87 , 00 

Table 2.5(b) 

Radial 
Distance 

r/A 

Radi I 
Stre: s 

(kPa) 

Hoop 
Stress 

(kPa) 

Axial 
Stress 

(kPa) 

1.0 0 512 256 
1. S 140 387 264 
2.0 188 341 265 
2.5 209 306 258 
3.0 216 284 250 
3.5 217 282 249 
4.0 217 276 246 
4.5 219 275 247 
5.0 224 267 

1 
246 

Radial 
Distance 

r/a 

Radial 
Stress 

(kPa) 

Hoop 
Stress 

Ups) 

Axial 
Stress 

(kPa) 

1.0 0 448 224 
1.5 147 364 256 
2.0 197 313 25S 
2.5 219 276 248 
3.0 227 270 248 
3.5 228 264 246 
4.0 227 2S4 241 
4. S 230 249 240 
S. 0 23S 247 

1 
241 

Tabte 2.5(c) 

250 BorehoZe 

Table 2.5(d) 

rabZe 2.5(a) Secondary PrincipaZ Stres8ea - Line OX 
(b) Secondary PrincipaZ Stresaes - Line OY 
(c) PrincipaZ Streases - Line OX 
(d) PrincipaZ Streases - Line OY 
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interest and were found to be at a maximum in the region adjacent to 

the borehole periphery. The shear stresses measured along the 

korizontal OX line were tensile, while the shear stress values along 

the vertical OY line were found to be compressive. 

The principal stresses actint In the plane of the slice alOng line 

01 are presented In. Table 2.5(c) and illustrated In Figure 2.20. The 

hoop stress acting on the OX axis had a value of 512 kPa (2.05 cF app 
) 

at the borehole wall which decreased to 267 kPa (1.06 a app 
) at r1a - 

5, the maximum radius of investigation. Ile radial stress, which was 

zero at the periphery. increased rapidly to 224 kPa (0.9 cr app 
) at 

the maximum radius of Investigation. The axial stress was found to 

vary from 246 to 265 kPa (0.98 to 1.06 cr app 
). 

The principal stresses for line of interest OY are given in Table 

2.5(d) and in Figure 2.20. The hoop stress at the periphery was 

found to be 448 kPa (1.79 a app 
) vhich reduced to 247 kPa (0.99 vapp) 

at r/a - 5. Ile radial stress Increased from zero at the periphery 

to 235 kPa (0.94 (r app 
) at the maximum radius of investigation. The 

axial stress vas found to vary from 224 to 256 kPa (0.9 to 1.02 

Oapp) and vas at a maximum in the region adjacent to the periphery 

of the hole. 

2.12.3 450 Borehole 

The Isoclinics and isochromatics for the 450 slice are illustrated 

in Figure 2.21. It is seen that the maximum fringe orders obtained 

from the OX and OY axes were 9 and 8 units respectively. The 
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isoclinics vhich vere traced at 100 intervals, vere observed to 

converge at tvo Isotropic points an either side of the borehole on 

the 01 axis at a radial distance of about 5 radii. A slice 4.45 mm 

thick vas examined. therefore a conversion factor of 58 kP& fr vas 

used. 

The secondary principal stresses acting along axes OX and OY are 

displayed in Tables 2.6(a) and 2.7(b). Referring to Table 2.6(a), 

the shear stress values along the OX axis were found to be tensile 

and at a maximum value in the Immediate vicinity of the borehole, 

before tending towards zero as the radial distance Increased. The 

shear stresses acting on the OY axis were compressive, as Indicated 

In Table 2.6(b). Again, the shear stress was at a maximum close to 

the borehole periphery. 

The principal stresses acting on line 01 are presented in Table 

2.6(c) and graphically in Figure 2.22. The maximum hoop stress 

measured at the periphery vat found to be in the order of 552 kPa 

(2.21 oapp) . This value decreased to 392 kPa (1.57 a APP 
) at r/a - 

1.5 before reaching a value of 305 kPa (1.22 a app 
) at r/a - 5.110 

radial stress increased from zero to 233 kPa (0.93 crspp) at the 

maximum radius of Investigation. The difference between the radial 

and boop stress at that point was 72 kPa. The computed axial stress 

was found to have an average value of 270 kPa (1.08 cr&pp). 

The principal stresses calculated along line OY are displayed in 

Table 2.6(c) and also In Figure 2.22. In this case, the hoop stress 

at r/a -I was measured at 464 kPa (1-85 crapp) and was seen to 
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Radial 
Dist. 

FrInSe 
Number 

Isoclinic 
A-A 

Isoclinic 
B-B 

Me a Sbear 
Difference 

via lad 
prissipal 

stress 

Kax lad 
primelpel 

Stress 

Sbear 
Stress 

1.0 9.00 * 00 9.00 . 00 
I. S 4.25 -23.0 13.0 -2.5394 2 56 6.70 -. 48 
2.0 3.05 -8.0 4.0 -. 6326 3 : 19 6.23 -. 14 
2. S 2.13 -5.0 3.0 -. 2990 3.49 S. 64 -. 04 
3.0 1.8s -4.0 2.0 -. 1933 3.68 5.53 -. 03 
3.5 1.7S -3.0 2.0 -. 1525 3.84 5.59 -. 02 
4.0 IJ6 -3.0 1.0 -. 1098 3.9S 5.50 -. 03 
M 1.43 -2. o -. 0499 4.00 5.42 -. 02 
5.0 

1 
1.25 

11 -2.0 1 -1.0 1 -. 0218 
-I 

4.02 
I 

5.27 
I -. 02 

I 

Yable 2.6(a) 

Radial 
Dist. 

Fringe 
Number 

Isoclinic 
C-C 

Isoclinic 
D-D 

Mean Shear 
Difference 

"in 204 
P"a"Pal 

stress 

max 224 
lpt'a#'P aI 

Stress 

Shear 
Stress 

1.0 8.00 
. 

00 9.00 
. 
00 

1.5 3.83 -8.0 46.0 -2.4544 2.45 6.27 . 24 
2.0 2.04 -6.0 32.0 -1.1288 3.58 5.58 . 20 
2.5 1.36 2.0 26.0 -. 4884 4.07 5.39 . 17 
3.0 . 75 12.0 35.0 -. 1999 4.27 4.94 . 17 
3.5 . 40 14.0 47.0 -. 1056 4.38 4.69 . 12 
4.0 . 30 15.0 64.0 -. 0432 4.42 4.68 . 08 
4.5 . 20 13.0 60.0 -. 0278 4.4s 4.63 . 04 
5.0 

II . 03 
I 

69.0 
I 

65.0 
I 

-. 0024 
I 

4.45 
I 

4.50 
I . 01 

I 

Table 2.6(b) 

Radial 
Distance 

r/a 

Radial 
Stress 

(kpa) 

Hoop 
Stress 

(kpa) 

Axial 
Stress 

(kpa) 

1.0 0 522 261 
1. S 24S 392 269 
2.0 185 362 273 
2.5 202 327 265 
3.0 214 321 267 
3.5 223 324 273 
4.0 229 319 274 
4. S 232 31S 273 
3.0 233 305 269 

Radial 
Distance 

r/a 

Radial 
Stress 

We) 

Hoop 
Stress 

(kPa) 

Axial 
Stress 

(kPa) 

1.0 0 464 232 
I. S 141 365 253 
2.0 207 325 266 
2.5 235 314 274 
3.0 245 289 267 
3.5 2S1 275 263 
4.0 2S5 273 264 
4.3 253 269 263 
5.0 258 261 260 

Table 2.6(c) rable 2.6(d) 

450 Borehole 
fable 2.6(a) Seoondary PrinoipaZ Stresses - Line OX 

(b) Seoondary Prinoipat Stresses - Line OY 
(c) Prinoipal Stresses Line OX 
(d) Prinoipat Stresses Line OY 
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decrease to a value of 261 kPa (1 . 04 a app 
) at r/m. - 5. The radial 

stress increased from zero at the periphery to a maximum of 258 kPa 

(1.03 vapp) at r/a - 5.71a difference between the radial and hoop 

stress at that point was 3 kPa. The axial stress varied from 232 kPa 

(0.93 a App 
) at the peripbery to 274 kPa (1.1 cr app 

) at r/a - 2.5. 

2.12.4 600 Borehole. 

The isochromatics and isoclinics for the 600 borehole slice are 

displayed in Figure 2.23. The maximum isochromatic parameter 

observed at the periphery of the borehole on the OX and OY axes were 

6.5 and 5 fringe units respectively. Two Isotropic points were 

identified from a plot of the isoclinics. each on the OX axis at a 

radial distance of approximately 4 radii on either side of the 

borehole. Slice thic1ness was 3.04 sun, therefore F/t was 85 kPa fr. 

The input parameters and the computed secondary principal stresses 

along lines 01 and OY are displayed in Tables 2.7(a) and 2.7(b). In 

accordance with the test results obtained for the alternative 

borehole Inclinations, the shear stresses measured along line OX 

were found to be tensile, while the shear stress values measured 

along line OY were compressive. In each case the maximum shear 

stress value was found to occur in the immediate vicinity of the 

borehole. 

The principal stresses acting on the horizontal line 01 are given in 

Table 2.7(c) and in Figure 2.24. The boop streas acting on the 

PCriPhery of the borehole vas found to be 559 kPa (2.24 cr&pp ). Avay 
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Radial 
Dist. 

Fringe 
Number 

Isoclinic 
A-A 

Isoclinic 
B-B 

Me Shear 
Difference 

an 22d 
? 
'11,1: 

41pal 
Stress 

xal 2"d 

stress 

Shear 
Stress 

1.0 6.50 . 00 6.50 . 00 
1.5 3.12 -17.0 10.0 -1.4059 1.41 4.48 -. 27 
2.0 1.89 -11.0 7.0 -. 5826 1.99 3.97 -. 09 
2. S 1.42 -10.0 4.0 -. 3416 2.33 3.74 -. 08 
3.0 1.10 -7.0 3.0 -. 1905 2.52 3.62 -. 04 
3.5 . 95 -6.0 3.0 -. 1484 2.67 3.62 -. 03 
4.0 . 84 -3.0 2.0 -. 0732 2.74 3.58 -. 01 
4.5 . 81 -2.0 1.0 -. 0424 2.78 3.59 -. 01 
5-. 0 * so -2.0 1.0 -* 0419 

1 
2.83 

1 
3.63 

1 -. 01 

'Tablo 2.7(a) 

Radial 
Dist. 

Fringe 
Number 

Isoclinic 
C-C 

Isoclinic 
D-D 

Me an Shear 
Difference 

Nis lad 
Stress 

Nag 224 
? tla4lP&l 

Stress 

Shear 
Stress 

1.0 5.00 
. 

00 5.00 
. 

00 

1.5 2.59 -9.0 49.0 -1.6826 1.68 4.26 . 11 
2.0 1.25 -4.0 40.0 -. 7025 2.39 3.59 . 17 
2.5 . 86 5.0 32.0 -. 3118 2.70 3.52 . 12 
3.0 . 38 4.0 25.0 -. 1191 2.82 3.19 . 05 
3.5 . 20 2.0 20.0 -. 0608 2.89 3.07 . 02 
4.0 . 10 2.0 12.0 -. 0168 2.89 2.99 . 01 
4.5 . 10 3.0 12.0 -. 0151 2.91 3.01 . 00 
5.0 

U--- . 01 
II 

4.0 
I 

9.0 
I 

-. 0008 2.91 
I 

2.92 
I . 00 

I 
Table 2.7(b) 

Radial 
Distance 

r/a 

Radial 
Stress 

(kPa) 

Boop 
Stress 

We) 

Axial 
Stress 

(M) 

1.0 0 559 279 
1.5 119 397 253 
2.0 171 333 252 
2.5 200 322 261 
3.0 217 311 264 
3.5 229 311 270 
4.0 236 308 272 
4.5 239 309 274 
5.0 243 312 277 

Radial 
Distance 

r/A 

Radial 
Stress 

(kP&) 

Hoop 
Stress 

(kPa) 

Axial 
Stress 

(kP&) 

1.0 0 430 215 
1.5 244 367 256 
2.0 203 311 257 
2.5 230 304 267 
3.0 242 274 259 
3.5 247 264 256 
4.0 249 257 253 
4.5 250 259 254 
5.0 250 251 251 

Table 2.7(c) fable 2.7(d) 

600 Borehole 
Table 2.7(a) Secondary Principal Stresses - Line OX 

(b) Secondary Principal Stresses - Line OY 
(c) Principal Stresses - Line OX 
(d) PrincipaZ Stresses - Line OY 
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from the effect of the borehole, this value decreased and leveled 

off at around 311 kPs, (1.24 crapp). The radial stress increased from 

zero at the borehole wall to a maximum of 243 kPa. (0.97 crapp) at r/s. 

- S. The axial stress was found to remain relatively constant at a 

value of about 270 kPa (1 '08 (rapp) - 

The principal strespes for line OY are displayed in Table 2.7(d) and 

also In Figure 2.24. The hoop stress decreased from a maximum value 

of 430 kPa, (1.72 crapp) at the wall of the borehole to 367 kPa. (1.45 

'app ) at r/a, = 1.5 and reached a minimum value of 251 kPa, (1.0 v app) 

at r/a. - 5. The radial stress increased from zero at the borehole 

periphery to a value of 144 kPa, (0.57 aapp) at r/a, 1.5 before 

reaching a maximum value of 250 kPa, (1-0 crapp) at r/a 5. The axial 

stress varied from 215 kPa. (0.86 cr app) at the hole periphery to a 

maximum value of around 267 kPa (1.07 cr app) . 

2.12.5 Horizontal Borehole 

The Isoclinics and isochromatics obtained from the 900 borehole 

slice are illustrated in Figure 2.25. The maximum isochromatic 

parameter identified at the hole periphery on lines OX and OY were 7 

and 4 fringe units respectively. In common with the inclined holes, 

two Isotropic points were Identified after a plot of the isoclinics. 

Each isotropic point occurred on either side of the borehole on the 

OX axis at a radial distance of about 3 radii. As a slice 3.44 mm 

thick was examined, the conversion factor was 75 kPa fr. 
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Radial 
Dist. 

Fringe 
Number 

Isoclinic 
A-A 

Isoclinic 
B-B 

Mean Shear 
Difference 

Via 2nd 
priscipul 

Stress 

VAK 2 
prisci; 

d 

Stress 
at 

Shear 
Stress 

1.0 7.00 
. 00 7.00 . 00 

1.5 3.58 -10.0 18.0 -1.6644 1.66 5.24 . 01 
2.0 2.12 -9.0 13.0 -. 7922 2.46 4.58 . 01 
2.5 1.56 -8.0 11.0 -. 5072 2.96 4.52 . 00 
3.0 1.12 -7.0 9.0 -. 2898 3.25 4.37 . 00 
3.5 1.02 -3.0 3.0 -. 1066 3.36 4.38 . 00 
4.0 . 91 -3.0 3.0 -. 0951 3.46 4.37 . 00 
4.5 AS -2.0 2.0 -. OS93 3.51 4.36 . 00 
5.0 . 73 1.0 -. 0127 3.53 4.26 . 00 

Table 2.8(a) 

Radial 
Dist 

Fringe 
Number 

rsocunic 
C-C 

isoclinic 
D-D 

me n shear 
DiNerence p 

Nis 2od 
riscipal 
Stress 

Nax 2ad 
piriscipal 
Stress 

Shear 
Stress 

1.0 4.00 . 00 4.00 . 00 
1.5 1.89 -15.0 46.0 -1.4169 1.42 3.31 . 01 
2.0 . 98 -10.0 32.0 -. 6080 2.02 3.00 . 01 
2.5 . 42 -9.0 12.0 -. 1433 2.17 2.59 -. 01 
3.0 . 21 -7.0 10.0 -. 0613 2.23 2.44 . 00 
3.5 . 15 -6.0 5.0 -. 0286 2.26 2.41 . 00 
4.0 . 10 -6.0 3.0 -. 0156 2.27 2.37 . 00 
4.5 . 08 -4.0 2.0 -. 0084 2.28 2.36 . 00 
5.0 01 

1 -4.0 1 
2.0 

1 -. 0010 
1 

2.28 
1 2.29 00 

Table 2.8(b) 

Radial 
Distance 

r/a 

Radi I 
Stre: s 

(kPa) 

Hoop 
Stress 

(kPa) 

Axial 
Stress 

(kPa) 

1.0 0 602 301 
1.5 126 399 263 
2.0 187 348 267 
2.5 225 344 285 
3.0 247 332 290 
3.5 255 333 294 
4.0 263 332 297 
4.5 267 332 299 
5.0 268 324 296 

Radial 
Distance 

r/a 

Radial 
Stress 

(kP&) 

Hoop 
Stress 

(kPa) 

Axial 
Stress 

(kPa) 

1.0 0 304 152 
1.5 108 251 ISO 
2.0 154 228 191 
2.5 165 197 181 
3.0 169 ISS 177 
3.5 172 183 177 
4.0 173 ISO 177 
4.5 173 180 176 
5.0 174 174 174 

Table 2.8(c) Table 2.8(d) 

Horizontal Borehole 

Table 2.8(a) Secondary Principal Stressea - Line OX 
(b) Secondary PrincipaZ Stre88eo - Line OY 
(c) Principal Stre88e8 Line OX 
(d) Principal Stree8ee Line OY 
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The Input parameters and the secondary principal stresses calculated 

along lines OX and OY are displayed in Tables 2.8(a) and 2.8(b) 

respectively. As the slice vas taken from a plane of principal 

stress, no shear stresses vere measured along each of the lines of 

interest. The principal stresses acting in the plane of the slice 

vere therefore identical to the measured secondary principal 

stresses. I 

Ile principal stresses acting along line OX are presented in tabular 

form In Table 2.8(c) and graphically in Figure 2.26. It can be seen 

that the hoop stress measured at the borehole wall was 602 kPa (2.41 

Cr App 
). This value decreased to 399 kPa (1.35 crapp) at r/a - 1.5 

before reaching a minimum value of 324 kPa (1.3 cr app) at the maximum 

radius of investigation. The radial stress increased from zero at 

the hole periphery to 126 kPa (0.5 oapp) at r/a - 1.5 and reached a 

maximum value of 268 kPa (1.07 cr app 
) at the r/a - 5. The calculated 

axial stress varied from 263 to 301 kPa (1.05 to 1.2 cr app 
). 

The principal stresses measured along line OY are given In Table 

2.8(d) and in Figure 2.26. In this case, the maximum hoop stress 

measured at the hole periphery and at r1a -5 was 304 kPa (1.22 

Cr. p. 
) and 174 kPa (0.7 crapp) respectively. The radial stress 

increased from zero at the boundary of the borehole to a value of 

174 kPa (0.7 vapp) at r/a =5. The axial stress varied from 152 kPa 

(0.61 a app 
) at the hole periphery to 191 kPa (0.76 crapp) at r/a - 2. 
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2.13 CONSIDERATIONS OF ACCMCY 

The accuracy of the results obtained depended on several factors, 

the foremost of which was the accuracy of loading. As the loading 

was applied by means of separate air-bags, each acting on one face 

of the model, it was Important to confirm that the air-bags remained 

air tight and provided the desired load. The circular fringe 

distribution obtained for the vertical borehole confirmed that the 

horizontal loading was correctly applied while an examination of the 

symmetrical fringe pattern produced by the horizontal borehole gave 

an Indication the desired vertical pressure had been Provided. The 

poor results obtained from the horizontal hole, however, suggests 

that it may have been positioned too near the side of the model. 

Another factor was the degree of flatness of the model faces. This 

was dependant on the accuracy of machining. Accordingly, the 

flatness, squareness and general surface finish of the model was 

checked prior to loading and found to be satisfactory. 

The third factor influencing the accuracy of the results was the 

determination of the isoclinic parameter 0. This could only be 

determined to an accuracy of about 20. The transition between the 

isoclinic parameters was not always clearly defined as the 

Isoclinics tended to occur as bands rather than as sharply defined 

lines. This was especially true for the isoclinics measured as the 

radius of investigation increased. lie isoclinic parameters were 

double-checked to attain the best accuracy possible, nevertheless, 

the determination of 0 represented an inherent source of error. 
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Measurement of the fractional f ringe order however, did not 

constitute a problem. The Tardy method of compensation has a 

potential accuracy of 0.01 of a fringe. and an estimated practical 

accuracy of 0.05 of a fringe order (corresponding to an analyser 

rotation of 90). Any errors resulting from the measurement of the 

fractional fringe orders was therefore small and not considered to 

be significant. 

The fourth factor was a consideration of the direct applicability of 

the results of the calibration. As the calibration specimens were 

prepared from the same cast as the material used for the model and 

the calibration constant gave the correct order of magnitude of the 

stresses, this factor was not considered to have caused any 

significant errors in the conversion calculations from terms of 

isochromatic parameters to stress units. 

Finally, the accuracy of the axial stress derived from elastic 

theory may be questionable. To calculate this value from the values 

of cyr and cre a Poisson's ratio of 0.5 was assumed, ' however, 

Poissonss ratio for the batch of Araldite CT200 used was measured 

and consequently this may be a source of error. 

2.14 CONCLUSIONS 

I 

The results of the photoclastic analysis have revealed several 

characteristics in the stress distribution around both vertical and 

inclined borcholes. 
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For the cast of the vertical borehole, the tangential stress was 

found to be constant at all points around the periphery of the hole 

and had a value of twice the horizontal in-situ stress. This was in 

accordance with elastic theory. 

The effect of inclining the borehole was to decrease the tangential 

stress acting on 'roof' of the hole (i. e. the OY axis) and to 

Increase the tangential stress acting at the 'side' of the borehole 

(i. e. the OX axis). This effect was more apparent with the higher 

angle holes. This leads to the conclusion that, under normal in-situ 

stress conditions, the 'roof' of an inclined borehole is more likely 

to fall in tension while the 'side' of the hole is more likely to 

fall in compression. 

Although the effect of mud weight was not considered in this Initial 

analysis due to difficulties in applying wellbore pressure within 

the loading frame, the investigation has proved beneficial as it has 

experimentally demonstrated the varying state of stress around 

inclined boreholes and has identified regions of maximum potential 

Instability. 

As regards the choice of Araldite CT200 for the model material, it 

may be concluded that it is an ideal material for photoelastic 

analysis, but care must be taken during machining operations to 

avoid the production of undesirable thermal stresses. 
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The Inclusion of the 250 and 600 borehole in the photoelastic model 
I did not affect the stress concentrations around the other boreholes 

and provided extra data on the induced state of stress around 

Inclined boreholes 

The loading frame employed in the stress freezing experiment 

provided an effective and efficient method of applying pressure to 

the model in three-d imens ions. As the loading frame has the 

capability to apply polyaxial loading. i. e. Crl 4 CF2 * Cyl I It has the 

potential to be used in future examinations to simulate tectonic 

conditions. 

The application of computer analysis to separate the secondary 

principal stresses using the shear difference method eliminated the 

tedious, repetitive calculations as reported in the literature. It 

can therefore be concluded that the frozen stress technique, when 

used In conjunction with the shear difference method, provides a 

useful approach to the analysis of three-dimensional stress analysis 

of inclined boreholes. 
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CHAPTER THEIR 

TER DETRENINATION OF BOCK MECHANICAL PROPERTIES 

AM THE APPLITCAYION OF THE BETNELL HARDNESS TESY To RoCir 



3.1 IMODUCTION 

In rock mechanical stress analysis, the logical progression from a 

physical modelling technique is to extend the investigation to 

analytical methods. Such a mathematical analysis would allow the 

Inclusion of failure criteria and enable the prediction of wellbore 

failure in compression. The opportunity to simulate mud weight and 

the facility to alter variables such as hole angle and in-situ 

stress conditions would also be possible, if the necessary equations 

were available. Before conducting such an analysis, however, an 

extensive laboratory rock testing programme would be required to 

provide input parameters as such equations would necessarily be 

empirical. 

The intention of this chapter was threefold: - to investigate the 

validity of the Brinell hardness test applied to rocks, to establish 

if a relationship exists between Brinell hardness and the mechanical 

properties of rocks and to provide failure criteria and physical 

property data for the analytical borehole stability analysis 

developed in Chapter 4. 

3.2 THE APPLICATION OF THE BRINELL RM NESS TEST TO ROCK 

3.2.1 Concept of a Hardness Test 

The hardness of a mineral is directly related to its chemistry and 

atomic structure, and reflects to some extent the PhYsical and 
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mechanical properties of the mineral. Hardness is a quality which is 

readily appreciated but not easily described quantitatively. Various 

tests have been developed to assess hardness, most of which measure 

the resistance of the material to scratching or indentation. 

In 1824, Mohs proposed a scale of hardness employing a standard set 

of ten minerals to Vhich relative hardness numbers were allocated 

1821. The hardness of a test object is assessed by observing whether 

or not it is scratched by one of the mineral standards. Scratch 

hardness may be a useful tool for a quick but rough assessment and 

has the advantage that no instrumentation is required: however, it 

leaves much to be desired as a basis for quantitive measurement and 

is rarely used in engineering. 

The Instrumentation used in determining rock hardness has been 

developed from indentation techniques for measuring hardness in 

metals, minerals and other materials that are assumed to be 

homogeneous. Hardness Is expressed in arbitrary units depending on 

the design and application of the measuring instrument. The NCB Cone 

Indenter 1831 has been used in the field of rock mechanics to give 

an Indication of rock hardness. Correlations of compressive strength 

and, hardness of Coal Measure rocks has been performed by Szlavin 

(841 who related uniaxial compressive strength with cone indenter 

hardness. Investigations into the experimental criteria for 

classification of rock substances conducted by Coates [851 suggested 

the possibilty of using some emPirical test, such as a hardness or 

rebound test, to estimate rock strength. Accordingly, Van der Ylis 

(351, applied the Brinell hardness test, well known in mechanical 
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engineering [861, to rock samples and showed that it could be used 

as a practical criterion for rock classification. He vent on to 

suggest the existence of an empirical relationship between the 

Brinell hardness number and the elastic moduli of rock. Ball-point 

penetrometer tests on rock, previously applied by Huitt and 

XcGlothlin [871 in studies of the deformations occurring during the 

propping of hydraulic fractures, also point to hardness as a useful 

indicator to rock properties. As reviewed in the opening chapter, 

Geertsma [341 proposed that the Brinell hardess test may also be 

used to assess particle-influx risk. 

Ile determination of rock hardness is therefore an important concept 

In rock mechanics. Brinell hardness, however, is not a fundamental 

property of a material, it has no qualitative value except in terms 

of a specified load applied in conjunction with a specific diameter 

of ball indenter. 

3.2.2 Test-7leory 

The Brinell Hardness of a rock may be measured in the same way as 

that of metals, namely subjecting a sample of the material to a 

predetermined load via a spherical steel indenter and measuring the 

diameter or depth of the resulting indentation. The Brinell Hardness 

Number (BHN) is defined as the ratio L/A. where L is the applied 

loa'd In kilogrammes and A is the spherical surface area of the 

Indentation in square millimetres. This ratio is constant for a 

Siven material only when the applied load and indenter diameter are 

consiant. 

- 153 - 



Referring to Figure 3.1, the spherical surface area is determined by 

either measuring the diameter or the depth of the indentation. Ile 

brinell hardness number may then be calculated from the following 

relationships : 

L 
BEN = 

7rD. (D 
-ý 

-Dz-d2 
2 

or L 
BHN 

uDh 

There BHN = Brinell Hardness Number 

L= Applied Load 

D= Diameter of Ball Indentater 

d= Diameter of Indentation 

h= Depth of Indentation 

.... .... (3.1) 

(3.2) 

(ks/mm") 

(kg) 

(mm) 

(mm) 

(mm) 

3.2.3 Development of Brinell Test Apparatus and Procedures 

To apply the Brinell hardness test to rock, lower loads than would 

be used for testing metal are required while the diameter of the 

ball Indenter is also generally smaller. Accordingly, the use of a 

, standard Brinell tester would not be suitable for testing small 

samples of rock. As a standard Brinell tester was not available for 

modifications it was therefore necessary to either design or modify 

existing departmental equipment for use as a Brinell tester. Two 

jtCms of equipment appeared suitable for modification: these being 

an NCB cone indenter which was modified for use as a portable 
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yigure 3.1 : Retationship Between Depth and Diameter 
of an Indentation [871 
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Figure 3.2 : NCB Cone Indenter [831 
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tester, and an oedometer which was adapted for use as a laboratory 

tester. The necessary modifications to these instruments and the 

test procedures developed are given below. 

3.2.3.1 Modified-NCB Cone Indenter 

The Instrument in Ats original form measures the penetration of a 

tungsten carbide tipped cone into a rock fragment under a constant 

force. The applied load is measured by the deflection of a 

calibrated steel strip clamped within a steel frame (Figure 3.2) . 

The penetration of the cone Into the sample is measured and used to 

give a 'cone indenter number' which is related to the compressive 

strength of the rock under test. 

The modification consisted of replacing the conical indenter by a 

5.5 mm diameter hardened steel ball. Due to use of an alternative 

shape of indenter, it was necessary to recalibrate the instrument. 

This was accomplished by the application of a series of weights to 

the steel strip via the ball indenter and noting the respective 

deflections indicated by the dial gauge reading. A thin metal 

platten was placed between the indenter and the steel strip to 

simulate the 'bridging' of a rock sample. The calibration rig is 

shown in Figure 3.3. The rotating vernier gauge on the standard 

instrument was scaled in divisions of 0.025 mm. To provide greater 

accuracy in reading indentation depths, these divisions were further 

divided to produce divisions of 0.005 mm. 
j 
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The unit was calibrated with respect to applied load in stages of 2 

IS up to a maximum of 40 kg, the weights applied carefully to reduce 

the effect of shock loading. The results are presented graphically 

In Figure 3.4. It can be seen form the graph that the the measured 

deflection of the steel strip was not linear, the higher load 

producing a lower rate of change of deflection. 11is was considered 

to be due to the steel strip offering a greater resistance to 

bending at elevated loads. Slight hysteresis was also found to be 

present at higher loads. 

3.2.3.2 Test Procedure 

Based on experience gained with the instrument, the following test 

procedure was established. Sample preparation was minimal with the 

cut-off sections of the core plugs being used for testing. The only 

preparation required was to smooth the faces of rock disk with emery 

paper. It was found that confining the rock disk with a plastic 

cable tic prevented premature tensile failure when used in 

conjunction with a thin metal platten, the platten being placed 

between the sample and the steel strip. Accordingly, this technique 

was adopted throughout each test. To reduce the effect of surface 

irregularities, the hardness was determined from the difference in 

penetration between two load levels. The test procedure was as 

follows: 

:, (1) The sample and platten were inserted into the device and 

the ball indenter brought into contact by rotation of the 

The dial gauge was zeroed at this point. vernier. 
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(2) The vernier was then slowly and evenly rotated until a 

reading of 1.28 mm (DI) was indicated on the dial gauge. 

This corresponded to a load of 10 kg. The vernier reading 

(Ml) was noted. 

(3) The vernier was gently rotated further until a reading of 

2.20 mm 02) was indicated on the dial gauge. This 

corresponded to a load of 30 kg. The vernier reading was 

again noted (Ms) 

(4) The depth of the resulting indentation was obtained from 

the following relationship: 

Depth = (Ma - Mi) - (Dz - Di) .... o .. (3.3) 

Two further tests were generally performed on each sample, taking 

care not to place the indenter on the same spot twice. The average 

Indentation depth was then obtained. The Brinell Hardness Number was 

then calculated from equation (3.2), with L- 20 kg and D-5.5 mm. 

3.2.3.3 Modified Oedometer 

An oedometer is an device which is normally used to measure the 

consolidation of clay or soils over a period of time. The 

modification to this piece of apparatus consisted of replacing the 

existing loading arm with an alternative arm incorporating a 

threaded socket into which a steel ball indenter and holder was 
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fitted. Three holders incorporating respective ball diameters of 

1.59 mm, 3.17 mm and 5.5 mm were made. The modified apparatus Is 

Illustrated in Figure 3.5. The standard oedometer dial gauge was 

replaced by a more accurate gauge reading to 0.002 mm. The loading 

beam of the oedometer increased the applied load to the sample by a 

factor of 10: 1 (i. e. a weight of 1 kg applied on the pan was 

equivalent to 10 kg. applied to the sample via the loading arm. ) 

3.2.3.4 Test Procedure 

The Brinell hardness tests performed using the modified oedometer 

were conducted on one inch core plugs which had been prepared for 

mechanical property testing. 

The prepared sample was confined with a plastic cable-tic to reduce 

the possibility of failure during the test. The sample was placed on 

the oedometer load plate and the ball indenter rested on the core 

surface. Care was required to ensure that the loading arm, core 

sample and dial gauge were in-line with respect to each other. A 

retaining load of 1 ks (10 kg, 
pp, i. e. corresponding to an applied 

sample load of 10 kg) was placed on the pan and the dial gauge set 

to zero. This served to reduce the effect of surface irregularities. 

A 0.5 ks weight (5 k9app) was then added to the pan and the dial 

SsuSe reading taken. The load was increased in increments of 0.5 kg 

(5 ksapp) up to a maximum of 4 kg (40 kg, 
pp) and the indentation was 

read after each incremental Increase in load. 
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In most cases, the penetration of the ball indenter under load into 

the core samples was not instantaneous. To minimise this source of 

error, several dial readings were recorded after a load was applied, 

and when it appeared the reading was constant, that reading was 

taken as the f inal depth of indentation. 

Each sample was sulijected to three indentation tests. The place at 

which the ball indenter rested was chosen at random; however, no 

tests were conducted at or near the edge of the core sample as this 

could result in sample failure. Af ter each test the point of 

penetration was marked and no subsequent test was made in or 

adjacent to the marked point. 

A "correction-factor' test was then conducted to determine the 

deflection inherent in the apparatus without embedment for various 

loads. In this test, the ball indenter and holder were removed and 

substituted by an empty holder. The holder was then brought into 

contact with the load plate and the dial gauge set to zero. The 

deflection of the apparatus was then determined under the same 

compressive loads as for the Brinell test. This deflection was then 

subtracted from the total deflection obtained from the Brinell test 

to'obtain the true depth to which the ball-point bad penetrated the 

core sample. No correction was made for strain in the core sample as 

this was considered to be negligible. 

The I DUN for each load increment was calculated from equation (3.2), 

the average value obtained for each of the indentation tests was 

again averaged and was designated the Brinell hardness of the rock. 
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3.2.4 Comparison of Typical Results Obtained from each Instrument 

A series of tests were performed on similar rock types to compare 

the hardness values obtained from the above apparatus. Two types of 

rock were tested: a red, coarse grained sandstone and a white, fine 

Srained sandstone, Three samples of each rock type were tested on 

each Instrument, three tests being performed on each sample. Both 

Instruments were fitted with a 5.5 mm ball indenter. 

3.2.4.1 Results Using Modified Cone Indenter 

Red Sandstone : The. test results for the three red sandstone samples 

are presented in Table 3.1. The average Brinell hardness number for 

this rock type was found to be 21.5. 

White Sandstone : The Brinell hardness test results for this rock 

type are given in Table 3.2. From this table, it can be seen that 

the average Brinell hardness number using the modified cone indenter 

vas 59.3. 

3.2.4.2 Results Using Modified Oedometer 

Red Sandstone : The results for the red sandstone are presented in 

Table 3.3. The average Brinell hardness number for this rock was 

measured to be 23.9. 
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D2 DI X2 Mi Depth BKN 
(mm) (=a) (Run) (mm) (MM) 

Test 11 2.20 1.28 3.174 2.205 . 049 23.62 
Test #2 2.20 1.28 3.410 2.43S OSS 21.05 
Test 03 

1 
2.20 1.28 3.3 98 2.420 OSS 19.96 

Test #4 2.20 1.28 3.279 2.30S 053 21.84 
Test #S 2.20 1.28 3.325 2.355 : 050 23.1S 
Test 16 2.20 1.29 3.37S 2.400 OS5 21.05 

Test #7 2.20 1.28 3. S3S 2.565 . 050 23.15 
Test #8 2.20 1.28 3.315 2.335 . 060 19.29 
Test #9 1 2.20 1 1.28 1 3.311 1 2.335 . 056 20.67 

Red Sandstone : Average Brinell Hardness Number - 21.50 

, -able 3.1 : Brinell Hardnesa Results for Red Sandatone 
Uaing a Modified NCB Cone Indenter 

D2 D1 M2 Mi Depth BHN 

Test #1 2.20 1.28 3.395 2.455 . 020 57.87 
Test #2 2.20 1.28 3.484 2.545 . 019 60.92 
Test #3 2.20 1.28 3.490 2.550 . 020 57.87 

Test #4 2.20 1.28 3.165 2.225 . 020 57.87 
Test #5 2.20 1.28 3.293 2.355 . 018 64.31 
Test #6 2.20 1.28 3.439 2.500 . 019 60.92 

Test #7 2.20 1.28 3.093 2.154 . 019 60.92 
Test #8 2.20 1.28 3.136 2.195 . 021 55.12 
Test 09 2.20 1.28 3.165 2.225 - 020 S7.87 

Tbite Sandstone AveraSe Brinell Hardness Number 59. 

fable 3.2 : BrineZI Hardness ResuZta for White Sandstone 
Using a Modified NCB Cone Zndenter 
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Load Depth of Indentation (sun) DEN 
\ 

(kg) Test 1 Test 2 Test 3 
5 

. 007 . 009 . 013 30.70 V4 20 . 029 . 035 . 025 19.41 
15 . 043 . 043 . 038 21.09 
20 . 050 . 052 . 045 23.69 
25 . 058 . 061 . 056 24.83 
30 . 069 . 072 . 075 24.07 

5 . 008 . 010 . 011 29.94 
10 . 030 . 029 . 027 20.19 
15 . 041 . 043 . 040 21.00 
20 . 049 . 052 . 048 23.32 
25 . 057 . 062 . 056 24.81 

60 30 . 070 . 073 . 074 24.00 

5 . 009 . 010 . 012 28.00 
W* 10 . 028 . 031 . 023 21; 17 

15 . 042 . 044 . 038 21.09 
20 . 052 . 053 . 045 23.15 
25 . 060 . 060 . 057 24.52 
30 . 071 - 072 1 . 069 24.55 

AveraSe Brinell Hardness Number 23.86 

rabte 3.3 : BrineZZ Hardness ReauZts for Red Sandstone 
Using a Modified Oedometer 

Load Deptb of Indentation (mm) BHN 
(ks) Test I Test 2 Test 3 

5 
. 004 . 004 . 004 71.64 

"k 10 
. 009 . 009 . 009 62.69 

15 . 013 . 013 . 013 68.39 
20 . 019 . 017 . 017 65.41 
25 . 021 . 020 . 020 71.64 
30 . 032 . 024 . 025 63.57 

5 . 005 . 004 . 005 62.01 
10 . 010 . 010 . 009 59.87 
15 . 014 . 014 . 013 63.52 
20 . 019 . 019 . 019 62.01 
25 . 023 . 022 . 022 64.78 
30 . 027 . 026 . 025 66.78 

5 004 . 004 . 004 72.34 
10 

: 
009 . 008 . 010 64.31 

is . 013 . 014 . 014 63.52 
20 . 019 . 018 . 019 62.01 
25 . 023 . 023 . 024 62.01 
30 

1 . 023 
1 

027 
1 . 029 62.7 

Average Brinell Hardness Number 64.96 

yabte 3.4 : Brinetl Hardness Results for White Sandstone 
Using a Modified Oedometer 
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White Sandstone : The results for the white sandstone are given in 

Table 3.4 where an average Brinell hardness number of 65 was 

Indicated. 

3.2.4.3 Discussion of Results and Conclusions 

From the results presented above, and from numerous unpublished 

tests, it was apparent that the modified cone indenter provided a 

lower Brinell hardness number than the modified oedometer, I. e. for 

the same sample and applied load, the penetration depth measured by 

the modified cone indenter was greater than the oedometer. The size 

of sample used in the modified cone indenter could be a contributory 

factor as a small rock 'disk' as used in this test would generally 

be weaker than a larger sample and therefore be more susceptible to 

Indentation. The main source of error, however, was considered to 

be In the reading of the vernier gauge. In the standard form, the 

vernier read to 0.025 mm. The addition of a secondary scale provided 

an accuracy of 0.005 mm; however, reading to a greater accuracy 

required visual estimation. Accordingly, the modified cone indenter 

required a degree of operator experience to obtain satisfactory 

results. This effect was more apparent with harder samples where the 

measurement of penetration depth was more critical. 

A source of error with the modified oedometer test was In the 

application of additional weights to the pan. If care was not taken 

during this operation, the ball indenter could be 'shock loaded' 

which would have the effect of prematurely increasing the depth of 

Indentation and would therefore provide unrealistic results. 
I-I 
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From the above results, it can be concluded that the mod if Led 

oedometer provided more repeatable results than the modified cone 

Indenter. In general, however, the repeatability of the test 

measurements depended on the homogeneity of the sample which was 

tested. Figure 3.6 illustrates a set of typical modified oedometer 

test results for both the white and red sandstone samples. It can be 

seen that test repeatability was superior with the fine grained 

white sandstone than with the coarser grained red sandstone. 

Although the modified oedometer provides more repeatable results, 

the modified cone indenter is nevertheless a useful instrument for 

determining Brinell hardness as it is portable and easy to use, the 

test samples need little preparation and the results are comparable 

with the modified oedometer. 

3.3 DETERMINATION OF MECHANICAL PROPERTIES 

3.3.1 Introduction 

Sandstone core samples from two North Sea wells were available for 

analysis, these being from sectors 47/14 and 11/30 respectively. 

Accordingly, the following tests were conducted :- 

Density 

P-Wave VCIOcitY 

., (c) Multi-Failure-State Triaxial tests On strain gauged 

. samples, giving a Mohr's envelope, static Youngos modulus 
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and Poisson's Ratio at a range of effective confining 

stress values. 

(d) Brinell Hardness 

3.3.2 Sample Preparation 

The mechanical property tests described in this section were 

performed using one inch diameter plugs which were obtained from the 

Industry standard 4 inch diameter core. During the laboratory coring 

operations water was used as a lubricant for sandstone samples while 

an air-flush was used for the shale samples. The ends of the core 

plugs were trimmed with a diamond saw mounted on a surface grinder 

before being ground smooth on a lapping machine. A specimen length 

to diameter ratio of 2.5: 1 was used throughout while the tolerances 

recommended by Hawkes and Mellor (881 and by the International 

Society of Rock Mechanics [891 were closely adhered to (Table 3.5). 

The controls on specimen geometry were intended to ensure that under 

the action of the testing machine, a predictable, uniform stress was 

induced in the central section of the specimen, remote from the end 

effects at the plattens. 

3.3.3 Density 

Rock density was determined from measurements of test specimen 

volume and weight. The length and diameter of the cylindrical 

specimens were measured using a digital vernier gauge reading to 

0.01 mm, enabling their volume to be determined. Ile specimens, air 

dried for 7 days after trimming, were also weighed on a precision 
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balance reading to 0.001 S. Specimen density was then determined by 

dividing weight by volume. 

3.3.4 P-Tave Velocity 

P-Tave velocity was determined from the time taken for P-wave 

transmission through the specimen. The equipment shown schematically 

In FiSure 3.7 was utilised 1901, the transmission time being 

Interpreted from the oscilloscope trace shift of the received P-wave 

caused by introducing the specimen between the transmitting and 

receiving transducers. 

3.3.5 Multi-Failure-State Triaxial Tests (Specimen Strain Gauged) 

Ilese tests were conducted using a standard Hoek Triaxial Cell rated 

to loooo psi (69000 kPa), confining pressure being developed with a 

hand pump and the axial load being developed by a servo-controlled 

hydraulic testing machine. 

Each specimen was strain gauged with diametrically opposed pairs of 

active vertical and horizontal strain gauges. External dulmmy gauges 

on a sandstone core were used to comPlete the the bridges, strain 

being read on digital meters via strain gauge amplifiers. 

Connections to the active gauges were made with strips of brass 

rather than insulated leads as normally used. Ilis system worked 

well and overcame some of the difficulties experienced with 

premature lead failure, enabling strains to be monitored in some 

cases up to 6500 psi (45000 kPa). 
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Parameter Specification or Tolerance 
"MASS W4 IWIlor International Society of 

Rock rochanics 

LengthIDIxester 
ratio 2.0 4 I/d 'C 4 
9/d 

flatness of flat to within flat to within 0.02 Set 
WWS 0.002S me to 

0.012S ma depending 
on strength and 
modulus of rock 

Perallolneas to within - 
of ends 0.001 x dl Sam ter 

Squerenoos to within 0.001 to within 0.001 radians 
of ends radians 

Generator* of stralght to straight to within 0.3 sm, 
ClyndrJcal within 0.02S Set 

Surfaces 

Diameter should not very Specimen should be Smooth 
by more than and free from Irregularities 
* 0.02S an over 
Tength of Specimen 

Yabte 3.5 : Becommendationa for Specimen Geometry [88,891 
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Figure 3.7 : Schematic Diagram of Equipment Used to 
Mea8ure P-Wave Wocity [901 
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3.3.5.1 Specimen Testing Procedure 

A confining pressure was applied and held constant, while the axial 

load was increased, the resulting axial strain in the specimen being 

detected by a linear displacement transducer measuring closure 

between the loading* plattens of the testing machine. The output of 

the transducer was fed to the X axis of an XY recorder, while the 

axial load applied to the specimen was fed to the Y axis. Strain 

softening caused flattening of the curve traced. This indicated the 

onset of failure, and the axial load was noted. The confining 

pressure was then increased and the axial load increased again until 

strain softening was detected. Repetition of this procedure up to a 

confining pressure of 5000 psi (34500 kPa) enabled several failure 

states to be obtained for each specimen, as shown in Figures 3.8(a) 

and 3.8(b). 

The procedure was usually continued with the confining pressure 

being reduced in increments to 2500 psi (17250 kPa), along with a 

comparable decrease in axial load. The specimen axial load was then 

increased to cause failure and to produce a residual strength value 

at a confining pressure of 5000 psi (34500 kPa). 

3.3.5.2 Internal Angle of Friction and Projected Cobesion 

The multi-failure-state strength data was analysed graphically by 

the computer program MC-PLOT which was purposely written by the 

author. Ile input to the program consisted of the peak strength and 
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confining pressure values for the various failure states which were 

obtained directly from the XY plot. A failure envelope was then 

constructed by plotting a series of Mohr's Circles. A typical 

VC-PLOT output is presented in Figure 3.9. The angle of internal 

friction was measured directly from computer plot while the apparent 

cohesion was obtained from the intersection of the failure envelope 

irith the shear stretigth axis. 

3.3.5.3 Triaxial Stress Factor 

The triaxial stress factor is possibly One Of the most important 

parameters in assessing the behaviour of soft rocks around an 

excavation [911, it is defined by the following equation: 

ajL = cro + Kas (3.4) 

where ao = Unconfined Compressive Strength 

cy, - Failure Load 

(is - Confining Pressure 

K- Triaxial Stress Factor 

and Is related to the angle of internal friction (a) by the 

expression: 

1+ Sin a 
jr =00.9*00*oo (3.5) 

1- Sin a 
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The triaxial stress factor for each simple was calculated from the 

above equation using the angles of internal friction determined from 

Section 3.3.5.2. 

3.3.5.4 Uniaxial Compressive Strength 

Due to insufficient core samples available for testing, values of 

Unlaxial Compressive Strength were derived from the Mohr-Coulomb 

relationship [411, viz. 

2 Cos a 
CO = SO e .. (3.6) 

1- Sin a 

where So = The Cohesion of the rock. 

CO = Uniaxial Compressive Strength 

3.3.5.5 Yount's Modulus and Poissons Ratio. 

Specimen strain data obtained in conjunction vith the multi-failure 

triazial tests was processed using a spreadsheet program, the 

following theory being used to determine Static Young's Modulus and 

Polsson's Ratio. 

Consider the change in strain from tz, to ýzs that occurs in the Z 

direction (1-c- along the axis of the test specimen) due to a change 

In stress from Oz, to (Fz2j, the confining stress ax ---- a. being held 

constant. 
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Given that, 

I 
CZ: 

L - (Crzl -I (Cri + cry) 
E 

1 
=- «F 

ZJL - 
21crx) 

vbere E- Young's Modulus 

7= Poisson's Ratio 

and that similarly, 

1 
ZZ, - (OZ2 

- 21ax) 
E 

then the change in strain 

0..... s. (3.7) 

.... o. .. ** (3.8) 

es .... .. es (3.9) 

11 
4ZZ - CZJ - (CrZ2 2yox) -- (orz, 2-tax) 

EE 

I. e crz I- 
CFZ 

4Z2 - tZl 

Now consider the change in strain in the X direction due to a change 

in crzp crx - cry - constant. 

Given that 

Cz 
3L yZI 

and that 

4X2 (CrX + (FZ-)) 

E 

o. oo.. (3.12) 

ot so 
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then the change in strain 

T 
CX1 - (OZI - CFZ2 

E e. .. o. o* 

QX2 4xl) 

ZJL Z2 

". .... .. ". (3.15) 

Plotting graphs for. Cx for increasing crz vith ax = ay = constant as 

shown in Figure 3.10 enabled the linearity of the stress-strain 

relationships assumed in the above equations to be confirmed, and 

equations (3.11) and (3.15) to be applied to the determination of 

Static Young's Modulus and Poisson's Ratio. 

3.3.5.6 Brinell Hardness 

As the modified oedometer was not fully commissioned when this 

testing programme was conducted, a modified NCB cone indenter fitted 

with a 5.5 mm ball indenter was used to determine Brinell hardness. 

Ile experimental procedure outlined in Section 3.2.3.2 was followed. 

The off-cuts of the core plugs were used to provide disks for 

testing. Due to the short length of the core plugs, however, four of 

the nine samples from well 47/14a-8 were not tested, as top priority 

was given to obtaining the recommended triaxial specimen length. 

3.4 Mechanical Provertv Results 

I 
The results for the above tests are presented in Tables 3.6 and 3.7 

for vells 47/14a-8 and 11/30a-A6 respectively. 
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3.4.1 Discussion of Results : Well 47/14a-8 

The density of the sandstones tested ranged from 126.6 lb/ft3 to 

150.9 lb/fts, a variation of 15%. Ilis small variation together with 

the similarity in grain size of the specimens tested and depth of 

origin (9078 ft -- 9142 ft) suggested from previous work that 

properties of all specimens should be similar 1921. Examination of 

all test results suggests this to be broadly true. P-wave velocity 

depends on rock type, porosity, degree of consolidation and the 

fluid in the pore spaces. Density has been taken as an indication of 

porosity, the other parameters being assumed constant. 

A plot of P-wave velocity against density is shown in Figure 3.11. 

There appears to be a logical trend, P-wave velocity increasing with 

density. Sample density was also plotted against apparent cohesion 

(Figure 3.12) and general trend was apparent. 

The relationship between P-wave velocity and Brinell hardness is 

illustrated in Figure 3.13 and a logical trend is evident, P-wave 

velocity increasing with density. This suggested that a relationship 

should exist between Brinell hardness and apparent cohesion; 

however, no such correlation was found. There was also little 

correlation between Brinell hardness and sample density. This may be 

jn some part due to the reduced number of Brinell hardness results 

obtained. A plot of Young's Modulus against Brinell hardness is 

shown In Figure 3.14. From an examination of this graph it was 

evident that a greater number of Brinell hardness values would be 
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required before a relationship could be shown. 

A plot of Brinell hardess against the 'triaxial stress factor', as 

shown in Figure 3.15, suggested the existence of a relationship. The 

correlation between the triaxial stress f actor and apparent 

cohesion, however, was less conclusive (Figure 3.16). 

In general, the values of Young's Modulus and angle of internal 

friction appeared to be reasonable. There was no apparent 

correlation between any of these properties with themselves or 

sample density. 

3.4.2 Discussion of Results : Well 11/30a-A6 

The density of the rock samples tested ranged from 136.4 lb/fts to 

153.8 lb/fts, a variation of 12%. In general, sample density 

Increased with clay content. The relationship between P-wave 

velocity and sample density is presented in Figure 3.17 and a 

logical trend is apparent. It can be seen from Figure 3.18, that in 

this case, no correlation between sample density and apparent 

cohesion was evident. 

There appears to be little relationship between P-wave velocity and 

Brinell hardness, as evident in Figure 3.19. A plot of Brinell 

hardness against Young's Modulus (Figure 3.20) indicated a definite 

relationship, the modulus increasing linearly with Brinell hardness. 

Two samples exhibiting a high clay content were found to deviate 

from this trend. 
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No correlation was found to exist between the triaxial. stress factor 

and Brinell hardness (Figure 3.21), while the scatter of results 

obtained from a plot of the triaxial stress factor against apparent 

cohesion illustrated the absence of a relationship (Figure 3.22). 

71e values of YoungIs Modulus and angle of internal friction were of 

a higher order than the corresponding values from well 47/14a-8. As 

with the previous test results, no correlation was found to exist 

between any of values themselves or with density. 

3.5 CONCLUSIONS 

It may be concluded that the Brinell hardness test is a quick and 

simple method of assessing the properties of a rock. In general, the 

above results appear to corroborate the existence of a relationship 

between Brinell hardness and the elastic moduli of rock. A 

relationship between sample density and P-wave velocity can also be 

reported, although this is less apparent. As for the other 

mechanical properties, no direct conclusions can be drawn. 

The values of Uniaxial Compressive Strength were derived from the 

Mohr's envelope for each specimen. Ideally, these parameters should 

have been determined from separate tests. Due to the apparent 

difficulties in obtaining reservoir core in sufficient quantities to 

conduct such tests. the results quoted may be considered to give a 

good indication of the respective properties. 
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The flattening of the stress-strain curve at different confining 

pressures [Figure 3.8(b)] suggests that Young's Modulus and 

Poisson's Ratio should be determined independently from the 

Multi-Failure test as it is desirable to obtain stress-strain data 

from the linear sections of the graph. This, however, would require 

an additional core. sample per test and the availability of such may 

not always be possible. 

The accuracy of the Brinell hardness test may be reduced with 

samples displaying a high clay content. This is possibly due to the 

variation in sample grain size which, in the case of samples from 

well 11/30a-A6, had the effect of reducing test repeatability. 

The repeatability and linearity of the initial results using the 

modified oedometer indicate that the instrument is capable of 

producing accurate hardness values. The attraction with the 

technique developed is that a prepared core sample can be tested 

using the apparatus without damage prior to mechanical property 

testing and has the advantage of increasing the likelihood of 

generating consistent and meaningful results. 

The modified NCB cone indenter, although not as accurate as the 

modified oedometer, is nevertheless of value as a brinell tester as 

it is pocket-sized, easy to use and can accept small samples of 

rock. The instrument Is therefore suitable for field use and as the 

test does not require prepared core samples, it is feasible that it 

could The used for providing estimates of rock hardness from drill 
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cuttings or other small fragments of rock. 

The mechanical property results detailed in this chapter vere used 

to develop failure criteria for the analytical analysis presented in 

the folloving chapter. 
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CHAPTER FOUR 

ANALYTICAL ANALYSIS OF TER STABIL127 OF XNCLZ'NKD BORKHOLKS 

UNDER NON-RYDROSTAYIC STRESS CONDMONS 



4.1 INTRODUCTION 

Mae photoelsatic analysis detailed in Chapter Two illustrated that, 

under 'normal' in-situ stress conditions, the 'roof' of an inclined 

borehole is more likely to fail in tension while the "sidet of the 

hole Is more likely to fail in compression. Although proving 

beneficial, this physical modelling approach neglected the effect of 

internal wellbore pressure and, of course, provided solutions based 

on elastic theory. It was also a laborious technique which could 

only provide information about a limited number of hole angles and 

would have required a number of subsequent models to provide 

comprehensive data. It was therefore apparent that a more rigorous 

method of analysis was required. The purpose of this chapter was to 

investigate the induced state of stress surrounding inclined 

boreholes by analytical methods. The rock properties determined in 

the preceding chapter were used to develop failure criteria which 

were applied to existing analytical elastic solutions. This approach 

was then extended to investigate the post-failure stress 

distribution as a function of radial distance. 

4.2 ELASTIC STRESS ANALYSIS 

4.2.1 Introduction 

The object of this section was to examine the magnitude of the 

stresses surrounding a wellbore under the assumption of elastic 

conditions and to study the effect of hole inclination and wellbore 

pressure on the induced state of stress, This investigation was 
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necessary in order to determine the possiblity of maintaining the 

rock in the neighbourhood of the wellbore in an elastic condition 

and to predict the onset of borehole failure. 

4.2.2 State of Stress Acting- on- the Borehole Wall 

If the material sur: rounding a borehole is assumed to behave in a 

perfectly elastic manner and if the material is stressed beyond its 

elastic limit, failure will occur at the wall of the hole . 

Ilerefore, to assess the state of stress required to induce failure, 

It Is necessary to have an understanding of the theoretical stress 

concentrations which act on the borehole wall. Stress solutions as a 

function of of radial distance were discussed in Section 1.3.3. 

Including the effect of wellbore pressure P., and considering 

compressive stresses and fluid pressure as positive, the effective 

stresses acting on the wall of the borehole are as follows [311: 

crr ' Pw .. 4000.. (4.1) 

, ffg m (ux+crY7Pw) - 2(cy, -cyy)Cos20 - 4tzySin20 et (4.2) 

crz m crzz - 1[2(cr, -cry) Cos 20 + 4zxySin20) 0. so (4.3) 

'Vez , 2(-rxzCos20 - -rxzSin20) e. e. e. ». (4.4) 

Irr0 mr rz w00000 00 o (4.5) 

Vbere Cr 7 and a. are respectively the maximum and minimuza In-situ 
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stress components acting normally to the axis of the borehole and 4) 

is the angular position around the wall of the borehole, the other 

Parameters are as defined in Section 1.2. 

For a non-vertical borehole or a hole that Is not lined up with one 

of the principal in-situ stresses, it is necessary to transform the 

principal stresses into the coordinate frame of the borehole to 

obtain the in-situ stress components required for the above set of 

equations. This may be accomplished by mathematically rotating the 

principal stresses by the use of direction cosines [321. 

If the principal stresses acting at a point in a borehole vith its 

centre line bisecting that point and vith its orientation x. ys z 

knovn, it is possible to determine the stresses acting on any other 

borehole passing through the same centre but with different 

orientation x', y', z'. The manner in which the borehole is 

orientated is shovn in Figure 4.1. The angles betveen the rotated 

borehole axis and the x, y, z axes are called 'direction angles' and 

their cosines, I= Cos a, m= Cos b, n= Cos c. are termed the 

'direction cosines' of the rotated borehole axis. They are related 

by the expression 12 + M2 + nZ =1 141. 

Referring to Figure 4.2(a) and noting that the z-axis is the 

borehole axis, to define an increase in borehole inclination, the 

plane perpendicular to the z-axis, i. e. the xy-plane, is rotated 

around the x-axis by the required inclination, 10. This yields the 

following set of direction cosines which relate each rotated axis to 

its previous centre. 
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1, = Cos 00 

Is = Cos 900 

Is = Cos 900 

mi - Cos 900 

M2 - COS I* 

ms = COS (900-10) 

n, - Cos 900 

n2 = Cos (900+10) 

us = Cos Is 

If the horizontal principal stresses are equal, borehole direction 

or azimuth has no. effect on the rotated stress values. Therefore, 

the above direction cosines may be inserted into equations 

(4.7)-(4.12) to obtain the rotated stresses for a particular hole 

Inclination. 

To define a specific borehole azimuth when tectonic conditions are 

present, it is necessary to orientate the cube so as the new z-axis 

frame has the same azimuth as the borehole [Figure 4.2(b)] . The 

following direction cosines define this situation, the xy-plane 

being orientated around the z-axis while the x-axis is held 

horizontal, by the required azimuth, BO. 

W - Cos BO jomll= Cos (900-BO) nll= Cos 900 

Cos (900+BO) M2'= Cos BO n2'= COS 900 

Cos 900 gas, = Cos 906 ns'= Cos 00 

The direction cosines of the borehole axis may then be calculated by 

determining the angle (-q) between the two sets of xr. yo, zo axis 

frames whose direction cosines are defined above. This may be 

accomplished using the following relationship [921. 

COS q= 11, + mmt + nn, so .. (4.6) 
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Expansion of equation (4.6) yields a full set of direction cosines 

vhIch are then applied to the folowing equation set to obtain the 

transformed rectangular coordinates. 

crx 11201 + MILZCYZ + ILIZCFJ (4.7) 

cr 
y 

132cFJL + ma2C12 + ILZZCFI (4.8) 

erz liztrIL + m3202 + n33crg (4.9) 

lrxy 11L13crIL + MIMZ(Ira + IIILDZcrz (4.10) 

Ir 
yz 

1213crjL 
00 .. (4.11) 

Irzz r- 1313LcrjL + MIM]Lcrz + 113nILCY$ 0. .. (4.12) 

The rotated in-situ coordinates are then inserted into equations 

(4.1)-(4.5). Therefore, using the above theory, the state of stress 

acting on the borehole wall can be determined for any combination of 

borehole inclination and azimuth. 

4.2.3 Effect-of Mud Welabt and Hole Inclination-on the Solutions 

Among the factors which may be controlled during the drilling of a 

well are the mud weight, and the inclination and direction Of the 

wellbore. To Investigate the effect of varying these parameters on 

the Induced stress acting on the borehole wall the above set of 

equations were applied to a hypothetical situation. In this 

analysis, the effect of both a high and a low mud weight In wells of 

various inclinations was examined. The horizontal to vertical 

principal stress ratio was assumed to be 0.8: 1.0. As the horizontal 

principal Stresses CY2 and us were assumed to be equal, the effect of 
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hole direction had no effect on the Induced stress concentrations. 

The results of this analysis are presented graphically in Figures 

4.3(a) and 4.30). It can be seen that the trends of the respective 

curves illustrated in both figures were identical, the only effect 

of varying wellbore pressure was to vary the magnitude of the 

respective values, (i. e. the respective curves were moved either up 

or down the effective stress axis). 

Figure 4.3(a) illustrates the effective stresses which would be 

Induced at the borehole wall if a low mud weight was used in wells 

Inclined at 450 and 900 (i. e. horizontal). The solutions for a 

vertical well are also shown for comparison. As expected, the hoop 

stress acting on the wall of the vertical well was found to be 

constant around the borehole, as was the radial stress. For the 

Inclined wells, however, the hoop stress concentrations were 

observed to vary around the periphery of the hole and bad a maximum 

value at an angular position of 00 (i. e. the a. direction, or the 

#side' of the borehole) and a minimum value at 900 (i. e. the (Y 7 

direction, or the #roof, of the borehole - see Figure 4.1). 

Figure 4.3(b) shows the effect of using a high mud weight in 

boreholes of the same inclination. It can be seen that the radial 

stress increased in value (equivalent to the effective mud weight), 

while the respective hoop stress concentrations reduced in value. 

More specificallY, in the case of the horizontal borehole, the 
t 
minimum hoop stress value was observed to approach zero at an 

angular position of 900, thus indicating that tensile failure was 
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probable. This confirms that inclined boreholes are more likely to 

fail in tension than a vertical well and that the fracture will be 

initiated in a plane perpendicular to the least principal stress, 

I. e. in the cry direction. 

The general stability of the borehole is dictated by the difference 

In the maximum and minimum stresses acting on the borehole wall, 

i*e* 'ffO-crr. The region where this difference Is greatest marks the 

onset of compressional failure. From an examination of both figures. 

it can be seen that ae-(Fr was greatest for the high angle holes and 

occurred at an angular distance of 00. This effect is more apparent 

in Figure 4.3(a) where a low mud weight was used. Again. this 

confirms that inclined boreholes have a reduced ability to resist 

compressional failure, however, failure criteria would have to be 

applied to determine the onset of instability. 

From the above analysis, assuming normal in-situ stress conditions, 

it is apparent that compressional and tensile failure 'will be 

initiated at 900 to each other. 71erefore, when assessing the state 

of stress around the well the respective maximum and minimum 

limiting values must be used as Input parameters for the failure 

criteria. 

The Mohr's circle approach is an ideal method to illustrate in 

graphical terms, the stress relationships at the borehole wall 

brought about by varying the vellbore pressure. To construct a 

Mohr's circle using polar coordinates, the effective radial and hoop 

stresses are plotted on the x-axis and a circle is drawn through 
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these points with the centre midway between them. The top of the 

circle represents the maximum shear stress. From Figure 4.4(a), it 

can be seen that if the mud weight (wellbore pressure) is decreased, 

the value of crr decreases and the hoop stress increases, thus 

enlarging the Mohr's circle. If this circle bisects a specified 

failure criterion, borehole failure in compression will occur. To 

reduce the radius of the circle and therefore avert collapse, the 

mud weight is increased. This will increase the value of cr r which 

effectivly reduces cre. As a result of this, the circle becomes 

smaller and its periphery moves away from the failure curve. 

Increasing the mud weight too much, however, will lead to the radial 

stress exceeding the hoop stress [Figure 4.4(b)]. Subsequently, if 

the hoop stress becomes tensile. the borehole will fail in tension 

thus a fracturing and lost circulation condition will exist. 

4.2.4 Development of Failure Criteria 

Rocks behave differently in tension than in compression and as a 

result, a separate failure criterion is required to describe each 

type of failure. In this investigation, classical fracturing theory 

was applied to predict tensile failure while the Mohr-Coulomb and 

the three-dimensional Griffith failure criteria were applied to 

predict hole collapse. The development of the criteria is given 

below. 

4.2.4.1 Tensile Failure 

The tensile failure criterion adopted for this analysis was that 
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lost circulation/hydraulic fracturing would occur when the borehole 

pressure exceeded the effective tangential or boop stress (re acting 

on the borehole wall. In this examination, the tensile strength of 

the rock was considered to be zero. This assumption has been applied 

by Bradley [311 and others [561, and appears to be justified as it 

Is assumed that a fracture initiates at a joint, flaw or existing 

fracture. Therefore, in accordance with classical elastic fracturing 

theory (Section 1.5.2), the borehole pressure required to initiate 

tensile failure at the borehole wall (assuming a non-penetrating 

fluid) is : 

Pf = 3crx - ay - Pp .... .... (4.13) 

4.2.4.2 Compressive Failure : Mohr-Coulomb-Model 

As shown In Section 1.3.4.3 and as discussed above, the relation- 

ship between the shear and principal stress acting in a plane can be 

described by the Mohr-Coulomb Failure Criterion. Ile Coulomb failure 

line is a linear approximation of the Mohr failure envelope. It is 

depicted as follows: 

via - V,, Sin a+ So Cos a .4.... 

where cm = 1/2(cre - crr) 

and (rm = 1/2(cre + (Fr) 

e. .... .. 

so .... oe 

which are the maximum shear stress and the mean stress in the plane 

crs . The mean stress (r. Is to be distinguished from the 
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three-dimensional mean stress 
(CFI+02+CFS)/3. 

The effective stresses acting on the borehole wall considering the 

effect of pore pressure (P 
p) and borehole pressure (P. ) are: 

cr r' 
pw -pp 

00 -3 crx. - cry - pw - Pp 

.... (4.17) 

........ (4.18) 

To obtain vm and cym in terms of cyx, or y, 
Pp and Pwo crr and ao were 

substituted into equations (4.15) and (4.16), viz, 

vIn = 1.5cr, - May - PIV 

crm = 1.5ax - 0.5cry - pp 

.... e. e. (4.19) 

(4.20) 

By inserting Tm and cym from the above into equation (4.14). and 

solving for Pwo the critical borehole Pressure (PC) required to 

Induce failure using the Mohr-Coulomb criterion was as follows, 

PC = (1.5(rx-0.5cr y)- 
(1.5cr 

x -0.5cry7p p 
)Sina - socosa .. (4.21) 

where a is the Internal Angle of Friction and S9 is the Cohesion or 

the 3[nitial Shear Strength of the rock. 

3.4.2.3 Coppressive Failure : 71ree-Dimensional Griffitb Model 

The three-dimensional Griffith failure criteria considers all three 

effective stresses acting on the borehole wall. The total bydro- 

static stress at the hole periphery is therefore : 
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S= 113 (crz + cr0 + crr) 000404 ao (4.22) 

To simplify the solution, it was assumed that crg = crz. therefore, 

the stresses at the surface of the borehole where S is applied are : 

= 

,-1.5S - 0.5PW crz - CIO 

.. es .... (4.23) 

(4.24) 

As detailed in Section 1.3.4.5, the 3D Griffith failure envelope may 

be mathematically defined using cylindrical coordinates in the 

following manner : 

(CII-04)2 (Cr; -Crr*)2 + (a4-a; )z - 2Co(cr'z+a6+a') (4.25) 
zr 

The effective stress values of oz, (re and (Fr were then substituted 

into the 3D Griffith equation which yielded a quadratic equation of 

the form, 

pw 
-b 4ac 

2a 

where a-6.75 

b= 13.5xS 

c=6.75XS2 - 6xCoxS 

oe e* oe o (4.26) 

Of the two P. values obtained from the quadratic formula, the higher 

value was rejected as it wrongly predicted that a borehole with a 
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high compressive strength (CO) would be less stable than with a low 

Value of C9, while the lower P. value gave the opposite. and more 

realistic, relationshiP. Therefore, the lower P. value was 

designated PC# i. e. the critical wellbore pressure for shear failure 

using the 3D Griffith approach. 

4.2.5 Application-of Failure Criteria to predict St&bilitv 

4.2.5.1 Method of Analysis 

Both the Mohr-Coulomb and the 3D Griffith failure criteria developed 

above were applied to wells 11/30a-A6 and 47/14a-8 to provide 

estimates of the minimum and maximum mud weights which could be 

carried in the well to prevent wellbore collapse. The mechanical 

properties detailed in the preceeding chapter were used to provide 

failure criteria for each well. The technique was also applied to 

predict whether the formation would collapse under normal drawdown 

conditions. In a producing well, 1drawdown' is the difference 

between the flowing bottom hole pressure and the static bottom hole 

pressure. In this case, 'predicted drawdown' refers to the drawdown 

at failure calculated by either the Mohr-Coulomb or the 3D Griffith 

criteria. This value is the difference between the pressure in the 

vellbore at which failure would occur, and the static bottom hole 

pressure. which, for this analysis, was assumed to be equal to the 

pore pressure. The following additional assumptions were made to 

enable the compressive failure criteria to be applied to the wells 

examined. 
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(1) The formation around the borehole was modelled as a linear 

elastic solid under a condition of plane strain along the 

axis of the borehole. 

(2) The medium obeyed a definable failure criterion. 

(3) Ile voids in the rock matrix were filled with a fluid and 

the pore pressure (P 
p) acted equally in all directions. A 

#normal' pore pressure gradient of 0.465 psi/ft was 

assumed. 

(4) The rock was incompressible. 

(5) The overburden pressure (cri) was considered to be the 

dominant stress and acted vertically on the rock at depth. 

A 'normal' overburden gradient of 1 psi/ft was assumed. 

(6) Ile two horizontal stresses (cr2 and (rs) were assumed to be 

equal and related to the overburden stress by the following 

relationShiP: 

y 
crs - crs - (CF, -PpPp (4.27) 

-T 

Over the section of interest, the laboratory measured 

values of Poisson's ratio (-f) for each horizon were 

averaged and the mean value was used to arrive at a 

constant horizontal to vertical stress ratio. 
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(7) Plane Strain conditions were assumed 

The respective PC values for the various horizons in each well were 

calculated using a spreadsheet package and plotted with respect to 

the total vertical depth, regardless of the hole inclination. 

Although the various data points were connected to form a line 

graph, It should be noted that the respective graphs represent a 

general trend and no direct conclusions could be drawn from areas 

between the data points. 

4.2.5.2 Mohr-Coulomb Analysi 

well 11/30a-A6 : The critical mud weight vs depth curve at selected 

horizons of this well is presented in Figure 4.5(a) . From an 

examination of this figure, it can be seen that the critical mud 

weight which could be carried without compressive failure was less 

than the minimum possible mudweight of 8.95 lb/gal. (i. e. a mud 

weight equivalent to the pore pressure). It was therefore concluded 

that compressive failure over this section of the well would be 

unlikely under normal drilling conditions. The critical vellbore 

pressure and the maximum predicted drawdown over this section are 

illustrated in Figure 4.5(b) . It was evident that over this section, 

the veil may be subjected to a pressure drawdown In the order of 500 

psi (3450 kPa) before the onset of compressional failure and 

subsequent sand production. 

Over the section of interest, the PC curve was observed to vary 

, consderably. An examination of the core plugs tested indictated that 
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with Increased depth, the rock type varied from pure shale to sandy 

shale to fairly clean sandstone. In general, the Pc values predicted 

for the horizons displaying a high shale content were found to be 

higher than that of the cleaner sandstone horizons. A swing of 

around 5 lb/gal or a wellbore pressure of 1800 psi (12420 kPa) was 

observed between the two extremes of rock type. 

Well 47/14a-8 : The critical mud weight vs depth curve for this well 

Is given in Figure 4.6(a) . From an analysis of this figure, it was 

evident that over certain horizons the critical mud weight was 

greater than the 'equivalent' pore pressure, and as such, the use of 

a 'balance' mud weight while drilling a vertical well through this 

region could result in compressive failure. Therefore, to avoid the 

possibility of well collapse, a mud weight of 12 to 13 lb/gal would 

be required. The critical wellbore pressure to prevent failure is 

illustrated in Figure 4.6(b) and the shaded regions in this figure 

represent zones of Potential formation collapse. Therefore In this 

section of the well, only a selected horizon could be produced 

without compressive failure and sand production, alternatively, 

gravel packing could be employed to prevent or minimise sand 

production. 

The PC curve was observed to vary considerably over the section of 

'interest. As regards rock type, the core samples indicated that the 

sanstone was clean and homogeneous. However, there was a fairly wide 

variation in cohesive strength while the Internal angles of friction 

, were generally low* thus indicating weak rock. A visual examination 

of the rock samPles from the horizons displaying particularly high 
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critical wellbore pressures indicated that they were loosely 

cemented and therefore more susceptible to compressive failure. 

4.2.5.3 3D Griffith Analysis 

Well-11/30&-A6 : The critical mud weight to prevent compressional 

failure In well 11/30a-A6 using the 3D Griffith approach is given in 

Figure 4.7(a). An examination of this figure indicated that a 

Onegative, critical mud weight was predicted. while a plot of the 

critical wellbore pressure, as shown in Figure 4.7(b), suggested 

that the bottom-hole pressure could be reduced to zero without 

inducing compressive failure or sand production. 

Well 47114a-8 : Figure 4.8(a) shows the critical mud weight 

predicted for well 47/14a-B. It can be seen that the majority of the 

PC curve found to be less than the pore pressure, and as such, would 

be stable under normal drilling conditions. However, to prevent 

compressive failure of the region around 9100 ft (2775 m), it would 

be necessary to increase the mud weight to around 15 lb/gal. The 

critical wellbore pressure is presented in Figure 4.8(b) and the 

shaded region illustrates the zone of potential formation collapse. 

4.2.5.4 Comparison of Failure Prediction Results_, 

The most striking difference in the prediction results using the two 

failure criteria was the lOw values Of Pc calculated using the 3D 

Griffith model. 
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Tith the exception of Poisson's ratio, the only rock parameter which 

vas Input to the Griffith model was the unconfined compressive 

strength. As explained in Section 4.3.2.3, this parameter was not 

directly measured but derived from the respective values of cohesion 

and internal angle of friction. In the two wells examined, the 

calculated compressive strengths varied from 820 psi (5658 kPa) to 

over 16000 psi (110400 kPa), such values were not considered to be 

unrealistic of laboratory values. However, it was apparent that the 

CO values, especially for well 11/30a-A6. were too high and 

accordingly the Griffith model predicted critical pressures which 

were considered to be too low when compared to that of the 

Mohr-Coulomb model. When rock properties are required for empirical 

roadway deformation formulae in the field of mining engineering, it 

is argued that the laboratory values of compressive strength are 

heavilybiased 'on the strong side' and are converted to In-situ 

values by dividing the latter by an appropriate factor 151 
. 

Accordingly, an investigation into the effect of reducing the 

compressive strength on the PC prediction was conducted. 

Figure 4.9 shows the effect of reducing the laboratory compressive 

strength by respectively dividing the parameter by a factor, f, of 1 

to S. It can be seen that a reduction in compressive strength had 

the effect of increasing the critical mud weight. It is interesting 

to note that in the case of well 11/30a-A6. dividing the Ce by 3 

yielded a 3D Griffith Pc curve of similar magnitude and trend to 

that obtained using the Mohr-Coulomb model (Figure 4.10). 
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4.2.5.5 Effect of Hole Inclination 

Only the Mohr-Coulomb failure criteria was applied to investigate 

the effect of borehole inclination as the 3D Griffith model involved 

the simplifying assumption of or ' 00- 

Critical mud weights for well 11/30a-A6 were calculated for borehole 

inclinations of 00,300,450,600 and 900 and the resulting PC 

curves are presented in Figure 4.11. From an analysis of this graph, 

it was evident that the effect of increasing borehole inclination 

from vertical to horizontal was to increase the minimum mud weight 

required to prevent compressive failure. It can be seen that most of 

the PC values were below the minimum possible mud weight and under 

normal drilling conditions boreholes drilled through this section up 

to an angle of 600 would remain stable; however, higher angle 

boreboles would require a mud weight of at least 10.5 lb/gal to 

prevent failure. 

Similar curves were produced for well 47/14a-8 and are displayed in 

Figure 4.12. Again it was apparent that the effect of increasing 

hole inclination was to increase the minimum mud weight which could 

be carried without inducing compressive failure. In this example, 

increasing the borehole angle from 00 to 600 would require an 

average increase in mud weight of around 3 lb/gal. From an 

examination of Figure 4.12 it was apparent that fairly high mud 

weights would be required to maintain the stability of highly 

inclined borehole$ drilled through this section. The region around 

9100 ft (2775 m) would present most problems. 
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Although not illustrated, increasing the borehole angle has the 

additional effect of lowering the maximum drawdown which may be 

applied to a well and accordingly increasing the zones of potential 

formation collapse during production. 

4.2.6 Prediction of. Maximum and Minfinum Mud Weight-Limits 

Using the failure criteria developed, it was then possible to 

provide estimates of the theoretical maximum and minimum mud weights 

which could be carried In each of the two wells under investigation 

as a function of hole angle. For this analysis, the simplifying case 

of a non-penetrating fluid was assumed to estimate the upper mud 

weight limit, while the Mohr-Coulomb criteria was applied to predict 

the critical mud weight to prevent compressive failure. 

Figures 4.13(a) and 4.13(b) show the calculated mud weight operating 

curves for wells 11/30a-A6 and 47/14a-8 respectively. For the 

purpose of this analysis, the Pc values calculated at each depth 

were averaged to give a 'typical' value over the section of 

interest. If required, it would have been equally possible to 

produce similar curves for each horizon from which rock property 

data was available. Referring to these figures, the region between 

the upper and lower lines represent the stable region. It can be 

seen that for each well, Increasing the hole angle had the effect of 

decreasing the mud weight which could be carried in the well before 

fracturing and lost circulation would occur. In this case, inclining 

the hole from the vertical through 900 predicted a reduction in the 
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fracture initiation gradient of around 4 lb/gal. It was also evident 

that the higher angle holes required higher mud weights to prevent 

compressive failure. In the case of well 11/30a-A6, if the hole was 

drilled using a 'balance' mud weight (i. e. a mud weight equal to the 

formation pressure), there should be problems regarding hole 

stability as the PC curve was always less than this limiting value. 

Well 47/14a-8 coulA be drilled vertically using a 'balance' mud 

weight. However, a 12.5 lb/gal mud would be required to drill a 

horizontal borehole in this formation. 

From a comparison of the two graphs, it was clear that more care 

would be required to prevent stability problems with the latter 

well. Indeed, for the higher angle holes, the theoretical difference 

between the maximum and minimum mud 'weights had been reduced to 

around 3 lb/gal. It should be stated that the fracture initiation 

predictions represent the upper limit as they are solutions for a 

non-penetrating fluid. If flow into the formation was considered, 

the result would be to decrease the fracture gradient curve by a 

degree proportional to the penetrating quality of the rock. Such an 

analysis, as presented, is nevertheless useful as it is possible to 

predict stability limits for various horizons in the reservoir, 

providing, of course, that the necessary input parameters are known. 

4.2.7 Discussion and-Conclusions re-Elastic Analysis 

The analytical analysis based on elastic theory as presented in this 

section has shown that for in inclined borehole in a normal stress 

regime, tensile and compressional failure vill initiate at goo to 
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each other. This work also illustrated that the minimum rotated 

tangential stress occurs at the 'roof' (and 'floor', i. e. 0- 900 

and 2700) of an inclined borehole. Thus it can be concluded that 

tensile failure will be initiated in this direction. After the 

stress concentration effects of the hole are passed, the fracture 

will, of course, propagate in a manner perpendicular to the 

direction of the least principal stress. As the maximum rotated 

tangential stress acts on the 'side' of the hole, (e = oo and 1800) 

it may be concluded that hole collapse will be initiated in the 

direction of the least principal stress. 

Mohr-Coulomb and three-dimensional Griffiths failure relationships 

have been developed and applied to provide estimates of the optimum 

mud weight to prevent hole collapse for a specific well. The 

approach can also be used to provide an indication of the maximum 

drawdown pressure before bole collapse. Of the two criteria applied, 

the 3D Griffith criterion appeared to predict mud weights which were 

too low. Ile suggested reason for this was the compressive strength 

parameter, which was the only rock property input, was considered to 

drastically affect the results. A modification was proposed which 

involved decreasing the compressive strength by a factor to enable 

results of the same order of the Mohr-Coulomb theory to be obtained. 

It may be concluded that the critical mud weight/wellbore pressure 

(PC ) line graphs are a clear and simple way of illustrating, in 

graphical terms, the regions of Instability in a well as a function 

of depth and bole inclination. In the examples given, the data 

points were often far apart and accordingly no direct conculsions 
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could be made from the areas between the data points. However, they 

were primarily Intended to demonstrate the method and enable a 

comparison to be drawn between the two wells. To obtain a more 

detailed picture of the stability limits of the well, formation rock 

samples would be required to be taken at intervals of no more than 

10 ft (3.05 m). 

One factor which can have a marked effect on stability predictions 

Is the relationship between the horizontal and vertical in-situ 

stresses. The writer has resisted the temptation to apply Eatonts 

in-situ stress data as it was empirically derived for the U. S Gulf 

Coast (see Chapter 1) . As stated the primary objective was to 

demonstrate the method used and as in-situ stress is a variable 

input parameter to the relationships, an alternative value could be 

inserted if it was known with confidence. 

This analysis has also confirmed that Inclined boreholes have a 

reduced ability to withstand high mud weights before fracturing 

while they require Increased mud weight to prevent hole collapse. 

4.3 THE APPLICATION AND EXTENSION OF THE YIELD ZONE CONCEPT 

TO PREDICT THE STABILITY OF INCLINED BOREHOLES UNDER 

NON-HYDROSTATIC CONDITIONS 

4.3.1 Introduction 

it vas found in the previous section that under certain conditions, 

high mud weights were required to theoretically maintain the rock 
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surrounding the borehole in an elastic condition. The elastic 

approach, however, gives no Indication of the post failure 

characteristics of the material as It merely predicts catastophic 

failure. As discussed in the opening chapter, it has become accepted 

that under such conditions, a zone of plastically deformed rock 

would form around the borehole which reduces the localised stress 

concentration. This, assumption of perfect plasticity may be valid 

for rocks such as salt or shale which display plastic behaviour. 

However, for rocks such as sandstone or limestone which do not 

readily exhibit plastic behaviour, this assumption may be 

questionable. in the field of mining engineering, and also In civil 

engineering to some extent# the post failure characteristics of the 

rock surrounding an overstressed opening are considered to be that 

of a granular material. Ills is considered to be more representative 

of the failed rock in-situ. The failure, or yielding of the rock 

results In a decrease In the in-situ strength and another redistrib- 

ution of the stresses, which in turn leads to the creation of a 

failed zone around the hole. This region has been referred to as a 

#yield zone' by Wilson 151 and others [91,941 who have developed a 

working hypotheses for the behaviour of the yielded rock. One 

drawback with this approach. however, Is that It deals with total 

stresses and employs the unrealistic, but common assumption of 

hydrostatic conditions. 

As previous elastoplastic research has been limited to the analysis 

of vertical boreholes, the purpose of this section was to determine 

tif the $yield zone' approach could be applied to predict the 

stability Of inclined boreboles situated under non-hydrostatic 
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conditions. To apply such an approach to an ollfield situation, it 

vas necessary to modify the existing 'yield zone' equations to take 

Into consideration the effect of pore pressure and non-hydrostatic 

conditions. 

4.3.2 Concept of a Yield Zone 

From classical elastic theory, a circular opening In a hydrostatic 

stress field q will have a tangential stress around its 

circumference of 2q. In soft rocks at depth, this value will 

generally be greater than the in-situ compressive strength of the 

rock and the opening will fail. If the broken rock at the boundary 

is held in place by a restraining force. friction within the broken 

rock will allow the pressure which can be withstood to build up as 

distance from the opening increases. Eventually, the resistance of 

the yielded' material is sufficient to prevent yield in the first 

place, and the 'abutment peak' will then be reached and thereafter 

the stress will diminish according to the laws of elasticity. As 

stated, this approach differs from perfect plasticity as the post 

failure characteristics of the material are assumed to be that of a 

granular material. 

4.3.3 Yield Zone Hypothesis : Review of Formulae 

The yield zone hypothesis developed by Wilson 151 and Airey [911 

assumed that the redistributed stresses around a circular opening in 

soft rock exceed its strength. Failure was assumed to occur at the 

wall of the opening and was assumed to extend Into the surrounding 
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rock to a position where the rock can support the stresses. Beyond 

this boundary, the rock was considered to be below its failure limit 

and the laws of elasticity could be applied. The failed material 

within the boundary was considered to be a yield zone and the post 

failure mechanical properties of the rock were those of a granular 

material. 

Ile basic assumptions were: 

(a) the opening had a circular cross-section 

(b) the surrounding rock was homogeneous and isotropic 

(c) plane strain conditions 

(d) the virgin horizontal and vertical stresses were equal 

Assumptions were also made as to the failure criteria both in the 

yield zone and in the elastic zone beyond. Wilson stated that 

although the relationship between the stress at failure (cri) and the 

confining pressure ((Ys) was frequently curved [951. an approximate 

linear relationship of the following form could be assumed for 

unbroken rock: 

CFIL m cro + Kort et --e. .... (4.28) 

where cro was the unconfined compressive strength and K was a 

constant for the particular rock in question and was referred to as 

the Itriaxial stress factor' (see Section 3.3.5.3 for a definition). 

A similar criterion was also assumed in the failed rock within the 
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yield zone, i. e. 

all = crg' + Kcrs -. oo.. .. (4.29) 

In this case, (y: L' was the strength required to cause movement in the 

broken material when confined to a pressure crs and (r; in the 

corresponding stresý at zero confinement. 

Therefore, if a circular opening in a hydrostatic field is 

considered and the failure criterion in the yield zone is taken as 

a, - Kos and in the elastic zone as cr, = Kcrx + cro. then the 

resulting formulae may be transcribed as below 151: 

Stress Solutions witbin the Yield Zone 

err ' (P +P ') Ir/all-1 - pt (4.30) 

ve = Vp + p') jr/a]K-l - p' .. oe *9 

where a is the radius of the opening, p the restraint on its 

boundary and p' = cro/(k-1). 

(b) Stress Solutions at- the yield/elastic boundaZZ 

2q - cro 
crre =K+1 .. oo e* .. (4.32) 

K(2q - ve) 
'ley 'ý 

K+I+ 
CFO 00 e. (4.33) 
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K(2q - cF*) 
"Oe ,+ cre (4.34) 

K+1 

where q is the hydrostatic stress field remote from the opening, 

while ag, and crOe are the hoop stresses acting immediately on either 

side of the yield ard elastic boundary. 

(c) Stress Solutions within tbe-elastic zone 

crr -q-A (a/02 .... .... u. (4.35) 

(Y() -q+A 
(a/r)2 (4.36) 

2 

(K -1) q+ (Y@ 2q - (ro +p (K+l) K-1 

where A=+11x 
(P+Po) (K+l) 

I 
.. (4.37) 

in a recent paper, Fama developed a new constitutive equation for a 

Coulomb material [961. In his analysis, he presented more workable 

solutions expressing the state of stress In the elastic zone. 11ey 

are given as follows, 

ar =q- (q - are) [re/r]2 
0..... (4.38) 

cF() =q+ (q - are) (r. /rl 2 
.. 00o (4.39) 

wbere a., Is the value of crr at r- re and may be obtained from 

equation (4.32) 
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The width of the yield zone, r- re. may be found from the condition 

of continuity of crre at the yield/elastic boundary, viz. 

I 

2q + pe(K+l) 
K-1 

.... .. (4.40) 

Units : The above. equations require consistent units for the input 

parameters. Wilson stated that all stress values should be input in 

XPa while the radius values are input In metres. 

Ile general form of the stress distribution is shown in Figure 4.14. 

Wilson stated that the parameter cre appearing in the final form of 

the equations should be taken as the In-situ unconfined strength of 

the rock in the elastic zone and should not be confused with the 

unconfined compressive strength as determined in the laboratory. 

This value can be obtained from the unconfined compressive strength 

of a laboratory tested specimen by dividing the latter by an 

appropriate factor, f. This factor. which takes Into account the 

In-situ structural characteristics of the rock in question. The 

values for the factor are [51: 

f=1 for strong. massive unjointed rock 

2 for widely spaced joints or bedding planes in rock 

3 for more jointed but still massive rock 

4 for well jointed and weaker rocks 

5 for unstable seatearth and closely cleated rock such as coal 

or may be used when the general conditions are unknown 

and 7 for for weak rocks In the neighbourhood of fault zones 
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4.3.5 Aprlication of-tba-Yield Zone Concept to-an-Oilfield Situation 

To apply the yield zone concept to an oilfield situation it was 

necessary to modify the above formulae to include the effect of pore 

pressure and mud weight, and to extend the hypothesis to consider 

non-hydrostatic stress conditions in order to examine Inclined 

boreholes. Further modifications were also necessary to Include the 

effect of fluid flow into or out of the formation. 

4.3.5.1 Effect of Pore Pressure 

Ile effective stress concept (Section 1.3.2.1) was introduced to the 

equations and used throughout the calculations. In the yield zone. 

the (Fr and cre parameters were already defined in effective stress 

terms as they were derived from laboratory failure criteria at zero 

pore pressure. For the yield/elastic boundary and elastic zone, the 

pore pressure (P 
P) was subtracted from the in-situ principal stress 

values. 

4.3.5.2 Effect of Mud Weijtbt 

The mud pressure In a borehole provides the same function as the 

lining resistance (p) in the above equations, i. e. it applies 

internal pressure to the walls of the opening to prevent collapse. 

As effective stresses were used in the modified approach, a zero 

value of p was equivalent to a mud/pore pressure balance. Therefore 

the lining resistance was considered to be the difference between 
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the mud pressure and the pore pressure and was designated Pm in the 

modified set of equations. 

The pI parameter (the augmentation to lining resistance) was 

considered to have a value of 690 psi (100 kPa) In accordance with 

Wilson [51 . 

4.3.5.3 Application to Non-Hydrostatic Stress Conditions 

In the original formulae& the 2q parameter was equivalent to the 

tangential or hoop stress acting at a point on the wall of the 

opening. It was therefore required to determine the hoop stress 

acting around the periphery of an inclined hole. 

This was accomplished by rotating the principal stresses to the 

borehole coordinate frame by means of direction cosines In the 

manner described in Section 4.2.3. The respective in-situ rotated 

horizontal stresses were then Inserted into equation (4.2) to obtain 

the hoop stress which acted tangentially at the point under 

consideration. The tangential stress value at the point of Interest 

was termed crt, and for the case of a horizontal hole under 

hydrostatic conditions. was equivalent to the value, 2q. As the ot 

parameter was expressed as total stresses, it was necessary to 

subtract pore pressure to obtain at In terms of effective stress, 

i. e. (Crt -pp) 

The equations describing behaviour at the yield/elastic boundary and 

in the elastic region required modification In the manner (yt was 
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calculated. For blaxial loading, elastic theory reveals that the 

hoop stress diminishes to the far field value of in-situ stress 

acting at 900, vbile the radial stress Increases to the in-situ 

stress value acting in the same direction. Thus, the radial stress 

acting In the a. direction (i. e. the side of the hole) is dependent 

on the in-situ stress crx. but the hoop stress acting along the crx 

direction is dependent on the in-situ stress cry. Similar 

modifications are required for the Iroofl of the hole. Therefore, 

this has to be taken into account vhen calculating the tangential 

stress, ut. 

For example, if the stress distribution in the radial direction 

along the cr, axis (i. e. 0- 00) is to be calculated, the procedure 

required to calculate at would be as follows. To determine the 

radial stress at the yield/elastic boundary, the at value obtained 

from setting 0- 00 In equation (4.2) would be used to calculate are 

(from equation (4.43)]. This are value would then be inserted into 

equation (4.46) to calculate the radial stress in the elastic zone. 

To determine the hoop stress at the yield/elastic boundary, the at 

value obtained from setting 0- 900 in equation (4.2) would be used. 

To calculate the hoop stress In the elastic zone. this at value 

would be inserted into equation (4.43) to obtain a value for are 

which would then be substituted Into equation (4.47). Alternatively, 

if the stress distribution along the ay axis was desired, 0 would be 

set to 900 to calculate at for the radial stress and set to 900 to 

determine the at Input parameter required to calculate the hoop 

stress. 
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The crt Input parameter required to calculate the radius of the yield 

zone is obtained by taking G- 00 if the width at the 'side' of the 

hole is required, 0- 900 if the width at the 'roof is required. 

4.3.5.4 Modified-Stress Solutions 

(a) Modified Stress-Solutions within the Yield Zone 

(cyr-pp )- (PIN + pl) Erlalr'-' - p' (4.41) 

((ro7PP) - K(Pm + pl) Er/a]K-l - po (4.42) 

(b) Stress Solutions at-the yield/elastic boundar 

(crt-pp) 
(crre -P p). K 

K[(crt-PP) - (Fol 
(ogy7pp) =-K+1+ CFO' 

xt(Crt-pp) - crel 
(cree-pp) -K+1- cr10 

(C) Stress Solutions witbin the elastic zone 

(4.43) 

(4.44) 

(4.45) 

(crr-P 
p)- 

(qr-PP) - I(qr-pp) - crrel [re/rls 

(vo-PP) - (qe-PP) + l(Wpp) - crre] 
[re/r]2 

.. (4.46) 

.. (4.47) 
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where qr - (0'5(crx+ay) + (crx-ay)Cos26] (4.48) 

qe - 10.5(ax+a 
y)- 

(ax-a 
y 

)Cos20] (4.49) 

Note: crx and ay are the rotated In-situ principal stresses and 0 is 

the angular position around the wall of the borehole and is measured 

from the ax axis. 

The modified formula for the radius of the yield zone Is, 

re =aI 
(crt-pp) - cre + P, (K+J) 

.... .. (4.50) 
(Pln+p 9) (K+l) 

Units : To avoid complicating the above formulae further by 

including conversion factors, the input parameters have been left in 

metric units (see Section 4.3.3). 

4.3.6 Implications-of-Modified Formulae 

To fully explore the significance of these modified formulae, 

specific values for the parameters have been taken. Three typical 

rocks having the following properties vere considered: 

veak rock K 2.5. a* 5 MPa (725 psi) 

mediumi rock K 3.5. cre 15 XPa (2175 psi) 

strons rock K 4.5. cre 25 MPa (3625 psi) 
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Unless otbervise indicated, an overburden stress of 1 psi/ft (22.6 

kP&/m) was assumed, the pore pressure gradient was considered to be 

0.465 psi/ft (10.5 kPa/m) and the horizontal to vertical principal 

stress ratio was assumed to be 0.825: 1 (corresponding to I-0.4). 

This stress ration may appear to be unrealistic at very shallow 

depths when compared to Eaton's data (see Section 1.6.3). However, 

as with the elastic investigation, the writer considered that 

employing a constant stress ratio would reduce the number of 

uncertain variables involved. which would allow clearer conclusions 

to be drawn. As stated. the In-situ stress ratio is a variable in 

the yield zone equations and if the regional In-situ stress ratio 

was known, alternative curves could be reproduced using the same 

technique. In this investigation, the radius of the borehole (a) was 

maintained dimensionless. while r/a should be taken as the 

dimensionless radial distance and r-a at the periphery of the 

hole. 

4.3.6.1 Effect-of-Ilud Weight 

The effect of using a 9,9.5.10 and 10.5 lb/gal mud weight on the 

width of the yield zone at various depths was examined. These values 

were then inserted into equation (4.50) to produce the graphs shown 

in Figure 4.15. 

Referring to this figure, which is only applicable to a vertical 

well, it was evident that if a 'balance' mud weight was used (i. e. 9 

lb/gal) while drilling through weak rock, at depths below 1000 ft 

(305 m) a yield zone would form and would extend a considerable 
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distance into the formation. However, Increasing the mud weight to 

9.5 lb/gal, had the effect of reducing the radius of the yield zone 

to between r/a -3 to 3.5. Increasing the mud weight to 10 and 10.5 

lb/gal respectively bad the effect of reducing the radial extent of 

the yield zone even further. 

In medium strength rock, It was apparent that a yield zone would not 

develop until a depth of around 3500 ft (1225 m) if the well was 

drilled in balance. From this figure, it can be seen that the radius 

of the yield zone using this mud weight was appreciably smaller than 

the yield radius calculated for the weaker rock. Again. increasing 

the mud weight had the desired effect of reducing the yield radius 

while allowing greater depths to be drilled without the formation of 

such a zone. If the well was drilled using a 10.5 lb/gal mud, a 

yield zone would only exist at depths below 9000 ft (2745 m). The 

benefit to be achieved by Increasing the mud weight further would be 

small. 

With strong rock, a yield zone would not develop at depths below 

5000 ft (1525 m) If the well was drilled in balance. Even then, the 

yield zone would only extend a small distance into the formation. As 

can be seen from the graph, only the 9.5 and 10 lb/gal mud weight 

curves are additionally shown as it was calculated that a 10.5 

lb/gal mud would maintain the strong rock within its elastic limit. 

From the above analysis* it is clear that rock strength plays a 

major role in determining the stability of a vellbore. It is also 

apparent that a sufficient mud weight can be used to limit the 
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extent or to prevent the formation of a yield zone forming around 

the hole. As the curves tend to become almost vertical with depth, 

It can be concluded that at great depth, it is the mechanical 

properties of the rock which dictates the stability of the hole. 

4.3.6.2 Effect- of-Borebole Inclination 

It has been established that for an Inclined borehole under 

non-hydrostatic stress conditions, compressional failure will be 

Initiated in the direction of the least principal stress (i. e. the 

crx direction In this analysis). As a yield zone is Initiated due to 

compressive failure. It was therefore apparent that the shape of a 

yield zone around an Inclined hole would not be circular. To 

investigate the development of a yield zone around inclined holes, 

the radius of the yield/elastic boundary was calculated at pre- 

determined angular Intervals around the periphery of the bole. The 

hole was assumed to remain circular throughout. This analysis was 

accomplished by calculating the effective tangential stress acting 

on the periphery of the borehole at the point of angular interest 

using equation (4.2), the in-situ stresses being rotated into the 

borehole coordinate frame In the usual manner. The respective values 

of effective tangential stress were then inserted into equation 

(4.50) to arrive at a series of values for the radius of the yield 

zone. As these values were In polar coordinate form, it was 

necessary to transform the data to rectangular coordinates to 

facilitate plotting by computer (see Section 1.2.6). 

To Illustrate the development of a yield zone around an inclined 
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hole under non-hydrostatic conditions. the above procedure vas 

folloved for the case of a 600 bole situated in medium strength 

rock. The various stages of development vere obtained by reducing 

the mud veight in the borehole by increments. The resulting 

graphical outputs are shown in Figure 4.16. 

Figure 4.16(a) shows the rock surrounding the hole at Its elastic 

limit. In this example, an 11.5 lb/gal mud weight was used. 

Compressive failure Is Initiated where the difference between the 

tangential and radial stress is the greatest. As this was an 

Inclined hole, the greatest stress concentration acted In the crx 

direction, therefore this was the region where the yield zone would 

Initiate. Figure 4.16(b) shows what will be termed the first stage 

of yielding. The 11 lb/gal mud weight was sufficient to prevent 

yielding In the 'roof' of the hole, but insufficient to prevent 

yielding in the 'side' of the hole. The first yield stage is 

therefore characterised by the growth of two separate yield domains. 

Figure 4.16(c) shows the effect of further decreasing the mud weight 

to 10 lb/gal and the onset of the second stage of yielding. It can 

be seen that the two yield regions coalesce as to form a continuous 

elliptical yield zone around the hole, with the greater radius being 

in the direction of the least principal stress. The yield zone was 

found to increase in size with further reduction In the mud weight. 

As the tangential stress acting on the hole periphery changes with 

hole Inclination, It was apparent that the shape of the yield zone 

would change accordingly. To Investigate this effect, the shape of 

the yield zone was determined for boreholes of angles 00,300,600 
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and 900. The ratio of the horizontal to vertical stress also affects 

the tangential stress and therefore the shape of the yield zone. To 

allow for this, two stress ratios were chosen. These were termed a 

'low' horizontal to vertical stress ratio (0.75: 1) and a 'high' 

horizontal to vertical stress ratio (0.825: 1). Such values were 

obtained by Inserting Poisson's ratio equal to 0.35 and 0.4 repect- 

ively into equation, (4.27). A normal pore pressure was assumed. The 

results are shown graphically In Figure 4.17. The 'low' stress ratio 

results are given In the left-hand column while the results using a 

'high' stress ratio are presented in the right-hand column. 

For the vertical bole. it can be seen that the yield zone was larger 

with the higher stress ratio. This was to be expected as, according 

to theory, the radius of a yield zone is proportional to the 

tangential stress acting an the periphery of the bole. With the 300 

hole, the yield zone for each stress ratio was observed to be 

elliptical in shape and bad increased in size in the crx direction. 

Inclining the hole to 600 produced an interesting effect for the low 

stress ratio hole. It was found that the radius of the yield zone in 

the or y direction had reduced In size. thus indicating that the hole 

was becoming more likely to fail in tension if the mud weight was 

excessive. A similar effect was observed with the high stress ratio 

hole, although It appeared more ovaloidal In shape. Ile yield radius 

in the ay direction was observed to reduce even further with the 

horizontal hole and the low stress ratio. Again this was due to the 

reduced tangential stress acting on the periphery at this point. 

With the high stress ratio, the yield zone shape was still ovaloidal 

except for a slight reduction in the radius at the top of the hole. 
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It may therefore be concluded that the shape of the yield zone 

around an Inclined hole not only depends upon the hole inclination 

but Is affected by the regional In-situ stress ratio. It has been 

shown that the lower stress ratio produces the more distorted yield 

zone boundary. 

In the above analysis. the shape of the hole was assumed to remaim 

circular otherwise the equations could not have been applied. In the 

field, however, the borehole may not be circular. It has been shown 

that the greatest compressive stress acts at the 'side' of an 

Inclined borehole, i. e. in the direction of the minimum rotated 

horizontal stress. This induces shear failure which may cause hole 

break-out [Figure 4.18(a)]. There is field evidence that the 

direction of the minimum horizontal stress can be inferred from 

break-out orientation (97). Applying the yield zone concept, if the 

yielded material Is assumed to fall Into the hole. then the hole 

break-out will feasibly occur in the manner discussed above [Figure 

4.18 (b) I. 

There Is also field experience with inclined holes to the contrary 

which Indicates that the hole is elongated in the direction of the 

greatest rotated horizontal stress, i. e. the 'roof* Of the hole 

1981. This may again be explained using the yield zone concept if 

the failed material Is assumed to be held in place by the mud cake 

and the weight of mud In the hole. Wilson [931 developed an 

empirical equation which may be used to predict the closure of mine 

roadways as a result of the formation of a yield zone. The writer, 
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however, has resisted the temptation to blindly apply this 

relationship to estimate the magnitude of inclined borehole closure 

as It was reasoned that other downhole factors may affect the hole 

shape, i. e. drillstring errosion, swelling shale etc. The basis of 

roadway closure prediction is that the closure experienced is 

directly proportional to the width of the yield zone. For inclined 

boreholes, under normal in-situ stress conditions, it has been shown 

that the width of the yield zone is greatest in the direction of the 

minimum rotated in-situ stress. It therefore follows that the 

greatest amount of closure will be predicted to occur in this 

directions if the failed material remains in place. Thus# the Shape 

predicted is that of an elliptical borehole, but with its long axis 

in the direction of the maximum rotated horizontal stress (the 

'roof'). This is shown in Figure 4.18(b). 

Therefore the yield zone hypothesis may be used to explain each of 

the above occurrences, depending on whether the failed material is 

considered to remain in place after yielding is initiated, or is 

considered to fill into the borehole. 

4.3.6.3 Stress Distribution In the Yield and Elastic Zones 

The nature of the stress distribution around an opening under the 

assumption of hydrostatic conditions is well understood: - the major 

principal stress grows from a low value to a peak at the abutment, 

which is the edge of the yield zone, then decays to its in-situ 

value. However, the nature of the stress distribution around 

inclined holes in a non-hydrostatic stress regime is less well 
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understood. The modified equations were applied to demonstrate the 

stress distribution as a function of radial distance. A weak-medium 

rock system was modelled (K - 3. cre - 10 Mpa (1450 psi)). A 

horizontal to vertical stress ratio of 0.825: 1 was chosen and the 

total vertical depth of the section of interest was taken to be 

10000 ft (3050 m). 

Figure 4.19(a) shows the stress distribution acting radially 

outwards from the 'side* of the hole, i. e. in the direction of cr, 

and 0= 00. As established above, it can be seen that the effect of 

increasing the borehole inclination was to increase the width of the 

yield zone. Also evident from this figure was the increase in the 

abutment stress with hole angle. This was due to the rotated in-situ 

stress a., which was equal to the horizontal stress for the vertical 

hole, but tended to the value of the vertical stress as the borehole 

angle increased towards 900. It can be seen that after the peak 

stress abutment, the radial stress vent on to increase to the far 

field value of crx while the hoop stress decreased towards the far 

field value of cr y 
(noting that in this analysis, cr y and cr, were the 

respective maximum and minimum rotated in-situ stresses). 

Figure 4.19(b) shows the stress distribution as a function of radial 

distance in the cr 7 
direction, or the 'roof ' of the hole (0 = 900). 

Note that the vertical 'depth' scale for this figure is different 

, 
than the previous figure. These graphs were the most striking of the 

two sets. Again, the distribution around a vertical hole is given to 

allow a comparison. It can be seen that for the 450 hole. the hoop 

stress and radial stress have crossed over, with err tending towards 

- 251 - 



Gla 

I 

1III 

wo 0. - 

mv 
4.1 

F4 
44 to 

tj 
ti) 

V. 4 

1 
4 

t4 

4) 3:! to 

44 ot 

4-v 
vs -ý- 04, 

'0 q) to 

co A) -64 
. 11, %) 

14 44 
43 

tj 
% 

%) 0! 4 tx 
04 

ssmiaxs 

- 252 - 



I I I II 
ONC') ssamiLs 

to 

we 

ýv 

" 
10 

Co 
fi 
r, 

92 M ;2 

942 ýc 13 
tn v"- 

., ä 942 qo 
f4 

Co 0 -4iN 

a 

- 253 - 



the far field value of cry while crS decreased to the far field value 

of cr.. This effect was more obvious with the horizontal hole. These 

graphs also show that the abutment peak at the yield/elastic 

boundary reduced with increased hole angle and consequently, the 

width of the yield zone at the 'roof I of the hole was found to be 

smaller with the higher angle holes. It is of note that it is this 

value of stress abutment which remains to act on a hydraulic 

fracture as the closure stress. The significance of which will be 

discussed later. 

A picture has therefore developed about the stress distribution as a 

function of radial distance for inclined holes in a non-hydrostatic 

stress field. The shape, width of yield zone and peak abutment will 

of course change with different input data; however, the graphs 

produced illustrate for the first time the effect of hole 

inclination on the stress distribution around a bore hole surrounded 

by a yield zone under non-hydrostatic stress conditions. 

4.3.6.4 Estimation of Mud Welzht to Prevent a Yield Zone 

Theoretically, it is possible to predict a sufficient mud weight 

which, depending on rock properties and the local in-situ state of 

stress, will prevent the formation of a yield zone around an 

inclined borehole. In the modified formulae set, equation (4.43) 

allows the calculation of the radial stress at the yield/elastic 

boundary. Therefore. this value of radial stress must be provided by 

the mud in the borehole to maintain the rock surrounding the hole in 

an elastic condition. Equation (4.43) was applied to construct mud 
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weight curves which illustrated the theoretical mind weight to 

prevent the first stage of yielding (i. e. 0- 00) around holes of 

various inclinations in weak, medium and strong rock. These curves, 

which are presented in Figure 4.20, were generated by assuming an 

overburden gradient of 1 psi/ft (22.6 kPa/m), a formation pressure 

gradient of 0.465 psi/ft (10.5 kPa/m) and a horizontal to vertical 

stress ratio of Oý825: 1. The respective mud weights were plotted 

against total vertical depth. 

To read the graphs, the depth of interest should be chosen and a 

horizontal line drawn across until it bisects the desired mud weight 

curve with respect to hole inclination. Dropping a vertical line 

from the intersection point will allow the theoretical mud weight to 

prevent the first stage of yield to be read directly from the axis. 

As can be seen from the graphs, mud weight curves were generated at 

hole inclinations of 00,300,450,600 and 900. The vertical dashed 

line represents the equivalent mud weight of the formation pressure. 

The obvious conclusion which was made from a comparison of these 

graphs was that weaker rock required a higher mud weight to prevent 

the formation of a yield zone. This has been established earlier. 

The graphs also illustrate that vertical holes may be drilled deeper 

than inclined holes before a yield zone will develop. Also apparent 

from these graphs was that only a marginal increase In mud weight 

would be required to prevent yielding at great depth. From an 

examination Of the effect of borehole angle, it was evident that the 

Increase in mud weight required to prevent the onset of yield was 

independent of depth. 
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4.3.7 Effect of-Fluid Flow 

To include the effect of drawdown on the extent of the yield zone, 

Darcy radial flow theory was applied to allow the prediction of the 

pore pressure at various points in the reservoir during production. 

4.3.7.1 Flow Model 

With respect to flow conditions in the yield and elastic zones, it 

was reasoned that the flow into the wellbore would be exactly 

balanced by fluid flow across the yield/elastic boundary and 

accordingly, the flow regime in the yield zone could be assumed to 

be steady state. To make the flow model more realistic, the flow 

regime in the elastic zone was assumed to be semi-steady state. 

For this analysis# it was assumed that the formation was homogeneous 

and had an effective permeability, ke in the elastic zone. Rinses et 

al [361 suggested that the permeability in a plast ic zone 

surrounding a wellbore could be reduced. The author is in agreement 

with this for the following reason. If a yield zone of granular 

material is develops around a wellbore, the granular material will 

initially by more permeable than the neighbouring rock. It is 

postulated that the mud weight over-balance will easily force mud 

filtrate etc into the granular material which will in turn reduce 

the permeability of the yield zone to below that of the elastic 

material. Therefore, it may be reasoned that after a period of time, 

the permeability In the yield zone will be lower than the effective 
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permeability of the reservoir. More discussion on this subject is 

given in Section 4.7.3.3. The permeability in the yield zone was 

therefore assumed to have been altered so that the average value in 

this region was ky. The boundary of the reservoir was taken to be 

1000 times that of the hole radius, while the height of the 

producing zone was taken to be 3.28 ft (1 m). The inflow equations 

appropriate for the pressure distribution shown in Figure 4.21 is 

therefore [991, 

Q 11 
Pr - Pwf -- - in (r/A) a<r(r. (4.51) 

2nk 

r r2 
Pr - Pa ln --Ir, <r(r. (4.52) 

27rkeh r. 2r 
C2 

In particular, 

Qp 
Pa - Pwf W- in (r/a) (4.53) 

27rk yh 

and 

re - pa =- 
[1, 

- .00. oo (4.54) - -1 
2nkch r. 2 

At r= re, there is continuity of pressure, therfore, adding the 

above equations the total drawdown (p. - pwf) is defined, viz. 

r. Q It 1 ke 
pa - Pwf I-- -I ln -+-- 1) In -re 

2nkeh a2kyr. 

71c above equation yielded a pore pressure curve which described the 

pore pressure distrbution as a function of radial distance. The flow 
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model was integrated into the modified yield zone equation set by 

substituting the respective pore pressures into the yield zone 

equations. This altered the localised effective stresses which were 

In turn used to generate the stress distribution curves. 

Units : The above equations require Darcy units, as specified by 

Dake [991. The values chosen were: Q= variable (cc/s) , it -1 cp, 

ky = 0.1 Darcy or 0.01 Darcy, ke = 0.1 Darcy and h= 100 cm. These 

I values were used to calculate the total drawdown and the respective 

pore pressures in atmospheres which were then converted to MPa to 

enable them to be input to the modified yield zone equations. For 

continuity with the other analytical results, the final stress 

solutions were converted to psi. The radius of the borehole, a, was 

maintained dimensionless, while r/a is the dimensionless radial 

distance and r=a at the periphery of the hole. 

4.3.7.2 Stress Solutions around-an Oren Hole 

The effect of fluid flow into an open hole is shown in Figure 4.22. 

For this initial example, a uniform permeability was assumed while 

the rock properties were that of a strong rock. The borehole was 

considered to be vertical and the horizontal to vertical principal 

stress ratio was set at 0.825: 1. The depth of interest was 10000 ft 

(3048 In). Ile graphs were generated by maintaining the other input 

parameters constant while the flow rate was varied. No specific flow 

rates have been given as this analysis was intended to be purely 

, 
qualitative. 
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It can be seen that the obvious effect of producing the well was to 

Increase the width of the yield zone. It has already been estab- 

lished that the extent of the yield zone around a vertical well is 

dependent on the mechanical properties of the rock. Ilerefore, the 

width of the yield zone with weaker rock would be greater. Indeed, 

for very weak rock, it may not be possible to produce the well 

without a yield zone of excessive width forming. The peak stress or 

abutment was also observed to increase proportionally with fluid 

flow. The reason for the above effect was due the reduction in pore 

pressure in the region surrounding the wellbore which had the result 

of increasing the localised effective stress. 

4.3.7.3 Stress Solutions around a Cased Hole 

Then a casing is set and cemented, the cement column in the well 

will cause an Increase in pressure acting against the wall of the 

borehole. Ile pressure exerted by the casing therefore has a similar 

function to the mud weight. To estimate the stress distribution 

ground a cased hole, the pressure applied by the casing was 

substituted for the mud weight (p. ) in the modified formulae set. 

The effect of variable permeability was also examined. The graphs 

were generated using the same input criteria as above unless 

otherwise stated. 

tyvifDrm Permeability : Figures 4.23(a) and 4.23(b) respectively show 

the theoretical stress distribution for an open hole and a cased 

holewith a uniform permeability, i. e. ky = ke, From a comparison of 

the two graphs, it was evident that the width of the yield zone was 
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drastically reduced as a result of casing the well. 

Reduced Permeability- in- the Yield Zone : As stated, the yield zone 

surrounding the wellbore could possibly be a zone with reduced 

permeability, compared with that of the elastic region. It is also 

likely that the permeability may be variable throughout the yield 

-zone due to mud filtrate and size variations in the granular 

material. However, this relationship is presently unknown and would 

require extensive laboratory permeability testing of granular 

material to obtain such a function. To give an indication of the 

effect of a reduced permeability in the yield zone, the above 

, example was repeated using the same numerical values with the 

exception that the permeability in the yield zone was assumed to be 

constant and had a value of one tenth of the permeability in the 

elastic region. The results for the open and cased holes are shown 

in Figures 4.24(a) and 4.24(b) respectively. From these figures, it 

can be seen that the width of the yield zone was greatly reduced by 

the casing, while the effect of a reduced yield zone permeability 

was apparent from an examination of the pore pressure curve. It can 

'be seen that the majority of the pressure drawdown occurred in the 

yield zone. 

From a comparison of Figures 4.23 and 4.24, the width of the yield 

zone assuming a reduced permeability was found to be slightly larger 

, than that predicted using the uniform permeability approach. It was 

also apparent that a greater drawdown pressure would be required to 

ýproduce the reduced permeability well at a similar rate. 
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It can therefore be concluded that the effect of casing was to 

reduce the width of the yield zone. Therefore, if a larger yield 

zone had previously existed, most of the originally yielded material 

apparently returns to an elastic state of stress. However, although 

the material theoretically behaves in an elastic manner, the 

mechanical properties of the rock will most probably be different 

from the originally elastic material. It is therefore clear that 

considering the effect of fluid flow using the yield zone hypothesis 

in open and cased wells is complicated by many variables. If further 

research indicates that the yield zone is in fact a zone of reduced 

permeability, then this may have implications on the manner that the 

#skin' or 'damaged region' surrounding a well is assessed. 

4.3.8 Application to a Specific-Case 

The yield zone approach was applied to the two wells which were 

examined in the previous section, namely 11/30a-A6 and 47/14a-8. For 

this analysis, the values of uniaxial compressive strength were 

reduced by a factor of 5 to arrive at a realistic In-situ value. 

Th Is was in accordance with Wilson [5]. The overburden stress 

gradient was assumed to be 1 psi/ft (22.6kPa/m). Over the section of 

interest, the laboratory measured values of Poisson's ratio (7) for 

each horizon were averaged and the mean value was used to arrive at 

a1c. onstant horizontal to vertical stress ratio. The average value of 

poisson's ratio for each well was 0.35, therefore a horizontal to 

vertical stress ratio of 0.75: 1 was used throughout. The a 'normal' 
I 

pore. pressure gradient of 0.465 psi/ft (10.5 kPa/m) was assumed. lie 

effect of water depth was not considered. 
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4.3.8.1 Mud Weight to Prevent-Formation of Yield Zone 

Well 11/30a-A6 : The mud weight to prevent the formation of a yield 

zone for hole inclinations of 00,300,450,600 and 900 were plotted 

against total vertical depth for the TVDs between 6777 and 6856 ft 

(2067 and 2091 m), 'as shown in Figure 4.25. From an analysis of this 

graph, it was apparent that a yield zone would exist at all data 

points if the well was drilled in balance. For the vertical hole, a 

inud weight of around 10.5 lb/gal would prevent the rock from 

yielding, except at the top of the section of interest. This sample 

[at 6777 ft (2067 01. was a shale and had a triaxial stress factor 

of 2.2. Thus, if the well was drilled with a 10.5 lb/gal mud weight, 

the shale section would yield and reduce the diameter of the hole at 

this depth. The curves for each hole inclination were all seen to 

follow a similar trend. Over most of the section of interest, with 

the exception of the shale region, increasing the hole angle from 00 

to 600 would require an increase in mud weight of around 2 lb/gal. 

'Well 41L_14a-8 : Similar mud weight curves were generated and plotted 

aSainst total vertical depth for well 47/14a-8 between depths of 

9078 and 9142 ft (2768 and 2788 m) . They are presented in Figure 

4.26. Increasing the bole angle from 00 to 600 would require an 

increase in mud weight of around 3 lb/gal. One section [at 9103 ft 

(2776 m)] which had a triaxial stress factor of 2 and a very low 

compressive strength, stood out as being the weakest region. At this 

depth, a mud weight of 12 lb/gal would be required to prevent yield 

in a vertical hole. With a horizontal hole, however, a mud weight of 
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over 17 lb/gal would be required to maintain this section in an 

elastic condition. 

4.3.8.2 Prediction of Maximum and Minimum Mud Weights 

The yield zone approach may be applied to estimate fracture 

initiation pressukC. The effective tangential stress acting on the 

froof ' wall of the borehole is given by equation (4.45) . Therefore, 

using the same tensile failure criterion as outlined in Section 

4.2.4.1 (i. e. zero tensile strength concept), the fracture 

initiation pressure may be calculated from the sum of the effective 

tangential stress at the borehole wall and the Pore pressure (termed 

do frac 
). As fluid flow into the formation was not considered, the 

solution was therefore that of a non-penetrating fluid. 

Figures 4.27(a) and 4.27(b) show the calculated mud weight operating 

curves as a function of hole inclination for wells 11/30a-A6 and 

47/14a-8 respectively. For this application, the (Fre and the cro 
frac 

values were averaged to give a 'typical' value over the section of 

interest. Also given in these figures is the fracture initiation 

pressure for the various hole inclinations calculated from classical 

fracturing theory. 

A comparison of the fracture initiation pressures Calculated from 

classical elastic theory with that Of the yield zone hypothesis 

Indicated that the latter approach predicted lower values. The 

difference between the respective values for each well, however, was 

not constant. As hole inclination increased, this difference was 
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found to decrease. It can also be seen from the graphs that the 

difference in fracture pressure estimations was greatest for well 

47/14a-S. It has been established that the rock samples tested from 

this well were generally weaker than that of well 11/30a-A6. 

Ilerefore, it can be concluded that rock strength plays a major part 

In the fracture pressure predictions using the yield zone concept - 

the weaker rock being easier to fracture. This appears to be a 

logical conclusion and one that is not apparent from classical 

fracturing theory. 

Vith well 47/14a-8 [Figure 4.27(b) I, it can be seen that the maximum 

and minimum mud weight curves intersect at a borehole angle of about 

800 . This suggests that holes above this angle could not be drilled 

without either inducing lost circulation or the formation a yield 

zone* 

4.3.9 Discussion and Conclusions re Yield Zone-Analysis 

It has been shown that the yield zone approach can indeed be applied 

to predict the stability of both vertical and inclined boreholes 

under non-hydrostatic stress conditions. 

-1 1, 

It can be concluded that rock strength, but more especially the 

triazial stress factor, Plays a major role in the stability or 

Instability of an inclined borehole. The simple rule being, the 

higher the triaxial stress factor, the more stable the borehole. 

From the mud weight vs depth curves produced for various rock 

strensths, it can be concluded that, at great depth, it is the 
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mechanical properties which dictate hole stability. 

The development of a yield zone around an inclined hole has been 

Illustrated. It has been established that the 'first staget of 

yielding occurs at the 'side' of an inclined hole, i. e. in the 

direction of the minimum rotated horizontal stress. Thus, it can be 

concluded that althbugh a small yield zone may exist at the 'side' 

of an Inclined borehole, the rock at the #roof I of the hole may be 

within its elastic limit, and therefore stable. 

It can also be concluded that the shape of a yield zone around an 

inclined bole depends not only upon the bole inclination, but on the 

regional in-situ horizontal to vertical stress ratio. It has been 

shown that the lower stress ratio produces the more distorted yield 

zone radius, while higher stress ratios produce a more ellipical 

yield zone. It has also been postulated that the yield zone 

hypothesis can explain why some borcholes are not circular. 

The effect of fluid flow has been examined by the application of 

simple Darcy flow equations and assuming steady state conditions In 

the yield zone with semi-steady state conditions applying beyond. It 

can be concluded that the effect of increasing the flow rate from an 

uncased well increases the width of the yield zone. It can also be 

concluded that casing the well has the effect of reducing the width 

of the yielded region. Therefore, it can be concluded that effective 

casing allows the well to be produced at a greater rate without 

either the development of a yield zone, or the formation of a yield 

zone of excessive width. The effect of a reduced permeability in the 
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yield zone has been examined. This analysis indicated that the width 

of the yield zone would increase in the direction of the minimum 

rotated horizontal stress, but decrease in the direction of the 

maximum rotated in-situ stress. If further research indicates that 

the yield zone is in fact a zone of reduced permeability, then this 

may have implications on the manner that the 'skin' or 'damaged 

region' surrounding- a well is assessed. 

The approach has also been applied to draw up mud weight curves for 

the wells whose rock properties were determined in Chapter Three. It 

was shown that fracture initiation pressures, assuming a non- 

penetrating fluid, calculated by the yield zone hypothesis predicted 

values which were lower than estimated using classical fracturing 

theory. Thus it can be concluded that rock strength has an effect on 

fracture pressures, i. e. the softer rock fracturing at lower 

pressures. This appears to be a logical conclusion, but one which is 

not apparent from classical elastic fracturing theory. 

4.4 CONCLUSIONS 

The state of stress induced around both vertical and Inclined wells 

has'been examined and stability predictions made by the application 

0f failure criteria to existing analytical solutions. 

The yield zone hypothesis developed by Wilson 151 has been extended 

to cover non-hydrostatic stress conditions and the effect of pore 

pressure. This allowed an analysis of the stability of inclined 

borehole$ surrounded by a zone of yielded rock. 
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It can be concluded that the yield zone analysis generally predicted 

that a higher mud weight would be required than that predicted by 

the elastic analysis. This was due to the fact that an 'in-situ, 

value of compressive strength was used for the yield zone analysis, 

while the laboratory values were used for the Mohr-Coulomb and 

three-dimensional Griffith approach. 

Therefore, it can be concluded that one possible area of error when 

j, pplying the yield zone approach is in the estimation of the If I 

factor by which to reduce the laboratory value of uniaxial 

compressive strength to obtain a realistic in-situ value. As stated, 

the uniaxial compressive strength was reduced by a factor of 5 in 

the above application. To examine the effect of various If" 

reduction factors on the mud weight predictions for zero yield, a 

series of curves were generated using strength reduction factors of 

1,2.3 and 5. The example shown in Figure 4.28 refers to a vertical 

hole using the rock properties of well 47/14a-8. With no strength 

reduction factor applied, the trend of the curve was similar to that 
I 
of the vertical mud weight curve shown in Figure 4.12 which was 

iroduced using the Mohr-Coulomb theory. This result was hardly 

surprising as the yield zone approach employs a linear Coulomb 

failure criterion. Indeed, it confirmed the accuracy of the method. 

Decreasing the uniaxial compressive strength by a factor of 2 had 

, 
the effect of increasing the mud weight for zero yield. Dividing the 

'uni&xial compressive strength by respective factors of 3 and 5 had 

'the effect of further increasing the mud weight required to prevent 

-I th 
-c- 

formation of a yield zone. overall, the general trend of the 
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curves were similar. However, the greatest difference between each 

curve occurred with the samPles which had the higher values of 

uniaxial compressive strength. 
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5.1 

It was established in the opening chapter that the minimum fracture 

initiation pressure is often taken to be equal to, or slightly 

above, the value of the minimum horizontal principal stress. The 

stress acting to close a hydraulic fracture is calculated by 

subtracting the bottom hole producing pressure from the fracture 

Initiation pressure. To err on the side of safety, the minimum 

bottom hole producing pressure is taken to be zero, thus the closure 

stress is also considered to be equal to, or slightly above the 

minimum horizontal stress. Consequently, the effect of the stress 

concentration around the borehole Is generally ignored in the 

calculation of closure stress. 

It was shown in the previous chapter that if the wellbore is 

surrounded by a yield zone, the maximum closure stress will act on 

the fracture face at a radial distance from the hole dictated by the 

mechanical properties of the rock. Thus, the proppant selected must 

be strong enough to withstand this increased closure stress if a 

marked reduction in conductivity is to avoided. To investigate the 

effect of a such a yield zone on fracture conductivity estimations 

and proppant optimisation required the facility to measure the 

conductivity Of a simulated propped fracture as a function of 

closure stress. 

The,, alm of this chapter was to develop a laboratory technique which 

could be used to determine a realistic value of fracture conduct- 

jvjtyý at various levels of closure stress. The intention of this 
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research programme, which was sponsored by Britoil p1c, was to set 

up a data base outlining the properties of various commercially 

available proppants which could be used by the company to select the 

optimum proppant for use in a specific formation. The procedure was 

required to simulate both proppant crushing and embedment, therefore 

required the use of formation core to simulate the fracture face. 

This chapter details the design and in-house manufacture of the 

specialised equipment required to measure fracture conductivity in 

the laboratory, the development of experimental procedures, the 

various test results and the conclusions drawn from them. A 

literature search of previous work into fracture conductivity was 

also conducted. Before an analysis of such a review, a thorough 

understanding of certain fundamental concepts concerning the 

physical properties of a porous medium was required. Finally, the 

direct effect Of a yield zone on the estimation of closure stress 

and on the selection of a proppant was examined. 

5.2 E]JND MENTAL CONCEPTS-OF A POROUS MEDIUM 

5.2.1 EorositY 

From a reservoir engineering aspect, one of the most important rock 

III 
properties is porosity (0), a measure of the space available for 

storage of hydrocarbons. Absolute porosity is defined as the ratio 

of total volume of void space in the rock to the total bulk volume 

of the rock. This can be expressed in mathematical form as a 

vercentageo viz. 
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Total Volume of Void Space 
0=Ix 100 a0. 

* (5.1) 
Total Bulk Volume 

If the calculation of porosity is based upon the volume of 

Interconnected voids, the quantity is termed the effective porosity. 

In reservoir engineering calculations, it is the effective porosity 

which is of interest. In the case of calculating the porosity of a 

proppant pack however, the absolute value is required. 

5.2.2 Specific Surface / Wetted Surface Area 

The specific surface (S) of a porous material is defined as the 

ratio of the total interstitial surface area of the voids or pores 

(AV) to the bulk volume (Vb) of the porOU3 medium: 

S= Av'Vb (5.2) 

For example, the specific surface or wetted surface area of a porous 

Inaterial comprising of spherical Particles of radius r is, 

41trz/(2r)1 - n/2r e. oo (5.3) 

It is therefore apparent that a fine material will exhibit a much 

&rester specific surface than a coarse material Occupying the same 

volume. The specific surface area may also be defined with respect 

to :- 
unit pore volume or with repect to a unit weight of the material. 

Thus, the specific surface of a porous material is affected by the 

porosity# mode of packing, grain size and the shape of the grains. 
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5.2.3 Permeabilitv 

Permeability is a measure of the ease of flow of a fluid through a 

porous medium. The permeability of an oil reservoir is as important 

as the porosity, for not only is the actual oil in place important, 

but the rate at whi-ch the oil will flow through the reservoir is 

equally important. In a propped hydraulic fracture however, the 

permeability of the fracture is of paramount importance as this, in 

conjunction with the propped fracture width, dictates the 

conductivity of the fracture and therefore its specific flow 

capacity. 

5.2.4 Fracture Conductivity 

The ability of a propped fracture to allow fluid flow is dependent 

on the permeability of the proppant bed W. and the propped 

fracture width (Wf). Fracture conductivity (kWf), is therefore 

defined as the product of the propped fracture width and the 

fracture permeability, and is commonly expressed in units of 

darcy-fect (D*ft). 

Permeability-and the Porous Media. 

Several investigators have attempted to establish empirical 

correlations to link permeability with other physical properties of 

a porous material such as porosity and specific surface area. Since 

permeability depends upon continuity of pore space, there is not, in 
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theory (nor in practice), any unique relation between porosity and 

permeability. As a consolidated porous medium which may exhibit 

secondary porosity Is Impossible to simulate, various 'models' 

representing an unconsolidated porous medium have been developed in 

in attempt to derive the motion equations from the basic principles 

underlying the theory of hydrodynamics. A review of such models and 

theories is given by Scheidegger 11001; one of these theories, namely 

the hydraulic radius theory, is briefly described below. 

This theory is based on the assumption that an unconsolidated porous 

medium is equivalent to a series of channels. By the use of the 

fundamental observation that permeability, in absolute units, has a 

dimension of an area or length squared, it may be argued that the 

length of the channels should be a characteristic for the 

permeability. Such a length may be called the hydraulic radius of 

the porous medium, and is linked with the hypothetical channel to 

which the porous medium is thought to be equivalent. An example of 

the hydraulic radius is the ratio of the volume of a conduit filled 

with fluid to its wetted surface area. 

one of the most widely accepted derivations based on the hydraulic 

radius theory, in which the permeability is related to other porous 

media properties, is that proposed by Kozeny 11011. In this theory, 

the porous media is treated as a group of capilary tubes Of equal 

length, but not necessarily of circular cross-section. By solving 

the Navier-Stokes equations for slow, steady flow through such a 

system he obtained the permeability equation in the form, 
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CO'/Ss -. 99 e. .... (5.4) 

There j( is the porosity, S is the specific surface of the tube, C is 

the Kozeny constant which is a dimensionless quantity dependent on 

the geometrical form of the capillary tube cross-section and k, the 

permeability, is expressed in units of tube length squared. 

Numerous modifications to the Kozeny equation have been proposed. A 

much used modification is that postulated by Carmen 11021, who 

expressed the permeability as, 

k 
CkS Z (1-0) Z 

Using earlier work by Carmen, Darin and Huitt [1031 showed that, 

Le 
Ck m Co 

Lb 
(5.6) 

where Ck = Kozeny-Carmen constant 

Co = Flow shape factor (2.5 for a bed of spheres). 

Lb - Length of bed of porous medium. 

Le = Length of path taken by fluid traversing Lb. 

nese investigators and Wyllie and Gregory 11041 showed that Me 111) 

was' dependent upon the shape of particles in a bed, and should be 

about 2 for unconsolidated porous media, and Ck should therefore 

have a value of 5. 

order to determine the fracture conductivity, the propped 
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fracture width (Wd has to be introduced to the relationship. Thus, 

If Ck is assigned a value of 5. the conductivity of a propped 

fracture may be defined as follows: 

Wf 
kWf =- (5.7) 

5sa (1-d) 3 

Transforming from darcy units into field units, we obtain a modified 

Kozeny-Carmen equation, viz 

7wf 
is 

kWf = 1. lxlo x-x 
S2 2 

where kWf = Fracture Conductivity 

Wf = Fracture width 

S= Wetted surface area 

jf = Proppant porosity 

.. 00.. (5.8) 

(Darcy-ft) 

(in) 

(in 
2/, 

US) 

(fraction) 

Therefore, for an unconsolidated porous material, such as a bed of 

proppant, it is possible to establish a relationship between 

permeability, porosity and specific surface or wetted surface area 

by, means of the modified Kozeny-Carmen equation. 

5.3 PROPPANT SELECTION 

5.3.1 Factors Affecting-Fracture Conductivitv 

The selection of a proppant is mainly governed by the fracture 

conductivity required for a desired production rate. This, in turn, 

is related to the in-situ pemeability, porosity and concentration of 
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the proppant within the fracture. The physical properties of a 

propping agent that will affect the resulting fracture conductivity 

are 11051: strength, grain size, grain-size distribution, proppant 

density, roundness and sphericity, and proppant quality (amount of 

fines and impurities). Fracture conductivity is also dependent upon 

formation properties (i. e. proppant embedment) and, of course, 

closure stress. Figure 5.1 indicates the effect of proppant 

crushing and embedment on the porosity of a propped fracture. The 

drawdown rate may also affect the conductivity. As the reservoir is 

depleted, both the fracture gradient and bottom hole pressure are 

reduced, but at different rates. This has the effect of increasing 

the effective stress acting on the proppant, therefore reducing 

conductivity. As shown in Chapter 4. if the wellbore is surrounded 

by a yield zone, the maximum closure will no longer be on the 

borehole wall but will act on the fracture face at a radial distance 

from the bole dictated by the mechanical properties of the rock. 

Thus, the proppant selected must be strong enough to withstand this 

Increased closure stress if a marked reduction in conductivity is to 

be avoided. 

5.3.2 EE2P2_1_nS_A1! _Rts 

As stated in the opening chapter, the function of a propping agent 

is to artificially bold a hydraulic fracture open and thus provide 

; conductivity. The amount of proppant necessary to accomplish this 

will depend, of course, on the height, width and length of the 

. created fracture. 

- 285 - 
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Some of the earlier materials used as propping agents included sand, 

steel shot, aluminium pellets, plastic beads and ground walnut 

shells. With the exception of sand, the above pioneering materials 

were proven unreliable 1571. Ceramics, such as glass beads, were 

then introduced and widely accepted for use as high strength 

propping agents. Such materials were found to resist crushing in the 

laboratory up to cljosure stresses of 6000 psi (41000 kPa) . If these 

proppants, however, were scratched or damaged when pumped downhole 

during a fracturing treatment or exposed to high temperature brine, 

they would lose most of their compressive strength and therefore 

become ineffective in maintaining conductivity. For these reasons, 

and due to high manufacturing costs, glass beads are no longer used 

in the industry. 

Sand is the most often used proppant, especially in wells with low 

closure stress. Due to the large quantities and wide variety Of 

proppants used today, the American Petroleum Institute has 

established test procedures for several proppant properties to 

distinguish the quality and usefulness of each proppant 11061. There 

are currently four reliable propping agents available for hydraulic 

fracturing purposes: API quality frac sand, resin-coated sand, 

intermediate strength proppants and sintered bauxite. lie following 

is a brief overview of their properties and applications. 

5.3.2.1 

Frac sands can be sub-divided into groups Of excellent, good and 

substandard grades, and typically have a specific gravity of about 
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2.65. The term excellent quality is derived from the material 

strength or crush resistance properties. In terms of f ines 

generated, crush resistance for these sands is less than half of the 

maximum value recommended by API RP56 [1061. Good quality sand meets 

or exceeds the recommendations of API while substandard grades fail 

to meet the API recommendations. 

Silica or quartz sand provides several advantages and has been 

proven to be successful for all reservoir types with certain depth 

limitations. Frac sand is less expensive than other types of 

proppants and it is readily available in most areas. When sand 

crushes, it breaks into fragments that still maintain some 

permeability which may be adequate for production under certain 

circumstances. Currently no other low cost proppant material is 

available in quantity that offers the roundness, strength and 

chemical resistance of sand. The disadvantages of sand are that it 

will begin to crush at very low closure stress and substantial 

crushing is evident at about 4000 psi (28000 kPa). Therefore, in 

deep formations the fracture conductivity may be reduced by tenfold 

of more [571. 

5.3.2.2 R_esin Coated Sand 

Resin coated sand, which has a specific gravity of around 2.55, is 

made by coating frac sand with an organic resin which is partly 

polymerised. Two types of resin coated sand are used as fracture 

proppants, curable and precured. Both curable and precured variaties 

arc manufactured by the same process that is used to produce coated 
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sand for the foundry industry. 

Curable resin coated sand was originally patented by Exxon 

Production Research for use in gravel packing operations. Precured 

proppants became available in 1982, about nine years after the first 

curable product was used in fracturing operations. When subjected to 

stress, the precured resin coated sands have higher conductivity and 

are stronger than conventional sands. This is due to the resin 

coating which helps to spread the stress over a larger area of the 

sand grain and reduces point loading. When the grains do crush, the 

resin coating helps to encapsulate the crushed portions of the 

grains and prevents them from migrating and plugging the pore 

channel and reducing the permeability. The curable resin coated 

sands are used mainly to prevent flowback of proppant near the 

wellbore. Figure 5.2 illustrates that uncoated frac sand begins to 

lose permeability at about 4000 psi (28000 kPa). Fully cured resin 

coated sand is seen to lose permeability at about 6000 psi 

(41000kPa). At 10000 Psi (69000 kPa), the fracture permeability of 

both uncoated and resin coated sand are similar. 

As the resin occupies pore space, the Permeability of the resin 

coated pack is necessarily lower than that Of Uncoated proppant 

prior to crushing. Although a resin coating may be added to any type 

of proppant, there is less demand for coating the higher strength 

proppants. 
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5.3.2.3 Intermediate Strength Provipants 

Intermediate strength proppants (ISP), also referred to as 

intermediate density proppants, are fused ceramic proppants that 

have a specific gravity of approximately 2.7 to 3.3. The lower 

specific gravity is representative of the raw materials used to make 

the proppant. The, absence of continuous crystaline shear planes 

produces high strength and exceptional crush resistance. Crushing of 

ISPs produces large particles which are still capable of providing 

good flow capacity. Their roundness and sphericity are similar to 

the best frac sands, while their bulk density is only slightly 

higher. in spite of these similarities, the load bearing properties 

of intermediate strength proppants are far superior to those of frac 

sand. Intermediate strength proppants are mainly used in the closure 

stress ranges between 6000 psi (41000 kPa) where frac sand fails, 

loooo to 12000 psi (69000 to 83000 kPa), where it begins to fail. 

5.3.2.4 Sintered Bauxite 

Sintered Bauxite, developed and patented by the Exxon Production 

Research Company, is a high strength propping agent with a specific 

gravity of about 3.4 or greater. It is manufactured from the high 

temperature sintering of high alumina bauxite ore which has been 

ground into particles of the desired shape and size. The colour of 

the final product can vary from black to brown or grey. 

Corundum, the major component of Sintered Bauxite, is one of the 

hardest materials known to man. It measures nine on the Moh hardness 
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scale. For comparison, quartz is seven and diamond is ten. Then 

crushed, bauxite does not shatter as completely as do the sands. It 

simply splits into large pieces which are still capable of providing 

flow capacity. This crush resistance is due in part to bauxite's 

elastic properties, which allow slight deformation before failure at 

high stress. 

The first bauxite products were angular in shape, causing abrasion 

and failure of pumping equipment, treating lines and chokes. Process 

improvements have produced a material with roundness and sphericity 

which are better than the best quality frac sands. Although 

currently available only in limited quantities, Sintered Bauxite has 

become the standard against which all other proppants are measured. 

Figure 5.3 illustrates Sintered Bauxite's superiority as compared to 

other propPants in maintaining high conductivity under extreme 

pressure. 

5.4 LABORATORY MEASUREMENT OF FRACTURE CONDUCTIVITY 

'ork 5.4.1 

In the past, fracture conductivity has been measured in the 

laboratory by placing a bed of proppant between slabs of reservoir 

rock or different metals, applying mechanical stress to the proppant 

and flowing a fluid through the proppant bed to measure the fluid 

conductivity. 

Much- conflicting data has been presented on the subject of fracture 
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conductivity. Often, the choice Of test parameters or cell design 

have been responsible for these discrepancies. There are two basic 

cell types which have been used to determine fracture conductivity. 

In early investigations* a radial conductivity cell was used [Figure 

5.4(a)). As oil or gas flow in a fracture is generally linear, 

results provided by such tests were therefore unrepresentive of 

In-situ conditions-The advantage with this type of cell however, is 

that formation samples may be easily inserted in place of steel 

pistons and accordingly such a cell can be used to measure the 

combined effect of proppant crushing and embedment. Alternatively, a 

linear flow cell can be used which simulates the in-situ flow regime 

found In hydraulic fractures, as illustrated in Figure 5.4(b). Ile 

disadvantage with this approach is that it only measures proppant 

crushing, as steel pistons are used to apply the closure stress. 

Formation samples may be inserted into such a cell but the 

preparation time required to shape the samples to fit the linear 

flow cell is usually prohibitive. 

Service companies providing commercially available proppants are the 

main source of fracture conductivity information [57 . 1071 . In 

Several, these tests are conducted using steel pistons as the 

simulated fracture face and therefore do not consider the effect of 

proppant embedment. The conductivities and permeabilities reported 

by them should only be used to provide relative comparisons and 

require to be adjusted for use in job design based on a knowledge of 

embedment, pack damage and multi-phase flow. 

the 1970s, Cooke published Several Papers on the subject of 
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fracture conductivity. The first of which presented data on the 

effect of the testing environment on the conductivity of a 

multi-layer of brittle proppant under stress and the effect of flow 

rate (deviation from Darcy's law) on the flow resistance of the 

proppants [1081 . He concluded that the permeability of multiple 

layers of frac sand under stress can be affected by the presence of 

high temperature br-ine. He went on to state that all the proppants 

tested showed a marked difference in permeability/stress behaviour 

in the presence of oil and water at 2500F. Cooke also identified the 

need for improved materials to use as propping agents. The second of 

his papers examined the effect of fracturing fluid on fracture 

conductivity (1091 . He stated that the factors which determined 

conductivity reduction from a fracturing fluid were the 

concentration of proppaut in the fluid, the amount of gel residue in 

the fluid, the porosity of the proppant, and the fraction of gel 

residue retained in the fracture as the fluid leaks off. In a later 

paper, Cooke introduced the industry to high-strength sintered 

bauxite by demonstrating its superior crush resistance to other 

proppants in laboratory tests 11101. 

Cutler et al [Jill conducted a laboratory comparison of commercially 

available and experimental proppants at intermediate and high 

closure stresses. Their analysis, while providing a considerable 

amount of data, only considered the effect of proppant crushing. 

Although an early type of linear flow cell was used to generate the 

data, the pressure drop was not measured within the linear flow 

section of the cell and thus may have had a detrimental effect on 

the results. 
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Brown and Much [1121 performed a laboratory evaluation of four 

commonly used proppants using a similar cell. They concluded that 

the conductivity of a propped fracture decreases with time because 

of the interaction between the proppant and its environment. In long 

term tests, intermeadiate strength proppants showed only a minor 

loss of conductivity versus time while frac sands lost most of their 

Initial conductivity. They stated that stress activated corrosion 

was believed to be an important factor in proppant failure. Brown 

and Much went on to conduct further research into the effects of 

stress corrosion [1131 and concluded that the long term stability of 

a proppant is a function of its composition, surface and internal 

flaws, and the environment where it is used. 

McDaniel [1141 developed a non-commercial approach to measure 

fracture conductivity in the laboratory to assist operators in the 

selection of proppants for high temperature and high stress 

hydraulic fracturing operations. In his work, he investigated the 

effects of extended time at different test conditions, the variation 

between ambient and elevated temperature testing and the effects of 

brine flow at high temperature and closure stress. His results, 

. which indicated that short-term, ambient temperature conductivity 

testing usually results in optimistic results, are summarised in 

Table 5.1. The right hand column of this table shows the ratio of 

the final conductivity to the original low temperature conductivity 

that was measured at the same stress prior to heating. McDaniel 

termed this value the 'Conductivity Correction Factor' which could 

The used to correct low temperature test data. He went on to state 

- 296 - 



Combined loss of conductivity during the test period an a result 
of 8.000 psi 15i. 2 MPa) stress, 275*F (135'Cl, and 2% KC1 brine flow 

for 10 to 14 days 

Propp&nt 

Conductivity 
@ 75*F 124*Cl 

(D-ft) 

Final 
Conductivity 

@ 275*F 1135*Cl 
(D-ft) 

Conductivity 
Correction 

Factor 

Ottawa Sand 0.840 0.063 
. 07 

Ottawa Sand 2.080 0.158 . 08 

RC Sand 2.590 0.438 . 17 

IC? 4.990 2.482 . 47 

ISB 5.070 2.655 . 53 

HSB 4.950 2.686 . 54 

This data lei for a proppant concentration of 4.0 lb/ft' vhile all other 
data in this table is for 2.0 IWO. The values In this tat-le, 
represent an average from 2 or 3 tests. 

Tabte 5.1 : Summary of MoDanieZIa Conductivity ResuU8 Showing 
the Concept of A Conductivity Correction Factor [1141 
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that the values in the table were not intended to be universal in 

application and that in a specific oilfield application, a lower or 

higher formation temperature or closure stress would possibly give a 

different correction factor. The approach developed by McDaniels has 

provided good data on the effect of high temperature and stress on 

selected proppants, however, his analysis does not consider the 

effect of proppant embedment. 

Tendorff [1151, in his examination of fracture conductivity took 

into account the effect of proppant embedment by means of 

Incorporating formation samples in the test procedure. He developed 

a fracture porosimeter, which was in effect, a conventional 

Hoek-Franklin triaxial cell to apply confining pressure and closure 

stress to a bed of proppant sandwiched between two core samples. 

Wendorff reasoned that the conductivity of a propped fracture under 

down-hole conditions could be determined using a modified 

Kozeny-Carmen equation (see Section 5.2.5). With this relationship, 

fracture conductivity at stress can be calculated when proppant 

wetted surface area, porosity and fracture width are known. lie 

constructed a data-base which consisted of wetted surface areas and 

permeabilities of proppants over a range of closure stresses. The 

data was generated using a linear flow cell, while the fracture 

porosimeter was used to measure the amount of proppant embedment and 

therefore the respective reduction in porosity. He concluded by 

stating that his results were in general agreement with field 

experience and with limited fracture conductivity data obtained on 

rock-proppant systems, thus indicating that the method was reliable 

for determining the conductivity of propped formations under stress. 
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He went on to propose that the use of a Hock triaxial cell as a 

fracture porosimeter allowed both closure and confining stresses to 

be applied to the rock-proppant systems, thus better simulating 

downhole stress conditions. 

The method developed by Wendorff appears, at present, to be the most 

realistic for the laboratory determination of fracture conductivity 

as it considers the combined effect of proppant crushing and 

embedment. The validity of the Kozeny-Carmen equation was 

Investigated in Section 5.2.5 and was found to be applicable. It is 

for these reasons that Wendorff's approach was adopted for the basis 

of this analysis and a fuller account of the theory is given below. 

5A. 2 Theoretical Basis to the Proiect 

5.4.2.1 Set up of_Proppant-Data Base 

Using the linear flow test unit# the fracture conductivity of a bed 

of proppant compressed between steel pistons may be calculated using 

a modified Darcy's equation. 

0.008 Qpl 
kWf = 

M% 
0 0* 00 00 (5.9) 

where, kWf = Fracture conductivity (darcy-ft) 

Q= Flow rate of test fluid (cc/min) 

I= Length between pressure ports (in) 

AP = Differential pressure between ports (psi) 

b= Breadth of test unit (in) 

- 299 - 



p= Viscosity of test fluid UP) 

In order to determine the wetted surface area of a proppant, it is 

necessary to determine the width of the propped fracture and the 

porosity of the proppant bed. Ile fracture width is determined by 

subtracting the length of the pistons and shims at closure stress 

(L 
p 

), from the length of the pistons, shims and proppant bed 

measured at closure stress (Lpo)* 

wf- Lp o- Lp e. s. .*.. .. (5.10) 

The porosity of the proppant bed is obtained by subtracting the 

absolute volume of the proppant from the test unit volume and 

dividing by the test unit volume, viz. 

(wf a-V) 
pf = 100 

Wf A 

and, V=0.061(M/D) 

.......... (5.11 ) 

S. "" "" .... (5.12) 

where, )ý = Proppant Porosity M 

Wf = Fracture width (in) 

a- Test unit area (in2) 

V= Absolute volume of proppant (in$) 

M= Weight of proppant tested (g) 

D= Absolute density of proppant (g/cc) 

The wetted surface area of the proppant may then be determined from 

the above data by solving equation (s. 8) for S. as follows : 

- 300 - 



X107 
S Wf 

J 

k-T f 
.. S. "" .. (5.13) 

Flow cell permeability may be calculated by dividing the fracture 

conductivity by the width of propped fracture, 

12'(kWf ) 

Wf 

5.4.2.2 Application of Proppant Data Base to Formation Samples 

Using the above data and utilising a triaxial fracture porosimeter, 

a value for fracture conductivity allowing for proppant embedment 

may now be obtained provided the width of the proppant bed (W f) 

between two formation cores is known. This can be determined the 

following relationship: 

Wf Lt -L.. .... .... (5.15) 

where Lt Length of plattens, core plugs and (in) 
propped fracture at given stress 

L Length of plattens and core plugs (in) 
at given closure stress 

Knowing the propped fracture width between formation samples, the 

porosity at closure stress of the simulated fracture may be 

calculated using equation (5.11). 

Finally# using j and Wf determined from the fracture porosimeter and 

S from the data base, the fracture conductivity, taking into account 
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the effect of proppant. embedment, may be found using the Modified 

Kozeny-Carmen equation (5.8) 
. 

As before, the permeability of the simulated propped fracture may be 

found from equation (5.13) by substituting kWf and Wf determined 

from the fracture porosimeter. 

5.4-. 3 Equipment Reguired for the Laboratory Determination of 

Fracture Conductivitv/Permeabilitv 

The following equipment was identified as being required for the 

laboratory measurement of fracture conductivity : 

(a) Linear flow cell 

(b) Permeameter system 

(c) Triaxial cell 

(d) Compression Machine 

The linear flow cell and permeameter system were sPecialised items 

which were not commercially available. It was therefore necessary to 

design and manufacture the required equipment within the Department 

of Mineral Resources Engineering. Full details of the design and 

manufacturing stage are given in Section 5.6. 
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5.5 PRELIMINARY FRACTURE PERMEABILITY INVESTIGATIONS USING 

A NITROGEN PERMEAMETER AND TRIAXIAL CELL 

5.5.1 Introduction 

During the early stages of týe linear flow cell and oil permeameter 

manufacture, a series of fracture permeability/conductivity tests 

were performed by the author in conjunction with Grant [1161. These 

tests, using a gas permeameter, triaxial cell and rock cores with 

simulated propped, vertical fractures, were intended to examine the 

combined effect of proppant crushing, embedment, formation crushing 

and formation permeability at various closure stress values. As this 

investigation was conducted to provide r preliminary indication of 

proppant performance, the nitrogen permeability values obtained were 

not converted to Klinkenberg liquid permeabilities. 

5.5.2 Equipment 

5.5.2.1 Nitrogen-Permeameter 

The E. D. P. S. nitrogen permeameter [1171 has been designed to 

, 
eliminate many of the potential sources of error which can occur 

with conventional gas permeameters. It is R highly accurate 

Instrument intended for both academic and industrial use. 

The instrument operates by flowing nitrogen at a known rate through 

a rock core and measuring the resulting pressure drop by means of a 

differential pressure transducer. Upstream pressure, flow rate and 
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nitrogen temperature are also monitored to allow the calculation of 

rock permeability. The permeameter is provided with a B. C. D. socket 

which may be easily interfaced with most microcomputers enabling 

real time permeability calculations to be performed using electronic 

flow, pressure and temperature data. Rock cores are held in a rubber 

sleeve within a Hassler type cell and confined under a maximum 

pressure of 150 psig. The design of the core holder enables rapid 

sample changeover, a simple release lock mechanism provides a seal 

for both the confining pressure and core pressure. The core holder 

provided accepts 1 inch diameter cores up to 3 inches long. 

The instrument is capable of measuring accurate flow and pressure 

parametres for cores with permeabilities ranging from 0.1 mD to in 

excess of 20 Darcies. 

5.5.2.2 Modifications to-the Nitrogen Permeameter-System 

The major modification to the nitrogen permeameter system was the 

inclusion of a triaxial cell to allow in-situ stress to be applied 

to the core sample. Accordingly, longer inlet and outlet nitrogen 

flow lines were required to allow the nitrogen permeameter to be 

connected to the plattens of the the triaxial cell. Gas flow through 

the plattens and sample was provided by the use of perforated 

plattens [1181. 

During initial testing it vas suggested that a leak in the triaxial 

call could allow hydraulic oil to enter the nitrogen flow lines. and 

left unchecked, could cause irrepairable damage to the more 
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sensitive electronic components of the nitrogen permeameter. In 

order to safeguard these components, two oil traps were manufactured 

and included in the system. An in-line filter was connected to the 

core outlet flow line to trap any fines produced. The modified 

nitrogen permeameter system is depicted in Figure 5.5. 

5.5.3 Testinit Programme 

Two different sandstones were' tested. These being a soft, red 

sandstone displaying a coarse grain texture (Brinell hardness = 24). 

and a hard, fine grained white sandstone (Brinell hardness = 65). in 

order to obtain a comparison, both rock types were tested with 20/40 

Sintered Bauxite and 12/20 frac sand. 

5.5.3.1 Sample Preparation 

Core samples were obtained from blocks of red and white sandstone 

, using a 38.1 mm (1.5 in) I. D. core barrel, water being used as a 

coolant. After the cores were produced, they were cut to the 

, required length of 76.2 mm (3 in) by means of a diamond saw. Unlike 

conventional core preparation, the use of a lapping machine to 

smooth the core faces was avoided as this would damage the pore 

spaces at the core ends and therefore seriously reduce permeability. 

--As 
the simulated fracture was required to be vertical, the diamond 

, Saw was again used to half the core along its vertical axis, as 

shown in Figure 5.6(a). 

7je two core halves were then taped together, the simulated fracture 
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being held open with two metal 'spacers' wedged at either end of the 

sample. The spacers were then removed and one fracture end scaled 

with tape. The desired proppant was then poured into the open 

fracture [Figure 5.6(b)] . During this stage, care was taken to 

ensure an even concentration of proppant was obtained. On 

completion, the other end of the fracture was sealed with tape until 

ready for testing. Prior to testing, the prepared cores were stored 

horizontally to minimise proppant settling. 

5.5.3.2 Test Procedure 

The prepared sample was then inserted into the triaxial call and the 

fracture ends untaped before the insertion of the perforated 

plattens. A low confining pressure was applied to hold the sample 

and plattens in place. Ile cell was then inserted into a compression 

machine and a low axial stress was applied. 

The axial and conf ining/closure stress were then increased 

simultaneously to their respective starting values of 2500 psi and 

2000 psi (17250 kPa and 13800 kPa) . Upstream pressure, nitrogen 

temperature, flow rate and differential pressure readings were taken 

before the axial and closure stress were increased to the next 

desired level. A vertical: horizontal stress ratio of 1.0: 0.8 was 

maintained throughout the test. After the maximum closure stress of 

7000 Psi (48500 kPa) had been reached, the respective stresses were 

reduced In similar intervals and the respective permeameter 

parameters recorded. 

- 308 - 



5.5.4 Results 

As stated previously, tests were conducted on samples of a soft, red 

sandstone and a hard, white sandstone, using 20/40 Sintered Bauxite 

and 12/20 sand in each case. The fracture pemeability values 

obtained were not converted into conductivity data as it was not 

possible to determine the change in fracture width at the various 

closure stress levels. 

Tests were also run on complete cores of each type of sandstone in 

order to compare nitrogen permeabilities. Ile results obtained for 

the red sandstone are presented with the corresponding fracture 

permeability data. Flow through the white sandstone, however, was 

unable to be measured and was therefore considered impermeable. 

5.5.4.1 Red Sandstone Tests 

The results of the Sintered Bauxite and sand Proppants with respect 

, to the red sandstone tests are depicted in Figure 5.7. 

From an examination of this figure, it can be seen that both 

proppants behaved in a similar manner and that the nitrogen 

permeability of the Sintered Bauxite was greater than that of the 

sand. The most striking aspect of this test was that the difference 

in nitrogen permeability between the proppants was not greater. The 

, Sintered Bauxite nitrogen permeability was seen to decrease at a 

constant rate up to a closure stress of around 6500 psi (44850 kPa). 

I where it fell steeply. An examination of the sand curve indicated a 
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constant reduction in nitrogen permeability with closure stress 

values up to 4000 psi (27600 kPa), where the curve was seen to level 

off before again following a downward trend. At the maximum closure 

stress of 7000 psi (48300 kPa), it was evident that the nitrogen 

permeability of the Sintered Bauxite fracture was twice that of the 

sand fracture. In both cases, nitrogen permeability readings were 

also taken while the closure and axial stress were being removed. In 

both cases, it was evident that the fracture permeability was 

essentially irrecoverable. 

5.5.4.2 White Sandstone Tests 

The results of the white sandstone tests with both proppant types 

are displayed in Figure 5.8. 

The Sintered Bauxite proppant curve displayed a high initial 

nitrogen permeability which decreased rapidly until a Closure stress 

of-'around 4000 psi (27600 kPa) was reached where it was observed to 

decrease at a constant level. The sand curve however, had a low 

In itial nitrogen permeability which decreased at a relatively 

constant level. At the maximum closure stress, it was apparent that 

the nitrogen permeability of the sintered bauxite was in the order 

ofýsix times greater than the sand propped fracture. As in the case 

of: the red sandstone tests, permeameter readings were taken as the 

respective stress values were decreased and similarly, it was 

observed that fracture permeability was essentially irreversable. 
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5.5.4.3 Discussion and Comparison of Results 

The most striking difference between the two sets of test results 

was the difference in nitrogen permeabilities of the fractures 

propped with Sintered Bauxite, the white sandstone yielding the 

higher values. As an examination of the red sanstone fracture faces 

indicated that severe embedment had occurred while minimal proppant 

crushing was observed, it was most likely that the difference was 

due to the 'soft' nature of the sample. With the harder, white 

sandstone however, the Sintered Bauxite would have tended to deform 

rather than embed as little evidence of embedment was observed in 

the fracture face. 

A comparison of the permeabilities obtained from the sand propped 

fractures indicated that the red sandstone sample displayed a higher 

fracture permeability, with an overall average of twice that of the 

white sandstone. An examination of both sample fracture faces 

Indicated that while proppant embedment had occurred in both cases, 

it -was most apparent in the red sandstone fracture. An analysis of 

the proppant grains however, indicated that although crushing was 

evident In both instances, the proppant removed from the white 

sandstone fracture was more severely crushed. Therefore, in this 

case, it appeared that proppant crushing was the major factor in 

permeability reduction. 

1;. 1, 

- 312 - 



5.5.5 Conclusions 

This investigation was intended to demonstrate the importance of 

using the most suitable type of proppaut with respect to a specific 

formation. It can be therefore be concluded that the use of a high 

strength proppant, such as Sintered Bauxite, in conjunction with a 

soft, friable forma, tion is not economical, while the use of a low 

strength proppant, such as sand, in conjunction with a hard 

formation will lead to excessive crushing and consequent reduction 

in fracture permeability. It is therefore clear that the physical 

properties of the formation to be fractured must be taken into 

consideration when estimating the required fracture conductivity. 

5.6 EQUIPMENT DESIGN AND MANUFACTURE 

f 

5.6.1 Linear-Flow Cell 

The test cell described below is based on a design proposed by Cooke 

[1()Sj. It is a linear flow cell capable of testing a proppant pack 7 

In. long, 1.5 in. across and of varying width. It is sometimes 

referred to as an API cell although the design has never been 

finalised by the American Petroleum Institute committee 11191. The 

linear flow cell has a test area of 10 in2 and has been machined 

from 304 stainless steel. The cell is capable of withstanding in 

excess of 15000 Psi (103500 kPa) closure stress. A diagrammatic 

representation of the cell is given in Figure 5.9. 
i 

With reference to Figure 5.10, the linear flow cell comprises of 
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three main components, a test chamber (4) and two pistons (1, S). 

Detailed drawings of the chamber and pistons are given in Figures 

5.11 and 5.12. A fluid seal between the pistons and test chamber is 

provided by fluro-silicone rubber square rings (3). as shown in 

Figure 5.10. Stainless steel shims (2) are used to prevent rubber 

embedment and to provide protection to the faces of the pistons. 

Hydraulic connection to the flow cell is made by self-sealing, quick 

release, stainless steel couplings (9). The inlet, outlet and 

pressure port couplings are 'keyed' and colour coded to prevent 

accidental intermixing of flow lines. 

Proppant fines are prevented from entering the permeameter system by 

replacable sintered stainless steel filters (6). 71e filters have a 

nominal pore diameter of 60 microns and are connected to the quick 

release couplings as shown in Figure 5.10. 

The facility to measure pressure drop across the linear flow section 

of the cell is provided by three pressure ports each having 2.5 in. 

centres, allowing a total measurable linear flow length of 5 in. 

5.6.2 Oil Permeameter 

5.6.2.1 Considerations in-Deslan 

The original design proposal for the oil permeameter system is 

illustrated schematically in Figure 5.13. The intention was to pump 

hydraulic oil from a reservoir through the linear flow cell and 
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control the flow rate with a metering pump. A hydro-pneumatic 

accumulator was included to dampen oil pulsation. The pressure drop 

across the flow cell was proposed to be measured by a differential 

pressure transducer. In order to apply a back-pressure to the 

system, a throttling valve was included in the design. It was also 

anticipated that a complex series of valves would be required to 

divert the test fluid to the various measurement points. 

Although the literature had recommended the use of brine as the 

permeant, it was proposed that oil should be used as the flowing 

medium as the presence of brine in the laboratory environment could 

damage electrical equipment. The fluid used as the permeant was a 

highly refined, petroleum base oil known as Shell Tellus No 10. This 

is a very stable, low viscosity oil, which is normally used in 

industrial hydraulic systems. It has been used by a number of 

researchers in the past and proved satisfactory [120,1211 
. Full 

technical details are given in reference [1221. 

After deciding on a basic system design, it was necessary to 

determine the specifications required for the pump and differential 

pressure transducer. 

5.6.2.2 PumP 

Darcy's law represents a linear relationship between the filtration 

velocity and pressure gradient , moreover, the straight line 

representing this relationship passes through the origin of the 

coordinates. Any deviation from this relationship represents 
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non-Darcian flow. Darcy's law is only true in a certain velocity 

range Oaminar flow), outside of which (turbulent flow) a more 

general flow equation must be used to describe the flow correctly. 

The Reynolds number (R. ), which is a dimensionless quantity 

expressing the ratio of inertial to viscous forces within a fluid, 

Is used as a criterion to distinguish between laminar and turbulent 

flow. It may be defined as follows [1231 : 

Re = dvp/p -o .... ... 

where v= Mean Velocity (cc/sec) 

p= Density (S/cc) 

IL - Viscosity (poise) 

d= Size of passageway (cm) 

11e critical Re between laminar and turbulent flow in pipes is about 

2000 (where d is taken as the pipe diameter). By analogy, a Reynolds 

number may be defined for flow through porous media. In this case, d 

is generally taken as an average grain (rather than pore) diameter. 

irith such values of d, it has been found that the transition region 

lies at values of Reynods number of the order 1 to 10 11231. 

In-order to determine the maximum flow rate through the proppant 

pack which would be within the laminar flow region, the following 

values were inserted into equation (5.16). The lower limit of 

Reynolds number was chosen, i. e. Re - 1. 
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d-0.085 cm (20 mesh) 

11 = 0.14 p013C 

0.866 s/cc 

The results indicated that oil could be pumped through the proppant 

pack at a rate of 1.9 cc/sec (114 cc/min) before turbulent flow 

would be encountered. Although flow rates through the linear flow 

cell were anticipated to be between 10 to 20 cc/min and therefore 

well within the laminar flow region, it was decided to obtain a pump 

which could produce a high flow rate if required. Ile most suitable 

pump available for this flow rate was an MPL E2B/365C metering pump. 

The unit has two pump heads which are driven by a single motor, has 

a maximum capacity of 6.6 L/hr and can operate with line pressures 

up to 2000 psi (13800 kPa). 

5.6.2.3 Differential PressurE Transducer 

The main problem in determining the sPecif ications of the 

differential pressure transducer was estimating the pressure drop 

which was likely to occur across the linear flow cell as the 

literature gave no indication of the magnitude of pressure drop to 

be expected. This problem was overcome by inserting estimated values 

of flow rate and fluid viscosity in conjunction with fracture 

conductivity results obtained from technical catalogues into the 

modified Darcy formula (equation 5.9), and solving for AP. From an 

analysis of the estimated data, it was proposed that a transducer 

capable of measuring a differential pressure of 7.25 psi (50 kPa) 

would be suitable for the range of anticipated flow rates and 
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conductivities ifteasured. The device was additionally required to 

withstand the elevated line pressure which were likely to occur 

system. Accordingly a0 to 7.25 psi differential pressure transducer 

was purchased. The transducer was calibrated using a dead weight 

tester in conjunction with a 24 volt power supply and 5.5 digit 

electronic multimeter [Figure 5.14(a)] . The calibration graph 

obtained is presented in Figure 5.14(b). 

5.6.3 Triaxial Fracture-Porosimeter 

This device is a standard Hoek Triaxial cell with the addition of 

displacement transducers (LVDTs) to monitor the closure of the 

simulated fracture. Hence, knowing the initial fracture width, the 

width at any given closure stress could be determined. The triaxial 

cell was loaded axially in the servo-controlled testing machine, 

while the confining pressure was generated with a servo-controlled 

intensifier. 

5.6.4 Dry Crush-Cell 

The dry crush cell was constructed to allow tests following the 

basic recommendations of API RP56 [ref] to be followed with the 

exception that the cell crushing area was made equal to that of the 

linear flow cell, i. e. 10 ins (API recommend a maximum cell diameter 

of 3 in, I. e. 7 ins). The cell is shown in Figure 5.15. it was 

decided that the modification to the crushing area was justified as 

the results from the dry crush cell were to be compared with those 

from the linear flow cell, which also had an internal test area of 
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10 IU2. 

5.6.5 Servo-Controlled Testing Machine and Intensifier 

The testing machine used to generate the compressive forces on the 

linear flow cell and fracture porosimeter was a 1000 kN 'stiff I 

servo-controlled maphine. 

High stiffness M aim machine deflection at full load) combined with 

the facility to utilise either the load developed on or the 

compression of the test piece as feed-back in the servo loop enabled 

#state-of-the-art' control to be maintained during the experiments. 

Similarly, the servo-controlled intensifier used to generate the 

confining pressure in the fracture porosimeter enabled this pressure 

to be held constant irrespective of volume changes within the call. 

5.7 SYSTEM TESTING AND DEVELOPMENT 

5.7.1 Introduction 

This section deals vith initial testing of the original permeameter 

system, the procedure for its operation. preliminary results and an 

account of the various modifications performed to the system. 

5.7.2 Pump Performance 

During initial system testing, it 'was found that the metering pump 
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produced a severe line pulsation when working against a 

back-pressure. Additionally, the magnitude of the pulsation was 

found to be proportional to the flow rate. 

To examine the efficiency of the pulsation dampening provided by the 

accumulator, a series of upstream pressure readings were taken. A 

pressure transducer. was inserted in-line between the accumulator and 

inlet port of the linear flow cell. The transducer output was 

connected to an oscilloscope to examine the wave form produced and 

to a chart recorder for a permanent record. 

Two tests were conducted: the first set of readings were taken with 

the flow by-passing the linear flow cell, the second set with the 

flow through the cell. A constant back-pressure of 300 psi (2070 

kPa) was maintained in conjunction with an applied closure stress of 

1000 psi (6900 kPa). In both cases, pressure readings were initially 

taken with the accumulator isolated to measure the magnitude of 

system fluid pulsation, then the accumulator was brought in-line to 

, examine the dampening effect. 

: '5.7.2.1 Results by-passins Linear Flow-Cell 

. Referring to Figure 5.16(a), it is evident that severe pulsation was 

ýpresent and was found to be in the order of 22 psi (150 kPa). It can 
I 
ýbe seen that the fluid pulsation was regular and increased rapidly 

ýto a maximum before tailing off. Bringing the accumulator in-line 

ihad a marked effect. For greater accuracy, chart recordings of the 

, line pressure were taken on two different scales. the upper line 
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being the more sensitive. Sligbt line waver was evident and was 

found to be less than 0.2 psi (1.4 kPa). 

5.7.2.2 Results via Linear-Flow Cell 

Referring to Figure 5.16(b), it can be seen that the pulsation 

reduced in magnitude to about 7 ps 1 (48 kPa) when flow was directed 

through the linear flow cell. The chart recording was observed to 

step upwards due to a slight increase in back-pressure. The chart 

reading obtained with the accumulator in-line indicated that the 

system pulsation had been reduced to a negligible level. 

To examine the effect of pulsation with respect to applied stress, 

the closure stress was increased at regular intervals up to a 

maximum of 15000 Psi (103500 kPa) and chart recordings taken of the 

line pressures. The results, which are presented in Figure 5.16(c), 

illustrate that the effect of increasing closure stress had a 

minimal effect on system pulsation. 

5.7.2.3 Overall-Performance 

It was concluded that the overall performance of the oil permeameter 

system was satisfactory and ready for preliminary fracture 

I I permeability/conductivity testing. 

5.7.3 Procedure for-the Determination of-Flow-Cell Conductivitv 

After the insertion of the bottom piston, 63.2 9 of 
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proppant (corresponding to a concentration of 2 lb/fts) was 

poured into the test chamber af the flow cell. The proppant 

bed was then carefully levelled using a cylindrical plunger 

device before the insertion of the upper piston. 

(2) The prepared linear flow cell was placed In the stiff- 

testing machine and an initial closure stress of 1000 psi 

(6900 kPa) applied. Hydraulic connection was then made to 

the permeameter and oil flow commenced at approximately 10 

cc/min. A back-pressure of 200 psi (1400 kPa) was 

introduced to the system by means of the throttling valve. 

(3) The closure stress was then increased and maintained at the 

required value using the servo-control facility on the 

testing machine. 

(4) Differential pressure readings were then taken across 

pressure port A-B and the volumetric flow rate was measured 

by noting the volume of oil returning from the linear flow 

cell in unit time. 

(5) Differential pressure and flow rate measurements were then 

taken over port A-C. 

(6) After satisfactory results were obtained, the closure 
i 

A- stress was then increased to the next desired level and the 

procedure repeated. 
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5.7.4 Preliminarv Results 

Flow cell conductivity test results are presented in graphical and 

tabular form in Figures 5.17 and 5.18. These results, using both 

20/40 Sintered Bauxite and 20/40 Quartz Sand show that increased 

closure stress has it marked effect on conductivity values. Through- 

out each test, differential pressure readings were taken over ports 

A-B and A-C. The respective conductivities were seen to differ 

slightly. 

In general, the results show that at closure stresses of 8000 psi 

(55200 kPa) and above, Sintered Bauxite conductivities were in the 

order of 4-6 times higher than quartz sand. This was in accordance 

with Wendorff [1151. 

with the Sintered Bauxite test, fracture conductivity values were 

. dditionally taken for decreasing closure stress. It can be seen : 

hat the reduced conductivity was apparently irreversible. This was 

&gain in accordance with departmental nitrogen fracture permeability 

tests (see Section 5.5) and with Cooke [1081. 

5.7.5 P_roblems Indentified with the Apparatus 

After the preliminary testing was completed, it was concluded that 

although the basic technique and test equipment were adequate In 

producing satisfactory results, there were several factors which 

could be improved in order to obtain a more realistic value for 
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fracture conductivity. The folloving four specific problem areas 

were identified and selected for special attention. 

5.7.5.1 Flow Rate-Measurement 

The primary source of error in these tests was the measurement of 

volumetric flow rato which at that stage was achieved by diverting 

the output from the linear flow cell to a measuring cylinder. It 

would appear that this method could have been subject to human error 

in timing the volume of oil collected, while the graduations on the 

measuring cylinder were also unlikely to be of sufficient accuracy. 

In addition, there was little opportunity to check or adjust any of 

the other components of the apparatus while the flow rate 

measurement was being taken. It was therefore apparent that a more 

accurate method was required. 

5.7.5.2 Variation-in Fluid-Viscositv 

In order to determine the permeability of a propped fracture, it was 

necessary to have an accurate value for the dynamic viscosity of the 

test fluid. Unfortunately, the fluid viscosity varied considerably 

with temperature. According to the manufacturets estimates, a change 

of 2.80C in operating temperature would cause a change in the order 

of 15% in the dynamic viscosity of the oil [1211. As the apparatus 

in its original form did not allow the temperature of the oil In the 

flow lines to be measured directly, an accurate measurement of the 

variation in oil temperature throughout the test was therefore 

crucial in determining the change in viscosity. 
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5.7.5.3 Inconsistent Conductivity- Values- along IYC 

During the recording of results for the preliminary tests, it was 

found that the flow rate could not be maintained constant, while at 

higher closure stress values, the flow rate decreased to a 

negligible amount. In addition, it was observed that the fracture 

conductivity values calculated from the respective permeameter 

readings across port A-B and A-C were not equal. As this effect had 

not been previously reported in the literature, it was initially 

explained as to be most probably due to irregularities in proppant 

packing along the length of the cell. After a series of tests 

however, it was evident that this was not the case and that proppant 

fines had migrated towards the outlet end of the linear flow cell. 

As the permeameter, at this stage, only allowed differential 

pressure readings over a combination of two of the three pressure 

ports, namely over ports A-B and A-C, it was required to modify the 

permeameter system to enable a measurement to be taken over the 

remaining option, port B-C. 

5.7.5.4 Establishing Equilibrium Conditions 

Difficulties were encountered in establishing the stage at which 

equilibrium conditions had been reached since it was observed that 

I Ithough the closure stress was maintained at a constant level, the : 

racture width gradually decreased with a resulting drop in flow 

rate and differential pressure. It was therefore evident that a 

degree of creep was present and it was necessary to conduct a series 
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of tests in order to determine the optimum time interval between 

. increasing closure stress and taking oil permeameter readings. 

5.7.5.5 Reauired-Action 

It was proposed that a series of modifications should be made to the 

oil permeameter sys. tem before investigating the onset of equilibrium 

conditions and finally performing a test calibration on the linear 

flow cell. 

5.7.6 Modifications to-Oil Permeameter-System 

5.7.6.1 Volumetric Flow-Rate Measurement 

As there were no commercially available flowmeters which could 

operate under the viscosity restrictions of Shell Tellus No 10 and 

accurately measure the extremely low volumetric flow rates, the 

remaining options were either to construct a capillary flowmeter 

within the department to obtain electronic flow measurement, or to 

devise a time dependent volumetric flow rate method which would be 

of sufficient accuracy. In a previous departmental attempt to 

construct a capillary flowmeter, Hair (1241, reported difficulty In 

obtaining consistency between experimental and theoretical results. 

To Include a capillary flow meter in the permeameter system would 

have required the purchase of an additional differential pressure 

transducer. It was therefore decided to improve the existing 

volumetric flow rate method. To obtain sufficient accuracy, a 

graduated burette was substituted in place of the measuring 
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cylinder. This allowed volumetric flow readings accurate to within 

0.02 cc to be obtained. Thus for an average flow rate of 10 cc/min, 

the error would be in the region of 0.2%. This was felt to be of 

sufficient accuracy when considering the number of experimental 

variables involved. Due to the nature of the fluid forces within a 

burette, oil could not be introduced to the top, as in the normal 

manner, as the oil would tend to adhere to the walls of the burette. 

It was therefore necessary to divert the linear flow cell output to 

the bottom of the burette, which was inverted to allow the correct 

reading to be obtained. To eliminate any possible errors in reading 

a value from a miniscus, a flat-topped float was inserted in the 

burette thereby allowing accurate readings to be taken from it. To 

allow the burette contents to be emptied, a 3-way valve was included 

In the flow measurement line which discharged the oil to a small 

reservoir on the underside of the trolley. 

5.7.6.2 Temperature/Viscositv-Measurement 

The facility to accurately measure in-line fluid temperature was 

provided by two Platinum resistance temperature probes which were 

mounted immediatly before and after the linear flow cell. The probes 

were housed in specially adapted IT-junction#. A pressure seal was 

effected by means of encasing the upper section of the probe In 

epoxy resin and fluro-silicone rubber. Protection to the electronics 

connection onto the probe was provided by a spring which surrounded 

the lead and prevented excessive flexing. The output from the probes 

was linearised, reading to 0.10C on a digital display. 
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A log-log relationship between kinematic viscosity and temperature 

for Shell Tellus #10 (formally #15) was obtained experimentally by 

Abdullah 11201 and later confirmed by Thomas 11251, viz 

-1.3537 1316.44T (5ol7) 

where n= Kinematic viscosity (centistrokes) 

T= Temperature (00 

Abdullah also obtained a relationship between density, (p), in g/cc 

and temperature. 

-4 
-5.5812 x 10 T+0.8761 (5.18) 

At any temperature, the dynamic viscosity (g) in centipoise is given 

by product of density and kinematic viscosity, viz. 

11 M 'n p .... .. 4.0 (5.19) 

Therefore, by substituting for Tj and p in the above equation, the 

dynamic viscosity could be directly related to fluid temperature. 

-0.3537 
p-0.73T (1569.80T 0. o (5.20) 

i comparison between values calculated for dynamic viscosity using 

I 
the above equation and those found experimentally from density and 

kinematic ViScOsitY is given in Figure 5.19. A close correspondance 

between the two sets of data was found. Equation (5.20) therefore 
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appears to give a realistic value of dynamic viscosity for any given 

temperature. 

5.7.6.3 Other-Modifications 

The other modifications which were carried out on the flow cell and 

permeameter system Were as follows: 

(a) A slot was cut in the outlet filter of the linear flow cell 

to prevent excessive back-pressures forming within the 

cell. 

(b) An in-line filter was inserted in the outlet flow line of 

the cell to prevent the possibility of damage to downstream 

components. 

(c) It was necessary to provide the facility to measure the 

pressure drop across each pressure port combination, i. e. 

ports A-B, B-C and A-C. This was accomplished by the 

insertion of an additional 3-way valve in the differential 

pressure flow lines and by making port B common to both 

3-way valves. 

(d) Several 3-way valves were inserted at strategic points In 

the permeameter flow lines to allow greater control of the 

system. 
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5.7.6.4 Description of Modified Oil Permeameter System 

The apparatus has been designed as a means of measuring the 

permeability of a simulated propped fracture using using liquid as 

the flowing medium. A diagram of the oil permeameter apparatus is 

given in Figure 5.20 while a flow schematic is presented In Figure 

5.21. The permeameter has been assembled on a trolley with the 

Intention of making the system as self-contained and manoeverable as 

possible. The electronics and digital readouts are incorporated in a 

console situated on the top of the trolley. 

Oil is drawn from the clean reservoir (1) and supplied to the linear 

flow cell by means of an MPL E2B/356C metering pump (2). The unit 

has two pump heads which work alternatively and are driven by a 

single motor. The pump has a maximum capacity of 6.6 L/hr. and can 

operate with line pressures up to 2000 psi (13800 kPa). 

A pressure relief valve (V1) set at 500 psi (3450 kPa) provides 

overload protection to the tubing used to make all connections. A 

bydropneumatic accumulator (3), precharged to about line pressure Is 

connected in-line and provides pulsation dampening of the oil flow. 

An on/off valve M) enables the accumulator to be isolated from the 

I system if required. 

Flow rate is measured by deflecting the oil outlet from the linear 

flow cell by means of valve V6 to the bottom of a burette containing 

a machined float. The volumetric flow is then measured by manually 

I reading the value at the top of the float after a specific time 
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interval. Valve V7 enables the burette contents to be discharged to 

a small reservoir situated on the underside of the trolley. 

Upsteam and downstream pressures are monitored by two 0-600 Psi 

bourdon tube gauges (4,5). The facility to apply back-pressure to 

the system is provided by an accurate, micrometer scaled throttling 

valve (W). If required, this valve may be by-passed thus allowing a 

forward flow mode by means of valve V4. To enable oil flow to 

by-pass the cell, a 3-way valve M) has been incorporated in the 

system. 

Platinum resistance temperature probes have been mounted in-line 

immediately before (15) and after (16) the linear flow cell , 

enabling accurate viscosities to be calculated and used when 

determining permeabilities. The probes are linearised, reading to 

0.16C on a digital display. 

Two 3-way valves (V8, V9) provide the facility to measure pressure 

drop across any combination of the three pressure ports on the 

linear flow cell (17 a, b, c) . The maximum differential pressure is 

initially monitored by a mechanical differential pressure gauge (9). 

while the cell pressure is monitored by two 0-600 psi gauges (10,11) 

connected respectively across the high and low pressure lines. 

Accurate differential pressure measurements are made across the 

pressure ports by a differential pressure transducer (12) vhich has 

an operational range of 7.252*0.001 psi. The output from the 

transducer is displayed on an LCD digital display unit situated on 
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the electronics console. 

A 4-way valve MO) enables the differential pressure transducer to 

be isolated from the system. A needle valve (V11) is included to 

provide differential pressure equalisaton when required. 

5.7.7 Determinatibn-of-Semi-Steady State Conditions 

5.7.7.1 Intention of Test 

The intention of this test was to confirm the existance and to 

examine the extent of proppant creep within the linear flow cell 

with a view to determining the optimum time delay between increasing 

closure stress and taking flow rate, differential pressure and 

fracture width readings. 

5.7.7.2 Test Procedure 

(1) For continuity with previous flow tests, a proppant 

concentration of 2 lb/fts was employed. Accordingly, 63.2 S 

of proppant was poured into the linear flow cell and 

levelled before the insertion of the top shim and piston. 

The cell was the placed in the stiff-testing machine and an 

I initial stress of 100 psi (690 kPa) was applied. The 

fracture width was then determined and the initial LVDT 

reading zeroed. 

,., (2) The closure stress was then increased to 1000 psi (6900 
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kPa) and oil flow commenced at approximately 10 cc/minute 

while a back-pressure of 200 psi was maintained. 

(3) Ile closure stress was held constant at 1000 psi (6900 kPa) 

for one hour and the change in fracture width, which was 

measured to the nearest 0.001 mm by the internal LVDT of 

the testing machine, was recorded every 5 minutes. Flow 

rate and differential pressure readings were also taken at 

this time interval. 

(4) Closure was then increased to 2000 psi (13800 kPa) and held 

at this level for 30 minutes with readings being taken 

every 5 minutes. 

This process was then repeated in steps of 2000 psi (13800 kPa) up 
t 
to a maximum of 10000 psi (69000 kPa) before reducing the closure 

stress to zero. 

Ila order to establish the effect of oil flow on creep, it was 

decided to repeat the above test procedure under non-flowing 

conditions. Accordingly, the 10 in2 circular crush cell was used for 

this purpose. 

5.7.7.3 Result 

The results of the above tests are presented graphically in Figure 

5.22. it is apparent that creep 'was present and the general trend 

s similar in botli cases. At low closure stresses, the closure 
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measured In the crush cell was greater than that of the linear flow 

cell. This was due to the flow cell operating under a back-pressure, 

which acts like a pore pressure and effectively reduces closure 

stress. At higher stress values, this feature can be seen to have a 

reduced effect. 

At closure stressis of 4000 psi (27600 kPa) and above, it was 

evident that the proppant compaction which occurred In the crush 

cell vas less than that of the linear flov cell. 

5.7.7.4 Discussion and Conclusions 

From the above results, it can be concluded that creep was present 

under both flowing and dry test conditions. The magnitude of which 

was similar in both cases and was at a maximum at the beginning of 

each test. This was most probably due to the compression machine 

levelling the proppant bed and at this stage crushing was not 

considered to be a problem. At higher closure stresses, the creep 

detected was due to proppant crushing. 

oil flow appears to increase proppant compaction compared to that 

with no oil flow present. This suggests that the fines generated at 

higher closure stress values are migrating and filling the pore 

spaces between the larger proppant particles. 

From an analysis of cell conductivity results, It can be concluded 

that a reasonably steady permeability value is obtained after a 

period of approximately 15 minutes after the increase In closure 
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stress. 

5.7.7.5 Recommendation 

it was therefore proposed to obtain flow rate, differential pressure 

and fracture width readings some 15 minutes after an increase in 

closure stress. To minimise the start-up effect, however, it was 

proposed to maintain the initial closure stress value of 1000 psi 

(6900 kPa) for a period of one hour to allow the oil permeameter 

system and linear flow cell to stabilise and reach semi-steady state 

conditions. 

Zia order to eliminate the effect Of the Proppant pore pressure, It 

was proposed to increase the applied closure stress, by the 

respective amount of back-pressure acting on the cell, to produce an 

effective closure stress. 

5.7.8 Cal lbration of - 
tbe- Linear Flow Cel I System 

The intention of this calibration test was to examine the accuracy 

of the permeability measurements taken with the oil permeameter and 

the linear flow cell. This was accomplished by a comparison of the 

actual flow cell permeability with the theoretical permeability of 

an open fracture. 

5.7.8.1 7120 

The permeability of an open slot/fracture is defined as 1481, 
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kth 54 x 11? . Tf -. -. -. e. ue (5.21) 

vhere kth Theoretical Permeability (Darcy) 

Wf Slot/Fracture Width (inches) 

The flow cell permeability may then be found from the following 

relationships (see Section 5.4.2): 

12 (kWf ) 
k cell ee *. .... .. (5.22) 

Wf 

O. OO8QpL 

and kWf (5.23) 
APb 

where kcell Flow Cell Permeability (Darcy) 

kWf Flow Cell Conductivity (Darcy x Feet) 

Q Flow Rate (cc/min) 

A Viscosity (cp) 

L = Linear Flow Length (inches) 

b = Breadth of Flow Cell (inches) 

AP - Differential Pressure (psi) 

5.7.9.2 Calibration Procedure 

The empty linear flow cell was inserted in a compression machine. 

Iffydraulic connection was then made to the Permeameter and oil flow 

commenced at approximately 40 cc/mm. The fracture was allowed to 

open# under internal pressure, until the top platten made contact 

-with the ram of the compression machine. The actual open fracture or 
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slot width was then determined by measuring the top platten 

protrusion with a digital micrometer. 

A back-pressure of 200 psi (1380 kPa) was then applied to the flow 

cell and the permeameter system allowed to stabilise before 

differential pressure, volumetric flow rate and temperature readings 

were taken. The opeb fracture width measurement was repeated at this 

stage. 

The flow cell conductivity was obtained from equation (5.23) thus 

allowing the cell permeability to be calculated from equation 

(5.22). The flow cell permeability was then compared with the 

theoretical value obtained from equation (5.21), the same fracture 

width being used for each calculation. 

5.7.8.3 Results 

The following is a summary of the permeameter/flow cell readings, 

AP(A-C) - 0.002 psi 

Q= 40 cc/min 

p- 18.5 cp 

in 

1.5 in 

Wf - 0.132 in 

From equation (5.23). kWf 9867 Darcy*ft 

Fro !m equation (5.22), kcell 897719 Darcy 
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From equation (5.21). kth m 939325 Darcy 

5.7.9.4 Discussion 

Due to the small pressure drop developed along the 'open' fracture, 

it can only be claimed that a result of the correct order was 

obtained. The crea. tion of higher, more easily measured, pressure 

drops by increasing the flow rate and/or decreasing the open 

fracture width was considered to be impractical with equipment 

designed to test the permeability of a proppant-filled fracture. 

5.7.9 Conclusions re Test System Performance 

The facility to measure and obtain realistic fracture conductivity/ 

permeability and vetted surface area data has been provided. Initial 

problems due to equipment and test procedures have been solved and 

the system Is ready for full scale testing. 

41 

5. s. -PROPPANT-TESTING-PROGRAMME 

S. s. 1 Introduction 

As- stated in the introduction to this chapter. the objective of this 

testing programme was to set up a data-base outlining the properties 

of various types of commercially available proppants, such as 

permeabilities, wetted surface areas, proppant porosities, fracture 

conductivities and proppant crush resistance in order to select the 

optimum proppant for a specific formation. This section gives 
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details of the proppants investigated and the API testing of the 

proppants as supplied. 

5.9.2 Proppants-Tested 

The proppants tested were 20/40 Sintered Bauxite, 20/40 Interprop I 

(both supplied by Nprton) and 20/40 API quality frac sand (supplied 

by Colorado Silica Sand U. K. ). An overview of the general properties 

and applications of these proppants may be found in Section 5.3.2. 

5.8.3 API-Testing of the Proppants as Supplied 

]Before conducting full scale tests, various physical properties of 

theýproppants were determined. Ile bulk density and absolute density 

(specific gravity) of each proppant type was required in order to 

determine the porosity of the proppant pack. The particle roundness 

and sphericity was measured and a sieve analysis performed on each 

proppant to ensure they were within the API RP65 recommendations 

fref]. These tests are described below. 

5.8.3. jL Bulk Density 

The bulk density.. was determined by weighing a known volume of 

proppant. A 100 mL volumetric flask was weighed, then filled with 

proppant and weighed again. The bulk density was then obtained by 

means of the following equation: 

13D = 
Wfp - Wf- 

. .... .* (5.24) 
Vf 
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where, BD = Bulk Density of Proppant (s/cm$) 

Wfp - Weight of Flask and Proppant (g) 

Wf - Weight of Flask (g) 

Vf = Volume of Flask (CMS) 

5.8.3.2 Apparent-Specific Gravity / Absolute Proppant Density 

The determination of specific gravity, or the absolute density of a 

proppant is Important because the success of a fracture job depends 

upon accurate calculation of slurry volumes. Ile absolute proppant 

density is also required to determine the porosity of a proppant 

pack. The specific gravity was determined by filling a volumetric 

flask with a liquid and measuring their combined weight. One-half of 

the liquid was removed, then lOg of proppant was added to the flask 

, which was reweighed. The apparent specific gravity was then obtained 

from the following relationship: 

SG 99 eu o e. (5.25) 
Vf - (wt-wf-wp)/PJL 

where* SG = Apparent Specific Gravity of Proppant (g/ml. ) 

Tp- Weight of Proppant (g) 

Wt - Weight of Flask, liquid and Proppant (g) 

Wf = Weight of Flask (g) 

P, Test liquid density (g/mL) 
JL 

V- Volume of Flask (ML) 
f 
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5.8.3.3 Roundness and-Spherici 

'Proppant grain roundness is a measure of the relative sharpness of 

the grain corners, while proppant sphericity Is a measure of how 

close the proppant particle approaches the shape of a sphere. This 

test was conducted according to the API RP56 specification, i. e. a 

mono-layer of proppant was collected and particles selected at 

random. Ile proppant sample was photographed and printed to obtain a 

30X magnification. Twenty proppant grains were then selected at 

random and the roundness of each grain was compared with Figure 

5.23. Next, the sphericity of each grain was assessed by a visual 

comparison with the chart. The roundness and sphericity values 

quoted for the proppant was then the average of the values assigned 

to the selected particles. Sample results are given In Figure 5.24. 

-5.8.3.4 Size-Analysis (Bv-Sieve) 

This is one of the oldest method of size analysis and was accomp- 

lished by passing a known weight of sample through sucessively finer 

sieves and then weighing the amount collected on each sieve to 

determine the percentage weight in each fraction. To be within API 

specifications, a minimum of 90% should fall between the designated 

sieve sizes, i. e. -20+40 U. S. mesh in the case of 20/40 proppants. 

Not over 0.1% should be larger than the first sieve (16 U. S. mesh) 

and not over 1% should be smaller than the last sieve (50 U. S. 

mesh). Table 5.2 shows the mesh distributions for the most commonly 

12sed proPPAuts [571. In this analysis, U. S. mesh (A. S. T. M. ) sieves 

, ere used for continuity. 
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Roundness & Sphericity Chart 
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API RP56 Roundness 4 Spbericity Test 

Proppant Type : 20/40 Interprop I 
Supplier : Norton 

Test Centre : University of Stratbclyde 
Department of Mining & Petroleum Engineering 

----------------------------------------------------------- 

Sample Photograpb 
.................. 

- 

1. 

-------------------------------------------------------------------- 

Grain Roundness Spbericity Grain Roundness Spbericity 

1 .8 .8 11 .7 .8 
2 .8 .9 12 .8 .8 
3 .8 .9 13 .8 .9 
4 .7 .7 14 .8 .8 
5 .9 .9 15 .8 .7 
6 .8 .9 16 .8 .8 
7 .8 .9 17 .8 .9 
8 .7 .7 18 .8 .7 
9 .9 .9 19 .9 .9 

10 .8 20 .9 .8 

--------- - 
Average 

------------ 
Roundness 

------------- 
. 81 

---------- -------------- 
API Minimum 

--------- - 
0.7 ) 

------- 
Sphericity 

----------- 
. 82 

------------- --------- 
API Minimum 

------------- 
0.7 ) 

---------- 

t 

Figure 5.24 : SampZe Re8ult8 - Roundne8a and Sphericity Te8t 
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5.8.3.5 Test- Results 

The results of the above tests on 20/40 Sintered Bauxite, 20/40 sand 

and 20/40 Interprop are given in Table 5.3. 

5.8.4 Testing Programme 

One of the major problems that complicates the generation of 

, 
fracture conduct ivity/permeability data is the variation of sieve 

distributions that can be encountered. For any given type of 

proppant, the measured conductivity/permeability will be higher when 

the average particle size is larger, until proppant crushing becomes 

ýSigniflcant. When two samples of a '20/40' mesh size proppant have a 

different distribution of particles within the nominal sieve range. 

the measured fracture conduct ivi ty/permeability will shift 

accordingly. The above proppants, however, were not resieved to 

-obtain a uniform size prior to performing the following tests since 

this would have resulted In testing proppants that were not 

representative of products available in the oilfield. 

The following three sections detail the experimental techniques 

, which were applied to construct the data-base of proppant 

properties, an analysis of the test data, and the application of the 

data-base to formation samples to arrive at an in-situ value for 

fracture conductivity. 
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RECOGNIZED FRAC SAND SIZES 

Frac Sand Size 
Designations 6/12 8/16 12/20 16/30 20/40 30/50 40f7O 70/140 

4 6 8 12 16 20 30 40 
6 8 12 16 20 30 40 70 

U S. Sieves 8 12 16 20 30 40 so 100 
Recommended 10 14 18 25 35 45 60 120 
for Testing 12 16 20 30 40 50 70 140 

16 20 30 40 so 70 100 200 
Pan Pan Pan Pan Pan Pan Pan Pan 

U. S. Mesh Sieve Distributions for Common Proppants 

Proppant 20/40 20/40 20/40 
Type Bauxite Interprop Sand 

Te S 

Bulk Density Q/cc) 2.12 1.87 1.61 

Specific Gravity 3.64 3.12 2.64 

Roundness 0.80 0.81 0.70 

Sphericity 0.78 0.82 0.69 

Sieve Analysis S Weight Retained 
(U. S Mesh) (S) 

-16 0.0 0.1 0.0 
-20+30 52.4 74.3 31.5 
-30+35 47.4 22.5 42.9 
-35+40 4.1 3.1 25.2 
-40+60 0.2 0.0 0.3 

PAN 0.0 0.0 0.0 

Proppant 20/40 20/40 20/40 
T - Bauxite Interprop Sand 

Te St 

Bulk Density Q/cc) 2.12 1.87 1.61 

Specific Gravity 3.64 3.12 2.64 

Roundness 0.80 0.81 0.70 

Sphericity 0.78 0.82 0.69 

Sieve Analysis S Weight Retained 
(U. S Mesh) (S) 

-16 0.0 0.1 0.0 
-20+30 52.4 74.3 31.5 
-30+35 47.4 22.5 42.9 
-35+40 4.1 3.1 25.2 
-40+60 0.2 0.0 0.3 

PAN 0.0 0.0 0.0 

Yable 5.3 : Test Results of Proppant Properties 

Frac Sand Size 
Designations 6/12 8/16 12/20 16/30 20/40 30/50 40/70 70/140 

4 6 8 12 16 20 30 40 
6 8 12 16 20 30 40 70 

U S. Sieves 8 12 16 20 30 40 so 100 
Recommended 10 14 18 25 35 45 60 120 
for Testing 12 16 20 30 40 50 70 140 

16 20 30 40 so 70 100 200 
Pan Pan Pan Pan Pan Pan 

. 
Pan Pan 
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5.9 DETERMINATION OF-PROPPANT PERMEABILITY AND 

WETM SURFACE AREA USING THE LINEAR FLOW CELL 

5.9.1 Introduction 

This section describes the test procedure and experimental results 

used to construct the proppant data-base which related the proppant 

permeability and wetted surface area to closure stress. The tests 

were conducted using the linear flow cell and oil permeameter, the 

closure stress being applied by the servo-controlled 'stiff ' testing 

machine. Displacement transducers (LVDTs) were used to monitor the 

closure of the simulated fracture. Using this equipment and the 
I 
following test procedure, the determination of simulated fracture 

conductivity and fracture porosity enabled the Kozeny-Carmen 

equation to be applied to determine the wetted surface area and the 

flow cell permeability. A diagram showing the test system is 

presented In Figure 5.25. 

5.9.2 Test Procedure 

Based on experience gained with the system, the following test 

procedure was adopted. This modified procedure was used to generate 

all the permeability and wetted surface area data which are 

presented In this section. 

After the insertion of the bottom piston and stainless 

steel shim, 63.2 S of proppant (corresponding to a 

concentration of 2 lb/ft ) was poured into the test chamber 
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of the flow cell. The proppant bed was then carefully 

levelled using a cylindrical plunger device before the 

Insertion of a stainless steel shim and the upper piston. 

Before proceeding with the test, the protruding ends of the 

pistons were measured to ensure a constant fracture width 

had been obtained. If inconsistent readings were obtained, 

the top piston and shim were removed and the proppant pack 

re-levelled. 

(2) The linear flow cell was then placed in the stiff-testing 

machine and an initial closure stress of 1000 psi (6900 

kPa) applied. Hydraulic connection was then made to tile 

permeameter and oil flow commenced at approximately 10 

cc/min. A back-pressure of 200 psi (1380 kPa) was 

introduced to the system and the closure stress increased 

to produce an effective pressure of 1000 psi (6900 kPa). 

The system was then allowed to reach equilibrium for a 

period of one hour. 

(3) Differential pressure readings were then taking across 

ports A-B while the volumetric flow rate over a period of 

30 seconds was measured. The differential pressure was 

again noted, the two readings being averaged. The initial 

fracture width was determined by measuring the toP platten 

protrusion while the change In fracture width was recorded 

by averaging the Output from three LVDT Position sensors 

placed at each end and at the centre of the flow cell. Teat 

;ý fluid temperature, thereby allowing the fluid viscosity to 
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be determined, was then measured by averaging the outputs 

from the platinum resistance probes. 

(4) Differential Pressure, flow rate. fluid temperature and 

LVDT readings 'were then taken over pressure ports B-C and 

A-C. 

(5) After satisfactory results were obtained, the effective 

closure stress was then increased to 2000 psi (13800 kPa) 

at a rate Of 1000 Psi/minute and maintained at that value 

for a period of 15 minutes using the servo-control facility 

on the testing machine. Fracture width. volumetric flow 

rate and differential pressure reading were then taken over 

ports A-B, B-C and A-C. 

(6) The above procedure was repeated in pressure Increments of 

2000 psi (13800 kPa) up to an effective maximum closure of 

15000 psi (103500 kPa) for high and intermediate strength 

proppauts or 10000 psi (69000 kPa) for API quality frac 

sand. 

5.9.3 Date Analysis-and Presentation - Linear Flow Cell-Resplts 

The-data was processed using a spreadsheet program. The simulated 

fracture conductivity (henceforth termed 'flow cell conductivity#) 

at each level of closure stress was calculated from equation (5.9). 

Irnowing the fracture width from the LVDT reading, the permeability 

(henceforth termed 'flow cell permeability') was then calculated 
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from equation (5.14). The fracture or proppant porosity vat then 

determined by means of equation (5.11) which allowed the calculation 

of the wetted surface area from equation (5.13). 

As regards presentation of results, the input values of fracture 

width, differential pressure and flow rate at various closure 

stresses were displayed in tabular form. The results output 

indicating wetted surface areas, permeabilities, fracture widths and 

proppant porosities at various closure stress were given in tabular 

form on the same data sheet. A brief section stating the proppant 

data and the description of test conditions was also included. A 

sample sheet is presented in Figure 5.26. Two tests were conducted 

on each type of proppant, the results of each test being presented 

on a separate sheet. Each test was given a reference number, as 

shown In the figure. To provide an average set of output values for 

the data-base, a summary sheet, using the same format, was 

constructed for each proppant which displayed the mean results. As 

an aid to comparison, the wetted surface areas and flow cell 

permeabilities as a function of closure stress were also displayed 

in graphical form. 

The data-base files containing the test information were given the 

extension '. FLO' to enable test identification. For example, the 

Sintered Bauxite results were stored under the name BAUX. FLO, which 

contained three data sheets (i. e. the results of the two tests, 

reference numbers Baux20/40-1 and Baux20/40-2, and the average 
i 
results set, reference number Baux20/40-AVE). A similar system of 

naming the Interprop and frac sand data files was used. Further 
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LINEAR FLOW CELL TEST RESULTS Proppont Type : 20/40 Interprop I 
............................. Supplier : Norton 

Reference No : INT20/40-AVE 

- ----------- 

TEST CONDITIONS 
............... 

Test Cell Type ; 10 sq in Linear Flow Cell (API Spec. ) 
Proppant Concentration :2 lbs/sq ft 
Proppant Grain Density : 3.120 &/cc 
Test Fluid Type : Sbell Tellua No. 10 
Fracture Widd 1 1000 psi : 5.165 sax ( . 2033 in) 

------- - ---- - ------ -- ---------- 

DATA INPUT : Average of 2 Tests 
.......... 

.......................................................................... 
Closure Stress Differential Pressure Volumetric flow-late Average LVDT 

(psi) A-B B-C A-C A-B B-C A-C Temp. Value 
-- --- - ------ - ---------- 

1000 27.54 28.13 55.79 13.73 13.67 13.76 25.24 618 
2000 30.33 33.42 63.67 13.27 13.47 13.60 25.31 600 
4000 33.28 36.75 70.10 13.08 13.25 13.17 25.41 566 
6000 34.91 46.28 85.82 12.31 14.00 13.99 25.51 531 
8000 43.21 53.18 93.36 13.36 13.49 13.12 25.53 497 

10000 42.03 51.14 92.42 10.08 9.73 9.81 25.67 461 
12000 49.43 62.07 121.32 10.18 9.89 10.49 25.74 432 
14000 67.57 89.18 153.72 10.48 10.44 10.23 25.84 405 
15000 73.05 104.63 175.14 9.58 9.77 9.63 25.90 385 

........................ ................................................ 

RESULTS OUTPUT : Average of 2 Tests 
.............. 

.......................................................................... 
Closure Stress Wetted Surface Area Flov-Cell Permeability Yrac. Porosity 

(psi) A-1 B-C A-C A-3 B-C A-C Widtb (1) 

1000 237.9 240.9 239.1 385.6 375.9 381.7 . 2033 39.33 
2000 254.0 264.6 257.0 337.4 310.8 329.4 . 2033 39.31 
4000 264.0 275.6 270.0 302.9 277.8 289.5 . 2023 39.03 
6000 261.0 281.7 271.4 275.0 235.9 254.2 . 1988 37.94 
$000 258.5 285.4 271.2 245.5 201.4 223.2 . 1951 36.77 

10000 267.6 300.5 284.4 193.4 153.4 171.2 . 1906 35.29 
12000 268.4 305.2 292.9 168.4 130.3 141.4 . 1874 34.16 
14000 289.6 333.4 312.7 128.0 96.6 109.8 . 1345 33.13 
15000 294.9 349.4 322.1 109.5 78.0 91.8 . 1818 32.14 

.......................................................................... 

--- - -- - ---- 
UNITS : Differential Pressure (mbar) Wetted Surface Area Un'2/in'3) 

Volumetric flow Rate (cc/min) Flow Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Widtb (in) 

Figure 5.26 : SampZe Data Sheet - Linear FZow CeZZ Re8uZt8 
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details are given in Appendix 1. 

5.9.4 Experi ental Results 

I 

The test data sheets for the following proppants are given In 

Appendix 1. A discussion of the test results is given below. To 

remove the variable of fracture width from the discussion. the 

permeability rather than the conductivity of the simulated propped 

fracture was discussed. 

5.9.4.1 20/40-Sintered Bauxite 

Referring to Figure 5.27(a), it can be seen that the permeability 

values obtained from ports B-C were lower than those obtained from 

ports A-B, while the A-C values were found to lie in the region 

between the two- In general, however, the flow cell permeability 

values measured over the three port combinations were found to be 

within 10% of each other. 

The flow cell permeability at 1000 psi (6900 kPa) was measured to 

have an average value of around 300 Darcy. This initial value was 

found to decrease fairly rapidly as a result of Increasing the 

closure s tress to 2000 psi (13800 kPa) . This reduc t ion was 

considered to be due to settling of the proppant pack. As the 

effective closure stress was increased in increments to 10000 psi 

(69000 kPa), the flow cell permeability was found to decrease at an 

average rate of 14 Darcy/1000 psi. Between this region and the 

maximum closure stress of 15000 psi (103500 kPa), the permeability 
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decreased at an average rate of 5.3 Darcy/1000 psi. At the maximum 

closure stress, the average flow cell permeability had decreased to 

around 45% of the initial value. 

The wetted surface area of 20/40 Sintered Bauxite is plotted against 

closure stress in Figure 5.27(b). In accordance with the flow cell 

permeability results, the wetted surface area values obtained from 

ports B-C were seen to differ from the respective values obtained 

from ports A-B. In this case, however, the B-C values were 

numerically greater. Again, the wetted surface area results obtained 

from measurements across the full linear flow length, i. e. ports 

A-C, were found to lie in the region between the respective values 

from ports A-B and B-C. 

Referring to Figure 5.27(b) it can be seen that the wetted surface 

area increased proportionally with closure stress until 8000 psi 

(55200 kPa) where a reduction in surface area was measured. The 

wetted surface area continued to decrease until a closure stress of 

12000 psi (82800 kPa). After this closure value. the wetted surface 

area increased again, although it never reached its maximum value 

which occurred at around 8000 psi (55200 kPa). As one would expect 

surface area to Increase proportionally with applied stress. this 

llincxpected trend can be explained either as a result of the 

high-strength Sintered Bauxite embedding slightly into the stainless 

steel shims of the linear flow cell, or the proppant grains 

deforming elastically. In either case, the surface area of the 

proppant In contact with the fluid would be reduced. An examination 

of the shims after each test indicated that slight proppant 
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embedment was most probably the case as their faces were pitted. As 

the wetted surface area increased until a closure stress of 8000 psi 

(55200 kPa), it was reasoned that proppant embedment was initiated 

at or around this closure stress level. Similarly, as the wetted 

ýsurface area increased with closure stresses above 12000 psi (82800 

kPa), it was considered that proppant crushing as well as embedment 

was present at the-higber closure stresses. 

5.9.4.2 20/40 Interprop-I 

The flow cell permeability at various closure stresses for 20/40 

Interprop is illustrated in Figure 5.28(a). Ile initial permeability 

at 1000 psi (6900 kPa) closure stress was measured to be about 380 

Darcy. From an analysis of the graph it can be seen that the f low 

cell permeability decreased at an average rate of 18 Darcy/1000 psi 

to an average value of 92 Darcy at the maximum closure stress of 

15000 Psi (103500 kPa). The final permeability was therefore in the 

order of 25% of the initial value. As with the Sintered Bauxite 

tests, the respective Interprop permeabilities measured across the 

three differential pressure port combinations were observed to vary. 

The three sets of curves, however. were seen to follow a similar 

trend. The 1upstream' permeability measurements, i. e. ports A-B, 

were found to be higher than the 'downstream' permeability 

. easurementst i. e. ports B-C. In accordance with previous tests, the 
: 

ermeabilities measured across ports A-C were found to lie in the 

region between the respective values from ports A-B and B-C. 

The wetted surface areas at various closure stresses are shown in 
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Figure 5.28(b). At very low closure stresses, a high increase in 

vetted surface area with stress was indicated. Between closure$ of 

4000 psi (27600 kPa) and 8000 psi (55200 kPa), the wetted surface 

area measured over ports A-C remained constant while the calculated 

wetted surface areas across ports B-C and A-B increased and 

decreased respectively. After this closure stress value, the wetted 

surface areas across all port combinations was observed to increase 

I proportionally with applied stress. As indicated on the graph, the 
i 
difference between the B-C and A-B values were also found to 

Increase with closure stress. As the wetted surface area showed a 

'marked increase with closure stresses of 10000 psi (69000 kPa) and 

above, it was considered that undesirable proppant crushing probably 

occurred around this stress level. An examination of the faces of 

the shims indicated that minimal embedment had occurred. 

5.9.4.3 20/40-Sand 

The flow cell permeability results for 20/40 frac sand are presented 

In Figure 5.29(a) . At the initial closure stress of 1000 psi (6900 

the average proppant permeability over the three pressure 

ports was 122 Darcy. As closure stress was increased. the flow cell 

permeability reduced at a rate of aproximately 8 Darcy/Hoo psi 

. 
until an applied stress of 4000 psi (27600 kPa). After this region, 

the decreased at an average rate of 12 Darcy/1000 psi until 8000 psi 

(55200 kPa). The flow cell permeability was then seen to decrease at 

-a lower rate until at the maximum closure stress 10000 psi (69000 

kP&)o the average permeability had reduced to around 10% of Its 

ýInjtjal value. 

I"- 

- 371 - 



20/40 Sand (Colorado) 
now Call Peffneability at Various Closure Stresses 

200- 
0 PORTS A-13 

x PORTS 13-C 

U V PORTS A-C 
ISO 

CL x 

U 0 
v 39 x 

0 
V6 0 

v 

0 2CýO 4ý00 SC60 3600 1 o; oo 12; 00 
Closure Stress (P31) 

Figure 5.29(a) 
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The wetted surface area of 20/40 sand at various closure stresses is 

illustrated in Figure 5.29(b) . An examination of this f igure 

Indicated that subjecting frac sand to stress greatly increased its 

wetted surface area. Up to an applied closure stress of 4000 psi 

(27600 kPa), the wetted surface area increased by only a small 

amount. As with the-other proppants tested, the wetted surface areas 

calculated from measurements across ports B-C were greater than 

across ports A-B or A-C. At closure stresses above 6000 psi (41400 

kPa) the B-C value increased dramatically, while the A-B and A-C 

values increased at a constant rate. The greater wetted surface area 

measured across ports B-C was considered to be due to proppant fines 

migrating from the upstream to the downstream section of the linear 

flow cell. 

Size Analysis of-Samples-Retrieved from tke Linear-Flow-Cell 

to Confirm the-Downstream Migration of-Fines 

As stated above, it was generally found that the differential 

pressure measured across ports A-B and B-C were not equal, the 

latter port yielding the higher pressure drop and therefore the 

lower permeability. This difference in pressure drop was found to be 

proportional to an increase in closure stress. As the sum of the 

pressure differentials over ports A-B and B-C was generally within 

10%, 
'of 

the value obtained across port A-C, (i. e. the total flow 

length) it was apparent that a degree of fines migration had 

occurred. In the case of frac sand, this was confirmed after the 

completion of the test when the top piston and $him were removed and 
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a concentration of fines vere visible around the outlet port of the 

linear flow cell. 

In order to investigate this phenomenon, the pressure differentials, 

were plotted against closure stress. A typical graph for frac sand 

is presented in Figure 5.30. It can be seen that the graph was 

linear for low cldsure values up to 2000 psi (13800 kPa). With 

closure stresses of 4000 psi (27600 kPa) and above, it can be seen 

that the percentage pressure differential increased rapidly with 

closure stress and at the maximum stress the pressure difference 

between ports A-B and B-C was in the order of 200%. 

Accordingly, it was decided to confirm that fines migration occurred 

by sieving samples retrieved from Opposite ports A. B and C of the 

linear flow cell af ter the completion of each flow test. The 

proppant samples were cleaned by washing in solvent prior to 

sieving. 

The results are given in Table 5.4 and shown graphically in Figure 

5.31. It can be seen that for each type of proppant, the percentage 

fines Increased from port A through port B to port C. i. e. in a 

downstream direction, thus confirming the downstream migration of 

fines. Although the literature is aware of fines migration. the 

author has not detected acknowledgement of this effect when quoting 

Values obtained from the various ports of the linear flow cell. 

The result is significant, as fines produced within the fracture 

remote from the well may accumulate in the zone of increased closure 
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Fines Migration along Linear Flow Cell 
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Figure 5.31 Fines Migration in the Linear Fl ow CeZZ 

Proppant Type Oversi ze In Range Undersize Recovery 

Sand 2.41 S 73.12 S 22.23 % 99.76 % 
Interprop 9.85 % 85.04 % 4.91 % 99.80 % 

Bauxite 7.82 S 90.15 % 1.65 S 99.62 % 

Sand 1.19 69.59 % 27.17 % 99.95 
Interprop 6.71 S $9.04 % 5.16 % 99.93 S 

ON Bauxite 6.28 % 91.17 S 2.27 S 99.72 S 

Sand 1.38 % 65.51 S 32.44 S 99.33 S 
Interprop 6.25 S $3.68 S 9.96 S 99.89 S 

Bauxite 4.46 S 91.12 S 4.36 S 99.94 % 

-able 5.4 : Sixe Analysis of Samples Retrieved from Opposite 
Ports A. B and C of the Linear Flow CeZZ 

Proppant Type Oversi ze In Range Undersize Recovery 

Sand 2.41 S 73.12 S 22.23 % 99.76 % 
Interprop 9.85 % 85.04 s 4.91 s 99.80 % 

Bauxite 7.82 S 90.15 % 1.65 S 99.62 % 

Sand 1.19 s 69.59 S 27.17 % 99.95 s 
Interprop 6.71 S $9.04 s 5.16 % 99.93 S 

Bauxite 6.28 % 91.17 S 
. 
2.27 S 99.72 S 

Sand 1.38 % 65.51 S 32.44 S 99.33 S 
Interprop 6.25 S $3.68 S 9.96 S 99.89 s 

Bauxite 4.46 S 91.12 S 4.36 S 99.94 % 

- 376 - 



stress in the vicinity of the well. It can therefore be concluded 

that fines migration does indeed occur. It is consequently proposed 

that the permeability and wetted surface area values calculated from 

the differential port B-C maybe more realistic for regions 

immediately around the vellbore, i. e. in the region of fines 

concentration. The values calculated from port A-B may thus be used 

for estimates away from the effects of the wellbore, while the 

values determined between ports A-C may be considered to be an 

average value. 

5.9.6 Discussion of Results and Conclusions 

Figure 5.32 shows a comparison of flow cell permeability results 

obtained for the three proppants tested. The respective curves show], 

were developed from the average of the results obtained over the 

total linear flow length, i. e. over ports A-C. 

At the lower values Of closure stress, it was apparent that 

Interprop yielded the highest flow cell permeability while the frac 

sand displayed the lowest. For comparison, 20/40 Interprop had an 

initial permeability at 1000 psi (6900 kPa) of around 400 Darcy, 

20/40 Sintered Bauxite was measured at around 300 Darcy, while the 

initial permeability of the 20/40 frac sand was found to be in the 

order of 80 Darcy. 

lieferring to the Interprop curve, it can be seen that the flow cell 

permeability decreased linearly with increased closure stress. An 

examination of the Sintered Bauxite curve indicated that after an 
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z 
initial sharp drop in permeability, which was attributed to settling 

of the proppant pack, the permeability decreased gradually and at a 

constant rate. At closure stresses of 10000 psi (69000 kPa) and 

above, the superiority of 20/40 Sintered Bauxite over 20/40 

Interprop was evident. From an examination of the 20/40 sand curve, 

It was apparent that the permeability decreased gradually until 

closure stresses of 4000 psi (27600 kPa) and above where the 

permeability was observed to decrease at a greater rate. This was 

considered to mark the onset of undesirable crushing which resulted 

in the greater reduction in permeability. 

The permeability data at low stress values reflected the relative 

'particle sizes of the three proppants. It was established earlier 

that at low closure stress, the proppant with the larger average 

particle size yields the higher permeability. Although all three 

proppants conformed to API specifications, the Interprop was 

essentially a 20/30 proppant while the sand was essentially 30/40 

proppant (see Table 5.3). Subsequent tests on a second batch of 

, 20/40 sand supplied by Colorado Silica Sand UK which had a more 

-uniform size distribution yielded an initial flow cell permeability 

, of around 240 Darcy [1261 . The curve produced from this test, 

, 
denoted 'Silica Sand (Colorado) 1, has been added to the Figure 5.32. 

', It can be seen that the permeability decreased sharply with 

increased stress and had a measured permeability of approximately 

ihalf that of the original sample at the maximum closure stress of 

; 10000 psi (69000 kPa). 

A comparison of the wetted surface areas calculated from test data 
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obtained over the total linear flow length is given in Figure 5.33. 

Again, the 'silica sand' results are provided to allow a comparison 

with the frac sand. The most striking feature of this graph was the 

difference between the wetted surface areas of the high-strength 

proppants (i. e. Sintered Bauxite and Interprop) and the low-strength 

frac sands. Again the variation in grain size distribution of the 

120/40' proppants was emphasised by the calculated value of wetted 

surface area at the lower values of closure stress. Interprop, which 

had the largest average grain size was found to have the lower 

wetted surface area at low stress, while the original batch of frac 

sand, which had the smallest average grain size yielded the highest 

wetted surface area. 

Referring to the Sintered Bauxite curve, it can be seen that the 

average wetted surface area increased only marginally over the range 

of closure stress. This indicated that minimal crushing occurred. 

iffowever, as stated previously. slight embedment of the grains into 

the stainless steel shims was detected. As this embedment was 

condidered to be more severe at higher values of closure stress, it 

-was possible that this contributed to the small and irregular 

increase in wetted surface area. The wetted surface area of 

, Interprop was seen to increase at a fairly constant rate as a result 

, of increased stress. At both low and high values of closure stress, 

'however, this increase was found to be greater. An examination of 

-, the wetted surface area curves of the two batches of frac sand 
V 

-illustrated 
the effect of grain size variation in the same type of 

proppant. For the silica sand (2nd batch), the wetted surface area 

increased gradually up to a closure stress of 4000 psi (27600 kPa). 
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After this limiting value, the curve was seen to rise sharply. The 

wetted surface area of the original sand sample increased at a lower 

rate and at the maximum closure stress had a lower wetted surface 

area than that of the silica sand. 

In conclusion, the results obtained generally reflected the 

published properties of the various proppants. viz. the high- 

strength proppants provide greater permeability/conductivity at 

higher levels of closure stress. 

It has been shown that proppant fines migration does occur in the 

linear flow cell and the magnitude of which can be measured. In 

extreme cases (frac sand), upstream (ports A-B) permeabilities up to 

four times the downstream (ports B-C) values have been measured. 

5.10 DETERMINATION-OF PROPPANT DRY CRUSH RESISTANCE 

5.10.1 Introduction 

The crush resistance test indirectly measures the strength of a 

proppaut and its ability to resist erosion or crushing when exposed 

to pressure. 

In the 'Recommended Practices for Testing Sand Used in Hydraulic 

Fracturing Operations' [1061, the American Petroleum Institute 

described a proppant crush test procedure which stated that the 

maximum allowable fines for 20/40 proppants was 14% at a closure 

stress of 4000 psi (27800 kPa). The author considered this test to 
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be unsatisfactory Inasmuch that it only gave crush data at one level 

of closure stress. Accordingly, it was proposed to investigate the 

crush resistance of the proppants under investigation at several 

values of closure stress. 

The following extended crush test was introduced to supplement the 

proppant data-base-by including the crush resistance properties of 

the proppants under investigation as a function of closure stress. 

From this additional data, it was anticipated that it would be 

possible to determine the closure stress at which unacceptable 

proppant crushing and thus fines production commence. Ile crush cell 

described in Section 5.6.4 was used. As the data obtained from the 

crush cell would be compared with that from the linear flow cell, 

the main design consideration was to reproduce the same test area of 

the flow cell, i. e. 10 inz, and thus allow similar concentrations of 

proppant and fracture widths to be used. 

The basic procedure was similar to API RP56 with the exception that 

the proppant was not sieved to obtain a uniform '-20+401 grade of 

proppant and a2 lb/ftz concentration was tested with preference to 

the recommended 4lb/ft2. The sieve stack used for the extended dry 

crush analysis is depicted in Figure 5.34. 

5.10.2 Test-Procedure 

The folloving test procedure was adopted and repeated in stages of 

1000 psi (6900 kPa) to a maximum of 15ooo psi (103500 kPa) for the 

high and intermediate strength proppants and 10000 psi (69000 kPa) 
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90 
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SIEVE SHAKER AND TIMER 

TABLE OF EQUIVALENT MESH MUMBERS 

Nominal Aperture 
(microns) 

BS Mesh 
Number 

ASTM Mesh 
Number 

1180 14 16 
850 18 20 
425 36 40 
250 60 60 
150 100 100 
125 120 120 
106 150 140 

90 170 170 

Figure 5.34 : sieve Stack Used for the Extended 
Dry Crush AnaZysia Testa 
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for frac sand. A fresh, split sample was used for each test. 

(1) The bottom piston was inserted into the cell housing and 

63.2 g of proppant (corresponding to a concentration of 2 

lbs/ft2) was poured evenly into the cell. The upper piston 

was then inserted, uniform levelling was accomplished by 

the rotation of the piston through 1800. 

(2) The crush cell was then placed in the servo-controlled 

$'stiff t testing machine. The desired closure stress was 

applied at a rate of 1000 psi/minute and held at that level 

for 2 minutes before removal of the load. 

(3) The pistons were then carefully removed and the cell 

contents transferred to the uppermost sieve. The sieve 

stack and pan were then Placed on a sieve shaker and sieved 

for 10 minutes. 

(4) The contents of each sieve was then carefully emptied using 

af ine brush and weighed to within 0.0001 g on an 

electronic balance. 

5.10.3 Data PreseRtation 

The resulting data was processed using a spreadsheet program to 

provide a full sieve analysis data sheet. A sample data sheet is 

given in Figure 5.35. It can be seen that the data sheet gives a 

data-base reference number and Indicates the closure stress which 
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PROPPANT DRY CRUSE TEST RESULTS t Reference lumber s INTZI. 15k 
...................... . Closure Stress : 15000 psi 

PROPPANT DATA 

Proppast Type/Size : 20/40 Interprop I 
supplier : Norton 
Specific Gravity : 3.12 
Bulk Density- t 1.87 glec 
Roundness : 0.82 (Uncrusbed) 
Spbericity : 0.81 (Uncrusbed) 

TEST CONDITIONS 

Test Cell Type : 
Proppaut Cone. : 
Closure Stress : 

Loading Rate : 
Stress Maintained : 
Cell Temperature : 

10 sq. in. 316 SS 
2 lbs/sq. ft. 
15000 psi 

1000 psilminute 
2 minutes 
21 C (70 7) 

(Circular) 

SIEVE AXA1YSIS OUTPUT 
. .............. 

Sample Weight 62.85 S 
Recovered Weight 62.59 t 
Percentage Recovery 99.58 Z 

Roundness (Crushed) 
Sphericity (Crushed) 

Percentage Oversize 5.71 2 (*20 M esh) 
Designated Range 80.18 Z (-20+40 Mesh) 
Percentage Fines 14.11 2 (-40 Mesh) 

...................................... 
U. S. HESS SIEVE FRACTIONS APERTURE 

........... 
CUM. 2 

......... 
CUM. I 

WUM31R wt(g) I Wt (micron) UNDERSIZZ OVERSIZE 

+16 . 00 1180 100.00 . 00 
-16+20 3.5599 5.69 $50 94.32 5.69 
-20+40 50.2253 $0.25 425 14.06 85.94 
-40+60 5.7276 9.15 250 4.91 95.09 
-60+100 2.2241 3.55 150 2.36 98.64 

-100*120 . 2989 . 48 125 . 88 99.12 
-120+140 . 1878 . 30 106 . 58 99.42 
-140+170 . 2189 . 35 90 . 23 99.77 

PAR . 1451 . 23 -90 . 00 
....... . ........ . ....... . .... 

100.00 
... -- 

Figure 5.35 : SampZe Data Sheet - Extended Dry Crush Tests 
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was applied to the proppant. Other details given on the sheet are 

the bulk density, roundness and sphericity, specific gravity and the 

concentration of the proppant. In the sieve analysis output section, 

the sample weight, recovered weight and percentage recovery are 

indicated. If a percentage recovery of less than 99.5% was evident, 

the test was repeated. This was in accordance with API RP56 [1061. 

Ile percentage oversize, percentage in-range and percentage fine$ by 

weight were also given in this section. The sieve fractions 

recovered from the respective sieves while the cummulative oversize 

and undersize were detailed in the data sheet. 

In the proppant data-base, the crush test data were given the 

extension I. CRUI to allow indent if icat ion. Ile files containing the 

results of Sintered Bauxite tests were named BAUX-**K, with the #**' 

indicating the level of applied stress (i. e. BAUX-10K indicated 

10000 psi (103500 kPa) closure stress). Similarly, the files 

containing the Interprop and the frac sand results were named 

INTER-**K and COLOR-**K respectively. 

5.10.4 Test Results 

To avoid overloading the appendices with data, the results of the 

extended crush tests have been summarlsed. If required, the data 

sheets for the three proppants tested may be found in reference 

[1271. To give an indication of the progressive crushing of each 

proppant with increased closure stress, the total percentage fines, 

percentage oversize and the percentage of proppant grains falling 

within the designated range were summarised and displayed in 
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graphical and tabular form. A discussion of the results for each 

proppant is given below. 

5.10.4.1 20/40 Sintered Bauxite 

The extended dry crush test results for 20/40 Sintered Bauxite are 

presented graphically in Figure 5.36 and also in Table 5.5. From an 

examination of the graph, it was apparent that Sintered Bauxite 

exhibited extremely good crush resistance. Ile percentage oversize 

was found to vary from around 6% at 2000 psi (13800 kPa) closure 

stress to slightly over 4% at higher stresses. The percentage of 

proppant particles which were inside the designated range varied 

from over 94% to 93% at closure stress values up to 13000 psi (89700 

kPa) . After this value, the percentage in-range decreased slightly 

to 90.6% at the maximum closure of 15000 psi (103500 kPa). The 

undersize, or percentage fines produced due to the crushing of the 

proppant were found to remain at a negligible level up to a closure 

stress of 9000 psi (62100 kPa). At this closure stress value, the 

percentage undersize measured was in the order of 1.05%. An 

examination of Figure 5.36 illustrates that the percentage undersize 

Increased at a constant level due to the effect of Increased closure 

stress. At the maximum closure stress, 4.6% of the proppant was 

found to be undersize. 

5.10.4.2 20/40 Interprop 

The sieve fractions at various closure stresses for 20/40 Interprop 

are given In Figure 5.37 and Table 5.6. As can be seen from the 
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Sieve Fractions at Various Closure Stresses 
20/40 Sintered Bauxite 

100- 

so- OVERSIZE 
IN-RANGE 

Go- UNDERSIZE 
j: 
4) 

40- 

IL 

20- 

0 
0 2000 4000 6000 $000 10; 00 12000 14000 16000 

Closure Stress (psi) 

Figure 5.3 6 Extended Dry Crush Test ReeuZts 
for 20140 Sintered Bauxite 

Closure Oversize In-Range Undersize 
(psi) M M 

2000 6.14 93.67 . 19 
3000 5.99 93.86 . 15 
4000 5.38 94.33 . 29 
5000 5.38 94.30 . 32 
6000 5.36 94.34 . 31 
7000 6.83 92.84 . 33 
8000 6.53 92.95 . 52 
9000 4.20 94.76 1.05 

10000 4.13 94.69 1.18 
11000 4.53 93.82 1.64 
12000 4.13 93.51 2.36 
13000 5.19 91.77 3.04 
14000 4.31 91.80 3.89 
15000 4.81 

1 
90.60 

1 
4.59 

1 

yabte . 5.5 Dry Crush Teat Reautts 20140 Sintered Bauxite 

_j 

Closure 
(psi) 

Oversize In-Range 
M 

Undersize 
M 

2000 6.14 93.67 . 19 
3000 5.99 93.86 . 15 
4000 5.38 94.33 . 29 
5000 5.38 94.30 . 32 
6000 5.36 94.34 . 31 
7000 6.83 92.84 . 33 
8000 6.53 92.95 . 52 
9000 4.20 94.76 1.05 

10000 4.13 94.69 1.18 
11000 4.53 93.82 1.64 
12000 4.13 93.51 2.36 
13000 5.19 91.77 3.04 
14000 4.31 91.80 3.89 
15000 4.81 90.60 4.59 
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Sieve Fractions at Various Closure Stresses 
20/40 Interprop I 
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Clo3ure Stre33 (p3i) 

Figure 5.37 : Extended Dry Cru sh Test ReeuZte 
for 20140 Interp rop 

Closure Oversize In-Range Undersize 
(ps i) M 

2000 7.59 92.07 . 34 
3000 7.62 92.03 . 35 
4000 7.49 92.14 . 37 
5000 8.60 91.01 . 38 
6000 6.98 92.35 . 67 
7000 5.83 93.09 1.08 
8000 6.39 91.89 1.72 
9000 5.47 92.05 2.49 

10000 4.92 91.12 3.96 
11000 4.26 90.00 5.74 
12000 2.82 87.80 9.36 
13000 4.78 82.94 12.28 
14000 5.43 82.89 11.67 
15000 5.71 80.11 14.11 

rable . 5.6 : Dry Crush Test Re8uZt8 20140 Interprop 

Closure 
(psi) 

Oversize In-Range Undersize 

2000 7.59 92.07 . 34 
3000 7.62 92.03 . 35 
4000 7.49 92.14 . 37 
5000 8.60 91.01 . 38 
6000 6.98 92.35 . 67 
7000 5.83 93.09 1.08 
8000 6.39 91.89 1.72 
9000 5.47 92.05 2.49 

10000 4.92 91.12 3.96 
11000 4.26 90.00 5.74 
12000 2.82 87.80 9.36 
13000 4.78 82.94 12.28 
14000 5.43 82.89 11.67 
15000 5.71 80.11 14.11 
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table, the percentage oversize was not found to decrease constantly 

with Increased closure stress as it varied between 8.6% at 5000 psi 

(34500 kPa) to 2.8% at 12000 psi (82800 kPa) . As expected, however, 

the general trend of the curve was downwards. The percentage of 

20/40 Interprop measured to be within the designated range remained 

at over 90% until a closure stress of 11000 psi (75900 kPa), where 

it was observed td decrease fairly rapidly to around 80% at the 

ýmaximum closure stress. The percentage undersize remained at a low 

level of below 1% up to 6000 psi (41400 kPa). After this region, it 

was seen to increase gradually until a closure stress of 10000 psi 

ý(69000 kPa), where almost 4% of the proppant was measured to be 

'undersize. The cross-over point between the percentage undersize and 

oversize curves occurred between closures of 10000 and 11000 psi 

(69000 and 75900 kPa). At this point, the percentage of proppant 

particles within the designated 20/40 range was observed to decrease 

rapidly, as stated above. This closure stress region indicated the 

I ýonset of undesirable crushing for this type of proppant. At the 

. jnaximum stress of 15000 psi (103500 kPa), the percentage undersize 

was measured to be 14.11%. 

, 
5.10.4.3 20/40-Sand 

4 

Me results ot the crush analysis on 20/40 sand are summarlsed In 

lFigure 5.38 and in Table 5.7. It can be seen that the percentage 

oversize varied between 5% and 7% until closure stresses of 8000 psi 

; (55200 kPa) and above were reached where the percentage oversize 

decreased under 4% a closure of 1000 psi (6900 kPa). Examination of 

the percentage of particles within the 20/40 designated range 
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Sieve Fractions at Various Closure Stresses 
20/40 Sand (old) 
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Figure 5.38 : Extended Dry Cru-sh Teat Re8uZts 
for 20140 Sand 

Closure 
(psi) 

Nersize In-Range Undersize 

2000 6.38 92.34 1.28 
3000 5.41 91.56 3.03 
4000 6.45 88.35 5.20 
5000 7.15 86.33 6.53 
6000 5.86 78-85 15.28 
7000 5.94 75-87 18.19 
8000 4.51 72.52 22.97 
9000 3.87 67.44 28.69 

10000 3.86 
1 

65.52 
1 

30.62 

Table 5.7 : Dry Cru8h Teat Re8uIt8 - 20140 Sand 
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yielded, a relatively constant value up to 90%. After this region, 

the amount of proppant particles lying within the specified range 

were found to decrease at a constant level until a closure stress of 

6000 psi (41400 kPa) where a marked reduction was observed. This 

downward trend continued until the maximum closure of 10000 psi 

(69000 kPa) where only 65% of the proppant was found to lie within 

the specified 20/40 range. At stresses below 3000 psi (20700 kPa) 

the production of fines of up to 3% was not considered to be a 

problem. Increasing the closure stress to 5000 psi (34500 kPa) more 

than doubled the amount of fines produced. At closure stresses of 

6000 psi (41400 kPa) and above, fines production was found to be 

considerable and reached a maximum value of 30% at the maximum 

closure stress. 

5.10.5 Comparison of Crusb Test and Linear-Flow Cell data 

Recalling the linear flow cell results presented in the previous 

section, the average permeability of 20/40 Sintered Bauxite 

decreased to a value of 45% of its initial level as a result of 

applying 15000 psi (103500 kPa) closure stress. The dry crush tests 

indicated that 4.6% of the proppant was undersize at this maximum 

closure stress. Interprop, which had a higher permeability than 

Sintered Bauxite at low levels of closure stress, but a lower 

permeability at high stress, suffered a permeability reduction of 

around 75%. The percentage fines measured for Interprop at the 

maximum closure stress was 14.1%. It was therefore apparent that the 

reduction in permeability of Interprop with respect to Sintered 

Bauxite was attributed to the high amount of fines produced. The 

- 393 - 



variation in permeability and wetted surface area for the Interprop 

was also greater than for Sintered Bauxite, thus indicating that 

fines migration was more severe with Interprop. There did not appear 

to be a direct relationship between the onset of excessive proppant 

crushing and a marked reduction in permeability for the Interprop as 

the permeability reduced at a fairly constant rate. This was also 

true for Sintered'Bauxite although crushing occurred to a much 

lesser degree. Accordingly, it may be possible that the degree of 

crushing which would have an adverse effect on permeability had not 

occurred and that crushing in excess of 14% would be required before 

a marked reduction in permeability would be observed. 

A good correlation was found between the crush test data and the 

permeability data for the frac sand. At closure stresses of 5000 psi 

(34500 kPa) and above, the percentage fines produced increased 

steeply, while at similar values of closure stress, the permeability 

measured in the linear flow cell was found to decrease sharply. 

Proppant wetted surface area also increased dramatically at these 

closure stress levels, thus indicating a greater concentration of 

fines. The measured variation between the upstream and downstream 

permeability values was greater with the frac sand than for the 

other proppants tested. This was especially true at high levels of 

closure stress where about 30% of the proppant was measured to be 

undersize. This confirmed that fines migration was more of a problem 

with the frac sand. 
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5.10.6 Conclusions 

In general, the crush tests conducted on 20/40 Sintered Bauxite 

confirmed its superiority in crush resistance when compared to the 

other proppants investigated. 

It can be concluded that the extended dry proppant crush tests 

provide valuable information about the behaviour of the various 

proppants under stress as the test gives an indication of the 

closure stress that a proppant can withstand. 

As the tests were performed at intervals of 1000 psi (6900 kPa) up 

to a maximum of 15000 Psi (103500 kPa) closure stress at a rate of 

1000 psi/minute, the time involved in providing the test data was 

considerable. Such an extended approach to proppant crush analysis 

may therefore be prohibitive if a large number of proppants are to 

be tested. However, testing such proppants at only one or two levels 

of closure stress would not provide comprehensive information. 

A good correlation between the linear flow cell tests and dry crush 

resistance was found for 20/40 sand, while a less convincing 

relationsbiP was found for 20/40 Sintered Bauxite and 20/40 

Interprop. As stated, the most IiIely reason for this was that the 

the intermeadiate- and high-strength proppants did not crush to the 

extent of the frac sand. 
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5.11 APPLICATION OF DATA-BASE TO FORMATION SAMPLES 

5.11.1 Introduction 

This section details the application of the data-base of wetted 

surface areas to formation samples to arrive at an in-situ value for 

fracture conductivity and permeability which allows for proppant 

embedment. Knowing the fracture porosity as determined by the 

fracture porosimeter, the width of the fracture and the appropriate 

wetted surface area from the data-base, the in-situ fracture 

conductivity may be determined from the Kozeny-Carmen equation. 

As stated previously, the fracture porosimeter is simply a triaxial 

cell which is used to measure the change in porosity of a bed of 

proppant sandwiched between two pieces of rock as a result of 

applying closure stress. When using a triaxial cell as a fracture 

porosimeter, the vertical in-situ stress is applied as the confining 

stress and the closure stress is applied to the ends of the core, as 

Indicated In Figure 5.39. 

It wa s in ItI al ly proposed to ref ine Wendorf fIs tec hn I qu eby 

monitoring changes in specimen volume within the fracture 

porosimeter, thus allowing for proppant compaction in a lateral 

direction as well as in the axial direction measured by Wendorff. 

However, due to leaking seals in the servo-controlled pressure 

intensifier, it was not possible to obtain accurate readings and 

accordingly, compaction was measured only In the axial direction. 
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5.11.2 Sample-PreParation 

Formation core samples from four offshore wells in the Beatrice 

field (Block 11/30a) were available for testing. The core halves 

should ideally come from the the same plug to avoid surface and 

modulus irregularities between samples. The 4 inch diameter 

reservoir core which was provided for testing, however, bad been cut 

along its axis and core plugs bad been taken by service companies. 

Accordingly, it was not always possible to obtain a core plug of 

sufficient length. As a result of this. it was sometimes necessary 

to 'match' core plugs taken from the same sample depth. In all tests 

conducted, one inch diameter plugs were used. When a core plug of 

sufficient length was obtained, prior to cutting the simulated 

fracture, the sample was marked along its axis with a vertical line 

to enable re-alignment. The cut face of the plugs were checked to 

ensure they were parallel to each other and perpendicular to the 

core axis. Due to the poor quality of some of the cores provided, 

however* it was not always possible to strictly adhere to the 

recommendations of the ISRM (Table 3.5, Section 3.3.2). 

For each of the four wells from which formation Samples were 

available, three core plugs were taken from four different depths. 

Thus a total of 48 core plugs were obtained and accordingly, 96 core 

halves were prepared. The core halves were marked to ensure that 

they could be matched with their respective partners and to allow 

Identification. 
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5.11.3 Procedure f or- Measuring- Formation Fracture-Porositv 

The test consisted of two parts, each using the same formation 

sample. 

(1) The two core halves were aligned and placed end to end in 

the fracture porosimeter. After the insertion of the 

plattens, a low confining pressure was applied to hold the 

cores and plattens in place. The fracture porosimeter was 

then placed In a compression machine and an initial axial 

(closure) stress of 1000 psi (6900 kPa) applied in 

conjunction with the equivalent in confining pressure. 

The length of the plattens and core halves were then 

determined by averaging a set of three measurements taken 

with a digital micrometer. The change in fracture width was 

obtained by averaging the output from three LVDT position 

sensors. 

The closure stress was then increased to 2000 psi (13800 

kPa) at a rate of 1000 psi/minute, again increasing the 

confining pressure by a similar amount. The average LVDT 

reading was then recorded, thus allowing the change in 

sample length to be determined. 

The closure stress and confining pressure were then 

increased in 2000 psi (13800 kPa) increments at the same 

rate as before and the average LVDT reading recorded. This 

procedure was repeated up to a maximum of 15000 psi (103500 
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kPa) for the high and intermediate strength proppants and 

10000 psi (69000 kPa) for frac sand. Due to the limitations 

of the triaxial cell, which was rated to 10000 psi (69000 

kPa), the maximum confining pressure was limited to this 

value. 

After the closure stress and confining pressure were reduced to 

zero, the core halves were removed and inspected for damage. A 

plastic sleeve, comprising of a layer of paper sandwiched between 

two strips of tape, was wrapped round the core halves. The upper 

core was then removed and a prescribed weight of proppant was poured 

into the sleeve and levelled. The upper upper core was then 

replaced, taking care to align the faces correctly. 

(2) The complete unit was then replaced in the fracture 

porosimeter and the above procedure and measurements were 

repeated. The fracture widths at various closure stresses 

were then calculated by subtracting the respective length 

of the plattens and core halves from the total length of 

plattens, core halves and proppant bed at the desired 

closure stress. 

5.11.4 Date-Analvsis-and-Presentittion of-Results 

5.11.4.1 Fample-Descrilption-and Fractule Porosimeter-Results 

As in the case of the linear flow cell, the fracture porosimeter 

results were calculated using a spreadsheet program. The fracture 

- 400 - 



width at each closure stress level was obtained from equation 

(5.15), this allowed the calculation of propped fracture porosity by 

means of equation (5.11). 

The results were displayed in a two-page format, as presented in 

Figures 5.40(a) and 5.40(b). 

The first page featured a general description of the formation 

sample and detailed properties such as rock type, colour, texture 

and sorting. A small sub-section giving details of sample density, 

embedment pressure and Brinell hardness was also included on this 

page. The second page detailed the proppant porosity and fracture 

width as a function of closure stress in tabular form. A brief 

sub-section Indicating proppant properties such as roundness, 

sphericity and grain density was included, as was the weight of 

proppant tested and the percentage recovery of proppant and crushed 

rock. A recovery In excess of 100% indicated that damage had been 

caused to the core faces. For case of comparison, the spreadsheet 

has been designed to produce an output of the above parameters of 

three different proppants on a single page. 

The sample description and formation sample results for each of the 

16 formation samples (four from each well), were given the extension 

I. POR' to allow identification in the data-base of spreadsheet 

files. The 16 formation sample data were stored in files SAMPLE1. POR 

to SAMPLE16. POR respectively. 
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FORMATION SAMPLE DATA 
a .................. 

Well lumber : 11/30-2 
Core Number : 10 
Sample Deptb : 6952 ft 
Box lumber : 129 
Reference Number :IA, I, C 

SAXPLE DESUInION 

Rock Type : SANDSTONE 

Colour : Medium brown, light brown banding and stringers. 

Texture : Upper fine train size (0.2 = dia. ) 
Spbericity : 0.7 
Roundness : 0.7 

Sorting : Very well sorted 

Cement : Silica 

Matrix : Clay 

GEWERAL DESCRIMOR 

Upper fine grained sandstone. medium brown in colour witb ligbt 
brown banding and occasional stringers of clay material. The grain& 
bave moderate spbericity, are rounded and are very well sorted. 

ROM PROPERTIES 
............. 

Sample Density : 2237.54 Iglu'3 (139.66 lb/ft'3) 

Embedment Pressure : **** 

Brinell Itardoess : 25.5 

(3.19 = Indenter) units 

Load (kg) 
Indentation (m) 
BEIN (Iglva'2) 

............... m- IA)sd Indtatation IRM 

0 . 0000 
5 . 0197 25 

10 . 0400 25 
15 . 0583 26 
20 . 0773 26 
25 . 0973 26 
30 

....... 
. 1173 

........... 
26 

..... 

Figure 5.40(a) : Fracture Poroeimeter Data Sheet #1 
DetaiZing Formation SampZe Description 
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YlACTURE POROSIMETER RESULTS Vell Imabor : 11/30-2 
. ......... . ............. . Depth : 6952 ft 

PROPPANT DATA, : Ref. IA 
............. 

Type/Size : 20/40 Sintered Bauxite 
supplier 2 Norton 

Cr. Density : 3.64 g/cc 
Roundness 0.80 
Spbericity 0.78 

Sample Wt. 5.0004 g 
Recovery 100.194 2 

.................. -.. W. ý 

Closure Fracture Proppent 
Stress Vidtb Porosity 

1000 . 1634 33.13 
2000 . 1620 32.58 
4000 . 1615 32.37 
6000 . 1614 32.29 
$000 . 1607 32.01 

10000 . 1605 31.94 
12000 . 1597 31.58 
14000 . 1585 31.07 
15000 . 1582 30.93 

........................... 

PROPPANT DAU : Ref. 11 

............ 

Typelsize : 20/40 Sand 
Supplier ; Colorado Silica Sand Inc. 

Cr. Density 2.64 g/cc 
loundness 0.70 
Spbericity 0.69 

Sample Wt. 5.0009 t 
Recovery 100 z 

PROPPART DATA : Ref. IC 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Cr. Density : 3.12 t/cc 
Roundness 0.81 
Spbericity : 0.82 

Sauple wt. : 5.0002 s 
Recovery : 100.090 2 

Closure Fracture Proppant 
Stress Vidtb Porosity 

1000 . 2157 30.17 
2000 . 2147 29.84 
4000 . 2139 29.57 
6000 . 2127 29.18 
$000 . 2094 28.04 

10000 . 2058 26.80 
12000 
14000 
15000 
....... .=....... . ........ 

.................. ........ 

closure Fracture Propp&nt 
Stress Vldtb Porosity 

1000 . 1776 28.22 
2000 . 1765 27.81 
4000 . 1765 27.81 
6000 . 1755 27.39 
8000 . 1747 27.04 

10000 . 1740 26.76 
12000 . 1730 26.33 
14000 . 1717 25.75 
15000 . 1708 25.39 

................. . ..... 0. 

TEST UNITS Closure Stress (psi) 

.......... Fracture Vidtb (in) 
Propped Fracture Porosity 

Figure 5.40(b) : Fracture Porosimeter Data Sheet #2 
DetaiZing Proppant Porosity ResuZta 

- 403 - 



5.11.4.2 Assessment of Embedment using the Fracture-Porosimgter 

The fracture width and porosity results determined from the fracture 

porosimeter were then Inserted Into the Kozeny-Carmen relationship, 

equation (5.8) in conjunction with the wetted surface area results 

obtained from the linear flow tests. This provided a fracture 

conductivity value for each of the three pressure port combinations 

which considered both proppant crushing and embedment. The fracture 

permeability was also calculated from equation (5.22). In the 

following discussion, 'fracture conduct ivity/permeab il I ty' refers to 

the value calculated as above, while 'flow cell conductivity/ 

permeability' refers to the value calculated from the linear flow 

cell results. Figure 5.40(c) shows a sample data sheet. The sheet 

gives details of the data-base reference to allow the various files 

to be cross-checked. To allow a comparison between the 'flow cell' 

and 'fracture' conductivity/permeability results, both sets of 

results have been reproduced. These data sheets and spreadsheet 

files were given the extension I. APPI to allow identification. More 

details may be found in Appendix 2. 

5.11.5 Experimental results 

The experimental results for the above tests may be found in 

Appendix 2. In the following analysis, the fracture conductivity 

results calculated over ports A-C for each formation sample have 

been averaged to arrive at a typical value for fracture 

conductivity. They are presented in tabular form in conjunction with 

the flow cell conductivity values (over ports A-C). The average 
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FRACTURE CONDUCTIVITY / PERIMABILITY RESULTS Ref : INTER-I. APP 
0 ........................................... 

FORMATION / PROPPANT DATA 

Proppant Type 
Supplier 
Concentration 

Well Number 
Deptb 

20/40 laterprop I 
Norton 
2 lbs/sq. ft. 

11/30-2 
6952 ft 

FRACTURE CONDUCTIVITY RESULTS 
............................. 

DATA RASE REFERENCE 
.... ............... 

INTER-A. FLO 

SAMPLEI. FOR 

'; 
tivity 
- ---- ---- ----- 

Fracture 
-- ------------ 
Con"ductivity 

(psi) L-B 
---- 

B-C 

- --- - 

A-C 

--------- 
A-B 

--- - 
B-C A-C 

1000 6.534 
- 

6.371 6.468 
- ---- - 

1.506 
----- 

1.468 
- ---- -- 

1.491 
2000 5.714 5.264 5.579 1.146 1.056 1.119 
4000 5.106 4.685 4.882 1.150 1.055 1.099 
6000 4.555 3.908 4.212 1.105 . 948 1.021 
8000 3.991 3.275 3.628 1.068 . 876 . 971 

10000 3.073 2.438 2.720 . 955 . 757 . 845 
12000 2.629 2.034 2.207 . 888 . 687 . 746 
14000 1.969 1.486 1.689 . 697 . 526 . 598 
15000 

............... 
1.659 

........ 
1.182 

....... 
1.391 

.......... 
. 635 

......... 
. 452 

....... 
. 533 

......... 

FRACTURE PERMEABILITY RESULTS 
............................. 

C3oeure Stres. Flow Cell Pere. biljty Fracture Permeability 
(psi) A-B 

------ - 
B-C 

-------- 
A-C 

-------- 
A-1 

----- -- 
I-C 

- 
A-C 

------------- 
1000 

--- 
385.6 375.9 381.7 

- 
101.8 

------- 
99.2 

-------- 
IDO. 7 

2000 337.4 310.8 329.4 77.9 , 71.8 76.1 
4000 302.8 277.8 289.5 78.2 71.7 74.7 
6000 275.0 235.9 254.2 75.5 64.8 69.8 
8000 245.5 201.4 223.2 73.3 60.2 66.7 

10000 193.4 153.4 171.2 65.8 52.2 58.3 
12000 168.4 130.3 141.4 61.6 47.7 51.7 
14000 128.0 96.6 109.8 48.7 36.8 41.8 
15000 

............. 
109.5 

.......... 
78.0 

........ 
91.8 

........ 
44.6 

......... 
31.8 

........ 
37.4 

......... 

---- --------------- ------------------------------ --- --------- 
UNITS ; Flov Coll / Fracture Conductivity (Darcy*ft) 

Flov Cell / Fracture Permeability (Darcies) 
----- - --- - ---------- --- ------------------------ -- 

Figure 5.40(c) : Combination of Fracture Porosixeter Data with 
Linear Flow Cell Data to arrive at an 'in-situ? 
value for Fracture Conductivity & Permeability 
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fracture conductivities for the various proppants vere also plotted 

against closure stress. 

5.11.5.1 Well-11/30-2 

Table 5.8 shows the fracture conductivity results obtained from the 

four formation samples tested with each proppant type. The average 

fracture conductivities were plotted against closure stress and are 

shown in Figure 5.41. 

From an examination of this figure, it was evident that 20/40 

Interprop provided the the highest fracture conductivity up to 

closure stresses o'f 13000 psi (89700 kPa), thereafter the fracture 

conductivity of 20/40 Bauxite was superior. In all cases, the 

fracture conductivity was less than the measured flow cell 

conductivity, thus indicating that a degree of proppant embedment 

had occurred. This difference was greatest at low values of closure 

stress. With 20/40 Bauxite at 1000 psi (6900 kPa) closure stress, 

the conductivity was reduced by 52% as a result of considering 

proppant embedment, while at 15000 psi (103500 kPa), the 

conductivity was reduced by only 35%. With 20/40 Interprop, the 

conductivities at 1000 psi (6900 kPa) and 15000 psi (103500 kPa) 

were reduced by over 62% and 26% respectively. The reduction between 

the measured flow cell conductivity and the calculated fracture 

conductivity for sand was around 59% at 1000 psi (6900 kPa), while 

at 10000 psi (69000 kPa), this difference had reduced to 15%. 

detailed in Table 5.8, formation sample #3 provided the highest 
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Fracture Conduchty : WeH 11/30-2 
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Figure 5.42 : Fracture Conductivity Results - Well 21130-2 
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overall fracture conductivity for each of the three proppants 

tested. This formation sample had a relatively high Brinell hardness 

which was similar to that of sample #2. Formation samples #1 and #4 

were found to have a lower Brinell hardness and accordingly their 

fracture conductivities were lower than that of the harder formation 

samples. This indicated that proppant, embedment was less severe with 

samples displaying k higher Brinell hardness. 

5.11.5.2 Well 1130-5 

The flow cell and fracture conductivity results for well 11/30-5 are 

given in Table 5.9, while the average fracture conductivity values 

for each proppant were plotted against closure stress and are shown 

in Figure 5.42. 

Referring to this figure, it can be seen that 20/40 Sintered Bauxite 

provided the highest fracture conductivity over the range of closure 

stress. The fracture conductivities calculated from each sample were 

lower than the conductivity measured in the I inear flow cell, thus 

indicating proppant embedment had occurred. At closure stresses of 

1000 psi and 15000 psi (6900 kPa and 103500 kPa), the flow cell 

conductivity values of Sintered Bauxite were reduced by 42% and 6% 

respectively as a result of considering proppant embedment. At the 

same values of closure stress, the flow call conductivity values of 

Interprop were reduced by around 60% and 33% respectively. The flow 

cell conductivities of frac sand at 1000 psi and 10000 psi (6900 and 

69000 kPa) were found to have decreased by 62% and 30% respectively. 
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Figure 5.42 : Fracture Conductivity Results - Well 11/30-. 5 
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As shown in Table 5.9. formation samples #5 and #6 were found to 

yield the higher conductivity. These samples had a high Brinell 

hardness (42 and 47 kg/mm' respectively). Again this indicated that 

samples with the higher Brinell hardness were less susceptible to 

proppant embedment. 

5.11.5.3 Well-11/30e-A4 

The average fracture conductivity results for well 11/30a-A4 are 

presented in Figure 5.43 and in Table 5.10. Ile general trend of 

conductivity results for well 11/30a-A4 were similar to that of 

11/30-2, with the exception that the calculated fracture 

conductivity values were marginally higher. In this well, no 

apparent relationship between Brinell hardness and conductivity 

reduction was evident. 

As evident from the table. the f low cell conductivity values 

measured for 20/40 Sintered Bauxite at closure stresses of 1000 psi 

(6900 kPa) and 15000 psi (103500 kPa) were reduced by 45% and 24% 

respectively as a result of considering proppaut embedment. For the 

same extremes of closure stress, the flow cell conductivity values 

of 20/40 Interprop reduced by 53% and 18% respectively. For the case 

of the frac sand, the measured flow cell conductivity was found to 

have been reduced by 60% at 1000 psi (6900 kPa) closure and by 25% 

at the maximum closure stress of 10000 psi (69000 M). 
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Figure 5.43 : Fracture Conductivity ReauZta - WeZZ 21130-A4 
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5.11.5.4 Well 11130a-A6 

The fracture conductivity results for well 11130&-A6 are given in 

Table 5.11, while the typical conductivity for each proppant is 

plotted against closure stress in Figure 5.44. From this fioure, it 

can be seen that 20/40 Interprop curve provided a marginally higher 

conductivity than 20/40 Sintered Bauxite at closure stresses up to 

11000 psi (75900 kPa), thereafter Bauxite provided the superior 

fracture conductivity. With this well. no apparent relationship 

between the Brinell hardness and conductivity reduction was evident. 

There was a large variation in the conductivity results for the four 

samples tested. Sample #14 actually yielded a higher fracture 

conductivity than the flow cell conductivity. This was due to the 

fracture porosimeter measuring a higher proppant porosity than 

measured in the linear flow cell. It was therefore apparent that for 

this sample, the Sintered Bauxite proppant had not been properly 

levelled in the porosimeter. 

As a result of integrating the fracture porosimeter data, the flow 

cell conductivity values for Sintered Bauxite at closure stresses of 

1000 psi and 15000 psi (6900 and 103500 kPa) were reduced by 35% and 

14% respectively, while the respective flow cell conductivities for 

Interprop reduced by 50% and 14%. With the frac sand, the flow cell 

conductivity measured at 1000 psi and 10000 psi (6900 and 69000 kPa) 

was reduced by 66% and 35% respectively. 
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5.11.5.5 Discussion of Results 

From the above analysis, it was apparent that proppant embedment has 

a marked effect on fracture conductivity estimations. 

Of the two stronger proppants tested, 20/40 Sintered Bauxite was 

found to show the Ivast overall reduction in fracture conductivity 

with respect to the linear flow cell data at low closure stress, 

while at high levels of closure stress, it generally suffered the 

greatest conductivity reduction. For 20/40 sand, the smallest 

difference between flow cell conductivity and fracture conductivity 

was generally found to occur at high closure stress. This indicated 

that proppant embedment contributed more to the reduction in 

fracture conductivity for 20/40 Sintered Bauxite, while the 

conductivity reduction for frac sand was attributed to excessive 

crushing. 

5.11.6 Correlation Between-Brinell- Hardness and-Fracture Porosity 

As stated above, the fracture porosimeter enables the porosity of a 

proppant pack sandwiched between two rock cores to be measured at 

various levels of closure stress. It therefore measures the combined 

extent of proppant crushing and embedment in the rock. Previous 

workers [35,1031 have indicated that proppant embedment Is a 

function of rock hardness and consequently, softer formations are 

more susceptible to proppant embedment. To investigate if any 

correlation existed between Brinell hardness and proppant porosity 

reduction, the fracture porosimeter test results were summarised and 
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compared with Brinell hardness values of each formation sample. 

Table 5.12 shows the initial proppant porosity measured at 1000 psi 

(6900 kPa) together with the total reduction in porosity at maximum 

closure stress for the three proppants tested with each formation 

sample. The Brinell hardness number for each sample is also given to 

allow a comparison. - 

The relationship between initial proppant porosity of 20/40 Sintered 

Bauxite and Brinell hardness is presented in Figure 5.45(a). From an 

examination of this figure, it was evident that the harder samples 

displayed a higher proppant porosity. Figure 5.45(b) illustrates the 

total reduction in proppant porosity measured at 15000 psi (103500 

kPa) as a function of Brinell hardness. Although some scatter of 

results was evident, it was apparent that the samples with the 

higher Brinell hardness yielded the lower reduction in proppant 

porosity. 

Figure 5.46(a) shows the initial proppant porosity at 1000 psi (6900 

kPa) for 20/40 Interprop plotted against Brinell hardness. It can be 

seen that the samples which had a higher Brinell hardness were 

generally found to have a higher initial porosity. This was In 

accordance with the bauxite test data. The total proppant reduction 

at 15000 Psi (103500 kPa) closure stress was also plotted against 

Brinell hardness and is shown in Figure 5.46(b). In this case, a 

more definite relationship was evident with the harder samples 

displaying a lower reduction in proppant porosity. 
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20/40 Interprop I@ 1000 psi Closure Stress 
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Similar graphs were plotted for 20/40 frac sand and are shown in 

Figures 5.47(a) and 5.47(b) respectively. Referring to Figure 

5.47(a), it can be seen that the harder formation samples generally 

had a higher initial proppant porosity. However, from an examination 

of Figure 5.47(b) it was apparent that sample hardness had little 

effect on proppant porosity reduction. although a general trend was 

present. 

From the above analysis it can be claimed that a correlation was 

found to exist between proppant porosity reduction and Brinell 

hardness. With the three types of proppant tested, the general trend 

was that the higher the Brinell hardness of the rock sample, the 

lower the total reduction in proppant porosity. 

It can therefore be concluded that the Brinell hardness of a rock 

may be used as an indication of the initial proppant porosity and 

the likely porosity reduction as a result of applied stress. In this 

analysis, no attempt has been made to determine the mathematical 

relationship between proppant porosity reduction and rock hardness 

as this would have required a larger number of tests. Such a 

mathematical relationship, however, may be developed as a result of 

on-going tests. 

5.11.7 Discussion mind Conclusions 

It has been shown that the fracture conductivity/permeability 

estimates obtained with the fracture porosimeter were less than that 

measured with the linear f low ceII, which assumed neglizable 
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embedment. It was also shown that this reduction was not constant 

over the range of closure stress, with the greatest conductivity 

reduction occurring at the lower valves of closure stress. In the 

fracture porosimeter tests, the total reduction in the porosity of 

the proppant pack under stress varied from 1.5% to about 5%, while 

in the linear flow cell, the proppant porosity reduction was 

typically between 5% and 10%. It should be stated, however. that the 

initial proppant porosity measured with the fracture porosimeter was 

always lower than measured in the linear flow cell for each proppant 

type. As the fracture porosimeter indirectly measured the embedment 

of the proppant in the formation sample, it was expected that the 

gI reatest porosity reduction as a result of applied stress would be 

obtained from this test. The most likely reason for this difference 

was considered to be the 1: 1 confining pressure to closure stress 

ratio which was used throughout the fracture porosimeter tests 

(remembering that the closure stress was applied in the axial 

direction). This did not allow the proppant pack to expand In a 

lateral direction as was considered to have occurred with the linear 

flow tests, in which the stress was applied In the axial direction. 

As the proppant was confined only by the walls of the linear flow 

cell test chamber, the proppant could expand laterally, thus the 

porosity reduction would be greater. In the present design of linear 

flow cell, it is not possible to apply confining pressure to the 

r proppant pack. Unpublished tests by the author have indicated that 

if & lower confining pressure to closure stress ratio is used for 

the fracture porosimeter, a greater reduction in proppant porosity 

Is obtained. More extensive tests would be required to establish the 

stress ratio which would enable the proppant in the fracture 

- 425 - 



porosimeter to laterally expand by a similar amount as occurs in the 

linear flow cell, and thus provide more comparable results. 

5.12 EFFECT OF A YIELD ZONE ON THE ESTIMATION OF CLOSURE STREsS 

AND THE CONSEQUNTREDUCTION INFRACTURECONDUCTIVITY 

The effect of a yield zone on the estimation of closure stress is 

shown qualitively in Figure 5.48(a). It is evident that the maximum 

closure stress may be considerably greater than that predicted using 

existing methods where the closure stress is taken to equal the 

minimum horizontal principal stress. In this figure, the closure 

stress acting on the wall of a propped fracture Is represented by 

the hoop stress, i. e. the stress that acts at 900 to the fracture 

face. Although this stress abutment (termed the 'maximum closure 

stress') is localised, it may act to form a 'bottleneck' and 

accordingly restrict the flow of fluid through the propped fracture 

when the well is produced, as postulated in Figure 5.48(b). In 

addition, if fives migration occurs to the extent suggested by the 

, linear flow cell test results, the proppant fines may concentrate in I 

I 
; this region and reduce the flow capacity further. 

To illustrate the effect of a yield zone surrounding a wellbore on 

! the estimation of closure stress and the consequent reduction in 

racture conductivity, use was made of the conductivity data 

obtained for the four wells examined in the previous section. The 

, closure stress was calculated by the traditional method (i. e. equal 
i 

, ýto 
the minimum horizontal principal stress) and the maximum closure 

, stress was taken to be the abutment peak (i. e. the f racture 
I- 
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initiation pressure using the yield zone concept), and was 

calculated from equation (4.34). In calculating the respective 

closure stress values, it was necessary to make several assumptions. 

The overburden pressure was assumed to be in the order of 1 psi/ft 

(22.6 kPa/m), the horizontal to vertical stress ratio was taken to 

be 0.75: 1 and a pore pressure gradient of 0.465 psi/ft was assumed. 

The effect of waýer depth was not considered and the well was 

assumed to be vertical. As no information was available about the 

mechanical properties of the formation samples, it was assumed that 

the In-situ uniaxial compressive strength was 1500 psi (10000 kPa) 

and the triaxial stress factor was 3. 

After calculating the upper and lower values of closure stress for 

each well, conductivity values for the various proppants were read 

off the respective fracture conductivity vs closure stress graphs 

(see Section 5.11.5, Figures 5.41 to 5 . 44) . The reduction in 

fracture conductivity for each proppant as a result of the maximum 

closure stress was then calculated as a percentage. The results are 

given in Table 5.13. 

From the table it can be seen that the maximum closure stress 

predicted using the yield zone concept was between 17% to 20% higher 

than the closure stress estimated from the minimum horizontal 

principal stress. Ile reduction in fracture conductivity due to the 

presence of a yield zone was between 3.8% and 8.6% for Sintered 

i3auxite. With Interprop, a slightly lower reduction in fracture 

conductivity of between 3% and 5.5% was calculated. With frac sand 

however, the fracture conductivity was reduced to between 26.5% and 
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31.2% of the original value. The optimum proppant for use to 

withstand these elevated closure stresses would be 20/40 Interprop, 

as 20/40 frac sand would crush excessively and the additional 

expense of using 20/40 Sintered Bauxite could not be justified at 

this depth. 

It can therefore be concluded that the fracture conductivity of 

weaker proppants, such as frac sand, may be considerably reduced if 

a yield zone is assumed to surround the well. In the examples shown, 

the fracture conductivity of frac sand was reduced by an average of 

30%. If stronger rock and a higher stress ratio had been assumed, 

this reduction in fracture conductivity would have been greater. 

To avoid a detremental reduction in conductivity as a result of the 

presence of a yield zone, the propping agent chosen must be able to 

withstand the localised maximum value of closure stress. Indeed, for 

shallow wells where frac sand is normally used as a propping agent, 

, the maximum closure stress may be sufficient to induce excessive 

proppant crushing which will have the adverse effect of decreasing 

fracture conductivity and reduce the longterm effectiveness of the 

fracturing treatment. This may also explain why the fracture 

conductivities measured in the field are typically much lower than 

the laboratory data. It can therefore be concluded that the 

localised maximum closure stress produced by the presence of a yield 

zone should be considered when calculating the closure stress acting 

on a propped fracture. If no yield zone exists around the well, then 

the increased value will merely act as an added safety factor. 
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5.13 CONCLUSIONS 

The objective of this chapter was to develop a laboratory technique 

which could be used on a routine basis to determine a realistic 

value for fracture conductivity at various levels of closure stress. 

A data-base outlining the properties of various commercially 

available proppants has been established and may be used to select 

the optimum proppant for a specific formation. 

1. 

A preliminary investigation using a nitrogen permeameter and a 

triaxial cell to simulate downhole stress lead to the conclusion 

that the physical properties of the formation must be taken into 

consideration when selecting a proppant. 

A test system comprising of a linear flow cell, Oil permeameter 

(both manufactured specifically for this project), triaxial cell, 

servo-controlled testing machine and intensifier, sieves and 

electronic balances, and data-processing software has been assembled 

and appropriate experimental techniques established. As well as the 

tests planned at the outset of this project, additional tests have 

been devised to confirm the previously unreported effect of fines 

migration through the linear flow cell and to make the data-base 

more comprehensive. 

The results obtained senerally reflect the published properties of 

the various proppants, viz. the high-strength Proppants Provide the 

greater permeability/conductivity at higher levels of Closure 

stress. It can be concluded that 20/40 frac sand should only be used 
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in wells where the closure stress will not exceed 4000 psi (27600 

kPa), otherwise excessive loss of permeability will occur. It can 

also be concluded that although 20/40 Interprop can withstand 

elevated closure stress, 20/40 Sintered Bauxite should be used to 

provide superior permeability at closure stresses above 11000 psi 

(76000 kPa) . As a result of performing additional tests, it can be 

concluded that proppant fines migrate downstream in the linear flow 

cell and the magnitude of which can be measured. In extreme cases, 

upstream permeabilities of up to four times the the downstream 

values have been measured. Although the literature is aware that 

fines migration exists, the author has not detected acknowledgement 

of this effect when quoting values obtained from the various ports 

of the linear flow cell. 

As a result of conducting dry proppant crush tests, it can be 

, concluded that the reduction in permeability of 20/40 Interprop With 

respect to 20/40 Sintered Bauxite at high closure stress was 

attributed to the the high amount of fines produced. The variation 

, 
in permeability and wetted surface area data for Interprop was also 

greater than for Sintered Bauxite. However, there did not appear to 

be a direct relationship between the reduction in conductivity and 

excessive crushing for the higher strength proppants. 

, The technique has been applied to rock samples from four wells. From 

, this application, it may be concluded that proppant embedment has a 

jearked effect on fracture conductivity estimations. ()f the two 

stronger proppants tested, 20/40 Sintered Bauxite was found to show 

, 
the least overall reduction in fracture conductivity vith respect to 
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the linear flow cell data at low closure stress, while at high 

levels of closure stress, it generally suffered the greatest 

conductivity reduction. For 20/40 sand, however, the smallest 

difference between flow cell conductivity and fracture conductivity 

was generally found to occur at high closure stress. Therefore, it 

can be concluded that proppant embedment contributed more to the 

reduction in fractuxe conductivity for 20/40 Sintered Bauxite, while 

the conductivity reduction for frac sand was attributed to excessive 

crushing. It can therefore be concluded that the adopted technique, 

which was originally proposed by Wendorff [1151, provides a 

satisfactory method of allowing for proppant embedment by combining 

test data obtained from a linear flow cell with that obtained from 

embedment tests using a fracture porosimeter. 

A tentative correlation between Brinell hardness and proppant 

porosity reduction as measured in the fracture porosimeter has been 

established. With the three proppant types tested, the general trend 

was that the higher the Brinell hardness of the rock sample, the 

lower the total reduction in proppant porosity. This relationship 

was more apparent with the intermediate- and bigh-strength 

proppants. It can therefore be concluded that the Brinell hardness 

of a rock may be used as an indication of the Initial proppant 

porosity and the likely porosity reduction as a result of applied 

stress. However, an extensive laboratory testing programme would be 

required to define a mathematical relationship. 

The direct affect of a yield zone on the closure stress acting on 

the face of a propped fracture has been investigated. It can be 
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concluded that the yield zone causes an increase in the closure 

stress estimations and accordingly reduces fracture conductivity. Of 

the three proppant types examined, the greatest percentage reduction 

in fracture conductivity occurred with 20/40 frac sand. Ilerefore, 

it can be concluded that, especially for shallow wells where sand is 

generally used as the propping agent, the maximum closure stress may 

be sufficient to in, duce excessive proppant crushing which will have 

the adverse effect of decreasing fracture conductivity and 

consequently reduce the longterm effectiveness of the fracturing 

treatment . As stated, this may also explain why fracture 

conductivity values measured in the field are typically much lower 

than the laboratory data. It can therefore be concluded that the 

JOCali3ed maximum closure stress produced by the presence of a yield 

zone should be considered when calculating the closure stress acting 

on a propped fracture. 
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CHAPTER SIX 

SURNARY CONCLUSIONS AND RECOMMENDATIONS 



6.1 SUMMARY CONCLUSIONS, 

The primary objective of this investigation was to examine and 

develop methods of predicting the stress distribution around both 

vertical and inclined boreholes under non-hydrostatic stress 

conditions to enable the prediction of borehole stability. The 

secondary objective, was to apply the above analysis to provide more 

realistic estimates of the closure stress acting in the immediate 

vicinity of the hole in order to optimise proppant selection. This 

section summarises the manner in which these objectives were met and 

compiles the various conclusions which have been drawn from the 

preceding chapters. 

The Induced state of stress around inclined boreholes was initially 

investigated using the three-dimensional photoelastic technique of 

stress freezing. The results of the photoelastic analysis revealed 

several characteristics of the stress distribution around both 

vertical and inclined boreboles situated in a non-hydrostatic stress 

field. 

For a vertical borehole, the tangential or hoop stress was found to 

be constant at all points around the periphery of the hole and had a 

value of twice the horizontal in-situ stress. Thiswas in accordance 

with elastic theory and confirmed the accuracy of the technique. Ile 

effect of inclining the borehole was to decrease the hoop stress 

acting on the 'roof' of the hole and to increase the hoop stress 

acting at the 'side' of the borehole. This effect was more apparent 

with the higher angle holes. This lead to the conclusion that, under 
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normal in-situ stress conditions, the 'roof' of an inclined borehole 

is more likely to fail In tension while the 'side' of the hole is 

more litely to fail in compression. 

Although the effect of mud weight was not considered in this initial 

analysis due to difficulties in applying wellbore pressure within 

the loading frame, the investigation proved beneficial as it 

experimentally demonstrated the varying state of stress around 

inclined boreholes and identified regions of potential instability. 

Such a physical modelling approach, however, could not be used to 

realistically predict the stability of a wellbore as the solutions 

did not consider the mechanical properties of the rock in the 

neighbourhood of the hole. Although the secondary principal stresses 

were separated by a microcomputer using a spreadsheet package, 

obtaining the photoelastic parameters from the model was a laborious 

process. In addition to this, a single photoelastic model could only 

provide information about a limited number of hole angles and 

in-situ stress conditions and it would have required a number of 

subsequent models to provide comprehensive data. It was therefore 

apparent that a more rigorous technique was required and it was 

consequently decided to extend the physical modelling approach to 

analytical methods. This allowed the inclusion of failure criteria 

and enabled an computer based investigation into the effect of rock 

strength, mud weight, hole angle and in-situ stress to be conducted. 

-Before conducting such a mathematical analysis, an extensive 

laboratory testing programme was performed to provide failure 

criteria. Rock mechanical properties 'were determined from core 
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samples of two North Sea wells. During this laboratory examination, 

the opportunity was taken to investigate the validity of the Brinell 

hardness test as applied to rock, and to establish if a relationship 

exists between Brinell hardness and the elastic moduli of the rock. 

As a result of this investigation, it was concluded that the Brinell 

hardness test was a quick and simple method of assessing the 

physical rock properties. In general, the test results appeared to 

corroborate the existence of a relationship between Brinell hardness 

and the elastic moduli of rock. A relationship between sample 

density and P-wave velocity was also reported, although this was 

less apparent. As for the other mechanical properties, no direct 

conclusions were drawn. 

The repeatability and linearity of the initial results using the 

modified oedometer indicate that the instrument is capable of 

producing accurate rock hardness values. The attraction with the 

technique developed is that a prepared core sample can be tested 

using the apparatus, without suffering damage, prior to mechanical 

property testing. This has the advantage of increasing the 

likelihood of generating consistent and meaningful results. it can 

also be concluded that the modified NCB cone indenter, although not 

as accurate as the modified oedometer, is nevertheless of value as & 

Brinell tester as it is pocket-sized, easy to use and can accept 

small samples of rock. The instrument is therefore suitable for 

field use and as the test does not require prepared core samples, it 

Is, possible that it could be used for p; oviding estimates of rock 

hardness from drill cuttings or other small fragments of rock. 
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Mohr-Coulomb and three-dimensional Griffiths failure relationships 

have been developed using the failure criteria obtained from the 

laboratory investigation. These relationships were then applied to 

existing analytical solutions in order to examine the possibility of 

maintaining the rock in the neighbourhood of the well in an elastic 

condition. These were in turn used to predict the mud weight 

required to prevent- hole collapse for the two North Sea wells from 

which rock property data was available. The approach was also used 

to provide an indication of the maximum drawdown pressure before 

theoretical hole collapse. Of the two criteria applied, the 3D 

Griffith criterion appeared to predict critical mud weights which 

were too low. A modification to the 3D Griffith theory was proposed 

which involved decreasing the compressive strength by a factor to 

enable results of the same order of the Mohr-Coulomb theory to be 

obtained. 

The analytical analysis confirmed that inclined boreholes have a 

reduced ability to withstand high mud weights before fracturing 

while they require increased mud weight to prevent hole collapse. It 

can also be concluded that for an inclined borehole in a normal 

stress regime, tensile and compressional failure will initiate at 

goo to each other. This work illustrated that the minimum rotated 

tangential stress occurs at the 'roof' (and 'floor') of an inclined 

borehole. Thus it can be concluded that tensile failure will be 

initiated in this direction. After the stress concentration effects 

of the hole are passed, the fracture will, of course, propagate In a 

manner perpendicular to the direction of the least principal stress. 

As the maximum rotated tangential stress acts on the 'side' of the 
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hole, it may be concluded that hole collapse will be initiated In 

the direction of the least principal stress. 

The yield zone hypothesis has been extended to cover non-hydrostatic 

stress conditions and the effect of pore pressure. This allowed an 

analysis of the stability of inclined boreholes surrounded by a zone 

of yielded rock and enabled the post-failure behaviour of the 

borehole to be examined. It can be concluded that the yield zone 

analysis predicted that a higher mud weight would be required to 

maintain stability than predicted by the elastic analysis. This was 

due to the fact that an 'in-situ' value of compressive strength was 

used for the yield zone analysis, while the laboratory values were 

used for the Mohr-Coulomb and three-dimensional Griffith approach. 

It can therefore be concluded that rock strength, but more 

especially the triaxial stress factor, plays a major role in 

deciding the stability or instability of an inclined borehole. Ile 

simple rule being, the higher the triaxial stress factor. the more 

stable the borehole. From the mud weight vs depth curves produced 

for various rock strengths, it can be concluded that, at great 

depth, it is the mechanical properties which dictate bole stability. 

The development of a yield zone around an inclined hole has been 

illustrated. It has been established that the 'first stage$ of 

yielding occurs at the 'side' of an inclined hole, i. e. in the 

direction Of the minimum rotated horizontal stress. Thus, it can be 

concluded that although a small yield zone may exist at the 'side' 

of an inclined borehole, the rock at the 'roof' of the hole may be 

. Within its elastic limit, and therefore stable. It can also be 
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concluded that the shape of a yield zone around an inclined hole 

depends not only upon the hole inclination, but on the regional 

in-situ horizontal to vertical stress ratio. It has been shown that 

the lower stress ratio produces the more distorted yield zone 

radius, while higher stress ratios produce a more ellipical yield 

zone. It has also been postulated that the yield zone hypothesis can 

explain why some boreholes are not circular. The stress distribution 

in the yield and elastic zones as a function of radial distance have 

been illustrated for the case of non-hydrostatic conditions. 

The effect of fluid flow has been examined by the application of 

simple Darcy flow equations and assuming steady state conditions in 

the yield zone with semi-steady state conditions applying beyond. it 

can be concluded that the effect of Increasing the flow rate from an 

uncased well increases the width of the yield zone. It can also be 

concluded that casing and cementing the well has the effect of 

reducing the width of the yielded region. However, it should be 

noted that even if the yield zone reduces in width, the physical 

properties of the rock may not return to their original state. The 

effect of a reduced permeability in the yield zone has been 

examined. This analysis indicated that the width of the yield zone 

would increase in the direction of the minimum rotated horizontal 

stress, but decrease in the direction of the maximum rotated 

horizontal stress. The approach has also been applied to generate 

mud weight curves for specific wells. It was shown that fracture 

initiation pressures, assuming a non-penetrating fluid, calculated 

by the yield zone hypothesis predicted values which were lower than 

estimated using classical fracturing theory. Thus it can be 
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concluded that rock strength has an effect on fracture pressures, 

i. e. the softer rock fracturing at lower pressures. 

To fulfil the secondary objective. which was to apply the above 

yield zone analysis to provide more realistic predictions of the 

closure stress acting in the immediate vicinity of the hole and to 

estimate resulting decrease in fracture conductivity required the 

facility to measure fracture conductivity/permeability in the 

laboratory. 

A preliminary investigation using a nitrogen permeameter and a 

triaxial cell to simulate downhole stress lead to the conclusion 

that the physical properties of the formation must be taken into 

consideration when selecting a proppant. 

A test system comprising of a linear flow cell, Oil permeameter 

(both manufactured specifically for this project), triaxial cell, 

servo-controlled testing machine and intensifier, sieves and 

electronic balances, and data-processing software has been assembled 

and appropriate experimental techniques established. As well as the 

tests planned at the outset of this project, additional tests have 

been devised to confirm the previously unreported effect of fines 

migration through the linear flow cell and to make the data-base 

more comprehensive. 

The results obtained generally reflect the published properties of 

the various proppants, viz. the high-strength proppants provide the 

greater permeability/conductivity at higher levels of closure 
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stress. As a result of performing additional tests, it can be 

concluded that proppent fines migrate downstream in the linear flow 

cell. In extreme cases. upstream permeabilities of up to four times 

the the downstream values have been measured. Although the 

literature Is aware that fines migration exists, the author has not 

detected acknowledgement of this effect when quoting values obtained 

from the various ports of the linear flow cell. 

As a result of conducting dry proppant crush tests, it can be 

concluded that the reduction in permeability of 20/40 Interprop with 

respect to 20/40 Sintered Bauxite at high closure stress was 

attributed to the the high amount of fines produced. The variation 

in permeability and wetted surface area data for Interprop was also 

greater than for Sintered Bauxite. However, there did not appear to 

be a direct relationship between the reduction in conductivity and 

excessive crushing for the higher strength proppants. 

lie technique has been applied to rock samples from four wells. From 

this application, it may be concluded that proppant embedment has a 

marked effect on fracture conductivity estimations. A modified 

Kozeny-Carmen equation was used to enable the combination of 

conductivity tests conducted on proppaut in a linear flow cell, with 

embedment assumed to be negligible. and porosity tests performed on 

a., proppant layer loaded triaxially between cores of host rocks, in 

-which embedment occurs, to give estimated in-situ values for 

fracture conductivity. The technique allows the effect of proppant 

type, closure stress and host rock on fracture conductivity to be 

examined. From this analysis, it can be concluded that proppant 
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embedment contributed more to the reduction in fracture conductivity 

for 20/40 Sintered Bauxite, while the conductivity reduction for 

20/40 frac sand was attributed to excessive crushing. 

A tentative correlation between Brinell hardness and proppant 

porosity reduction as measured in the fracture porosimeter has been 

established. It can. therefore be concluded that the Brinell hardness 

of a rock may be used as an indication of the initial proppant 

porosity and the likely porosity reduction as a result of applied 

stress. However, an extensive laboratory testing programme would be 

required to define a mathematical relationship. 

Finally, the direct effect of a yield zone on the closure stress 

acting on the face of a propped fracture has been investigated. It 

can be concluded that a yield zone causes a localised increase in 

the closure stress and accordingly reduces the fracture conduct- 

ivity. Of the proppant types examined, the greatest percentage 

reduction in fracture conductivity was found to occur with 20/40 

frac sand, where the typical reducion was 30%. For shallow wells 

where frac sand is generally used as the propping agent, the maximum 

closure stress may be sufficient to induce excessive proppant 

crushing which will have the adverse effect of decreasing fracture 

conductivity. Therefore, it can be concluded that the localised 

maximum closure stress produced by the presence of a yield zone 

should be considered when calculating the closure stress acting on a 

propped fracture. 
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6.2 RECOMMMATIONS FOR FUTURE RESEARCH 

The rock testing Programme illustrated the apparent shortcomings of 

determining the Poisson's ratio and Young's Modulus Of a rock from a 

multi-failure triaxial test. The stress-strain curves produced were 

found to flatten as the applied axial stress was increased. This 

Indicated that the. rock was displaying plastic behaviour before the 

onset of failure. This leads to the recommendation that when 

generating test data for borehole stability analysis, Young's 

Modulus and Poisson's Ratio should be determined independently from 

the multi-failure triaxial test as it is desirable to obtain 

stress-strain data from the linear sections of the graph. 

it is recommended that further research should be conducted towards 

establishing a retationship between Brinell hardness and the 

, mechanical properties of rock. If such a relationship is derived, it 

may be possible to provide an indication of the strength of the rock 

surrounding a wellbore as it is being drilled by the testing of 

drill cuttings with a modified NCB cone indenter. 

It is also recommended that a laboratory investigation should be 

performed to compare the permeability of & granular material 'Which 

has been infiltrated by mud under pressure with that of the solid 

rock. If further research indicates that the yield zone is in fact a 

zone of reduced permeability, then this may have implications on the 

manner that the 'skin' or 'damaged region' surrounding a well is 

assessed 
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One possible area of error when applying the yield zone approach is 

in the estimation of the If I factor by which to reduce the 

laboratory value of uniaxial compressive strength to obtain a 

realistic in-situ value. Further investigation into the difference 

between the in-situ and laboratory strength is recommended. 

in the examples given, the data points were often far apart and 

accordingly no direct conculsions could be made from the areas 

between the data points. To obtain a more detailed picture of the 

stability limits of a well, it is recommended that formation rock 

samples would be required to be taken at intervals of no more than 

10 ft (3.05 in). 

For the work presented in this thesis, the effect of mud on the 

mechanical properties was not considered. It is consequently 

proposed that research be conducted towards an analysis of the 

chemi-mechanical failure mechanism within the yield zone and to 

determine the deformation characteristics which would allow an 

estimation of the shape and size of the borehole. 

The assumptions of plane strain may not be fully applicable in 

non-hydrostatic stress fields and although more complex, may 'warrent 

further analysis. 

As regards the fracture conductivity/permeability testing, futber 

research Is required to confirm a relationship between proppant 

embedment and Brinell hardness. It is also recommended that the 

proppant data-base be extended to examine the properties of a wider 
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variety of proppants. The conductivity/permeability data presented 

in this work were those of short-term tests performed at ambient 

temperatures. It is therefore recommended that a more rigorous 

examination of time dependency should be conducted and the equipment 

modified to enable the current tests to be performed at temperatures 

up to 250 OF. 

A testing programme should be performed to investigate the effect of 

varying the closure stress (axial load) to confining pressure ratio 

on the reduction of proppant porosity as measured by the fracture 

porosimeter. It is also suggested that 1.5 inch diameter core 

samples should be tested in place of the one inch diameter plugs. 

This would provide a greater surface contact area with the 

rock-proppant system. 

Permeability reduction due to gel residue and fluid loss additive 

could be investigated by modifying the linear flow cell to 

accommodate reservoir rock plattens and the transverse measurement 

of permeability. Alternatively, a re-configuration of the fracture 

porosimeter would allow these effects to be studied. 
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PROPPANT DATA-BASE 

PNENNABIL127 AND VNYYND SURFACN ARKA RKSULrS 

FOR 

20140 SINTERED BAVXITE (Norton) 

20140 SAND (CoZorado SiZica Sand VK) 

20140 INTERPROP I (Norton) 



API RP56 Roundness & Sphericity Test 

----------------------------------------------------------------------- 
Proppant Type : 20/40 Sintered Bauxite 
Supplier : Norton 

Test Centre : University of Strathclyde 
Department of Mining & Petroleum Engineering 

----------------------------------------------------------------------- 

Sample Photograph 

worr. i. A. 

- Zd& 

NOW 

11 

Grain Roundness Sphericity Grain Roundness Sphericity 
M==== w=======w a==== wmm==w==w ===man==== 

1 .8 .8 11 .8 .8 
2 .8 .8 12 .8 .8 
3 .9 .9 13 .8 .8 
4 .8 .8 14 .9 .8 
5 .8 .8 15 .8 .8 
6 .7 .8 16 .8 .7 
7 .7 .7 17 .9 .7 
8 .7 .8 18 .8 .8 
9 .9 .8 19 .7 .7 

10 .7 .8 20 .8 .7 

------------------------ 
Average Roundness : 

------------- 
. 80 

--------- ---- 
API 

---------- 
Minimum : 

----- 
0.7 

------ 

Sphericity : 
------------------------ 

. 78 
------------- --------- 

API 
---- 

Minimum : 
---------- 

0.7 
----- ------ 

Now 
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LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Sintered Bauxite 
Supplier : Norton 
Reference No : Baux20/40-1 

TEST CONDITIONS 
mmummummmummmam 

Test Cell Type : 10 sq. in. Linear Flov Cell (API Spec. ) 
Proppant Concentration :2 lbs/sq. ft. 
Proppant Grain Density : 3.640 g/cc 
Test Fluid Type : Shell Tellus No. 10 
Fracture Width @ 1000 psi : 4.470 mm ( . 1760 in) 

DATA INPUT : Test Number I of 2 
wManwWwwwo 

w; 
u 

I 
Premssure Volumeturi 

m;; w; z "'; ' maw 'aawmaazwwwm' ; 7o 
c Flov RatemAverage LVDT 

(psi) A-B B-C A-C A-B B-C A-C Temp. Value 

1000 22.59 24.52 46.50 7.12 7.20 7.00 23.44 435 
2000 23.78 25.12 46.00 6.05 6.25 6.00 23.60 408 
4000 20.12 21.95 38.60 5.05 4.85 4.52 23.73 378 
6000 23.95 25.85 45.12 5.25 5.05 4.96 23.83 358 
8000 29.25 30.51 56.25 5.89 5.95 5.76 23.87 336 

10000 33.12 36.52 64.02 6.09 5.88 5.75 23.95 319 
12000 40.22 47.23 80.10 7.12 7.00 6.45 24.04 294 
14000 43.12 48.52 97.02 7.45 7.12 7.51 24.21 280 
15000 45.12 51.25 98.00 7.41 7.18 7.15 24.31 269 

RESULTS OUTPUT : Test lRumber I of 2 

aw; o wommma'a' woman wo a a= wwom am wwwwommw am woo awwowaawwwo ; 70 
ea Flov-Cell Permeability Frac. Porosity 

O; 
u t;:;; 

OwWetted 
SurfaceAraa'w' 

wwa a; 
e 

(psi) A-B B-C A-C A-B B-C A-C Widtb M 

1000 273.1 282.9 279.4 311.8 290.4 297.8 . 1760 39.91 
2000 290.1 293.4 286.5 252.7 247.1 259.1 . 1736 39.10 
4000 277.0 295.2 286.8 251.1 221.0 234.3 . 1711 38.20 
6000 288.1 305.2 287.7 219.8 195.8 220.4 . 1698 37.71 
8000 286.8 291.5 284.4 203.8 197.4 207.3 . 1677 36.96 

10000 279.1 298.2 282.4 188.7 165.2 184.3 . 1647 35.80 
12000 265.9 290.5 278.7 183.7 153.8 167.1 . 1620 34.73 
14000 274.0 297.4 289.5 177.0 150.4 158.6 . 1625 34.94 
15000 273.2 295.7 289.8 168.6 143.8 149.8 . 1613 34.46 

----------- 
----------------------------------------------- 

UNITS Differential 
- 

Pressure 
- 

(mbar) 
--- 

Wetted 
- 

Surfa: e 
- 
Area 

- 
Un^2/iný3) 

=wage= Volumetric Flow Rate (cc/min) Flow Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Width (in) 

- ------------------------------------------------------------ - ---------- 
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LINEAR FLOW CELL TEST RESULTS Proppant. Type : 20/40 Sintered Bauxite 
Supplier : Norton 
Reference No : Baux20/40-2 

TEST CONDITIONS 
ansommummummmum 

Test Cell Typ : 10 sq. in. Linear Flov Cell (API Spec. ) 
Proppant Conc: ntration :2 lbs/sq. ft. 
Proppant Grain Density : 3.640 gIcc 
Test Fluid Type : Sbell Tellus No. 

, 
10 

Fracture Widtb @ 1000 psi : 4.510 mm ( . 1776 in) 

DATA INPUT : Test Number 2 of 2 
=====mum== 

nýý wmiu ; Iosure 
tr o metaric Flov-Rate Average 

uLVDT 

(psi) A-B B-C A-C A-B B-C A-C Temp. Value 

1000 24.62 25.08 49.52 7.48 7.52 7.80 23.24 504 
2000 26.25 27.25 54.25 7.51 7.40 7.30 23.40 480 
4000 24.12 25.25 50.12 5.54 5.91 5.94 23.84 452 
6000 24.25 28.25 54.25 5.50 5.92 5.78 24.23 430 
8000 32.00 35.25 69.25 5.94 6.22 6.28 24.43 409 

10000 33.20 35.58 68.59 5.48 5.50 5.41 24.46 378 
12000 40.20 42.25 94.25 6.08 6.40 6.40 24.47 355 
14000 44.10 47.58 98.58 6.68 6.20 6.16 24.64 332 
15000 46.25 51.25 98.25 6.35 6.35 6.25 24.83 320 

RESULTS OUTPUT : Test Number 2 of 2 

A 
;:: --;; 

Ov rm 
; 70m: 

urmeom; torw:: 
7 ;: 

ttm:; 
; ;;::: 

(psi) A-B B-C A-C A-B B-C A-C Widtb 

1000 285.8 287.7 280.7 301.4 297.4 312.5 . 1776 40.45 
2000 284.6 292.1 293.4 284.1 269.7 267.2 . 1757 39.82 
4000 306.7 303.8 301.9 225.1 229.4 232.3 . 1735 39.06 
6000 300.6 312.7 310.1 219.6 202.9 206.3 . 1718 38.46 
8000 320.2 328.4 323.9 179.6 170.7 175.5 . 1700 37.79 

10000 298.0 307.9 304.8 164.7 154.2 157.4 . 1646 35.76 
12000 292.9 292.7 309.1 153.0 153.2 137.4 . 1622 34.83 
14000 286.2 308.6 315.1 152.7 131.4 126.0 . 1612 34.42 
15000 291.3 306.6 302.6 138.1 124.7 128.0 . 1599 33.87 

------------------------------------------------------------------------ 
UNITS : Differential Pressure (mbar) Wetted Surface Area (in^2/in^3) 

MMMMM Volumetric Flow Rate (cc/min) Flow Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Widtb (in) 

---------------------------------------------------------------------- 
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LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Sintered Bauxite 
Supplier : Norton 
Reference No : laux20/40-AVE 

TEST CONDITIONS 
mmu=nwnwmunwwnm 

Test Cell Type : 10 sq. in. Linear Flov Cell (API Spec. ) 
Proppant Concentration :2 lbs/sq. ft. 
Proppant Grain Density : 3.640 g/cc 
Test Fluid Type : Sbell Tellus No. 10 
Fracture Widtb @ 1000 psi : 4.490 mm ( . 1768 in) 

DATA INPUT : Average of 2 Tests 
mnummummmm 

lo sure Volumetric Flow-Rate Average LVDT 
O; 

u t';::: 
wDi'ffemrentia7Preas= 

(psi) A-B B-C A-C A-B B-C A-C Temp. Value 

1000 23.61 24.80 48.01 7.30 7.36 7.40 23.34 470 
2000 25.02 26.19 50.13 6.78 6.83 6.65 23.50 444 
4000 22.12 23.60 44.3ý 5.30 5.38 5.23 23.79 415 
6000 24.10 27.05 49.69 5.38 5.49 5.37 24.03 394 
8000 30.63 32.88 62.75 5.92 6.09 6.02 24.15 373 

10000 33.16 36.05 66.31 5.79 5.69 5.58 24.21 349 
12000 40.21 44.74 87.18 6.60 6.70 6.43 24.26 325 
14000 43.61 48.05 97.80 7.07 6.66 6.84 24.43 306 
15000 45.69 51.25 98.13 6.88 6.77 6.70 24.57 295 

RESULTS OUTPUT : Average of 2 Tests 

Mmmw=mm=znwwmu 

Wetted Suif:;: 
OA ; jo 

- 
w; 

ure it 
(psi) A-B B-C A-C A-B B-C A-C Widtb (2) 

1000 279.5 285.3 279.9 306.3 294.0 305.3 . 1768 40.18 
2000 286.7 292.4 289.8 269.2 258.8 263.5 . 1747 39.46 
4000 292.0 299.2 294.2 237.0 225.7 233.5 . 1723 38.63 
6000 294.3 308.7 298.9 219.7 199.7 212.9 . 1708 38.09 
8000 303.3 309.8 304.3 191.1 183.1 189.9 . 1689 37.38 

10000 288.2 303.0 293.4 176.5 159.7 170.3 . 1647 35.78 
12000 278.6 291.7 294.0 168.2 153.4 151.0 . 1621 34.78 
14000 279.9 302.6 301.3 164.7 140.9 142.1 . 1619 34.68 
15000 281.7 300.9 295.8 153.0 134.1 138.8 . 1606 34.16 

----------------------------------------------------------------------- 

UNITS : Differential Pressure (mbar) Wetted Surface Area (in^2/in^3) 
Volumetric Flov Rate (cc/min) Flov Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Width (in) 

------------------------------------------------------------------------- 
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API RP56 Roundness & Spbericity Test 

---------------------------------------------------------------------- 
Proppant Type : 20/40 Sand 
Supplier : Colorado Silica Sand UK 

Test Centre University of Strathclyde 
Department of Mining & Petroleum Engineering 

----------------------------------------------------------------------- 

Sample Photograph 

-Rqw, w 

10 

a'! owr 

ý*r, ; ý. 
70 

- 

1 ;A 
�. 1" 

� .� 

,9 '-t- .. e 
b. 

4- 

17,1 

Gra in Roundness Sphericity Grain Roundness Sphericity 
M=WMM WMM=MMMMM mmmmmmmmlum Ummmm =MMMMM«mm mmmmmmmmma 

1 

.7 .7 11 .7 .5 
2 .7 .4 12 .7 .6 
3 .6 .6 13 .7 .7 
4 .7 .7 14 .7 .6 
5 .7 .8 15 .7 .7 
6 .7 .7 16 .7 .7 
7 .7 .7 17 .7 .6 
8 .8 .8 18 .6 .6 
9 .7 .9 19 .7 .8 

10 .8 .8 20 .7 .9 

----------------------------------- Average Roundness : . 70 
----------- 

API 
------------- 
RP56 Minimum 

------------ 
: 0.6 

------- 
Sphericity : . 69 

---------------------------- 
API 

----------- 
RP56 Minimum 
------------- 

: 0.6 
----------- 
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LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Sand (old sample) 
Supplier : Colorado Silica Sand 
Reference No : Co120/40-1 

TEST CONDITIONS 

Test Cell Type : 10 sq. in. Linear Flov Cell (API Spec. ) 
Proppant Concentration :2 lbs/sq. ft. 
Proppant Grain Density : 2.640 g/ce 
Test Fluid Type : Shell Tellus No. 10 
Fracture Width @ 1000 psi : 6.040 um ( . 2378 in) 

DATA INPUT : Test Number 1 of 2 

On==. -ww-w 

losure sure Volumetric Flow Rate Average LVDT 
wýýwýý;;;:;: ýDiýfmfeýrentialýPrýesw 

(psi) A-B B-C A-C A-B B-C A-C Temp. Value 

1000 50.20 46.98 81.56 6.85 6.08 5.30 25.98 504 
2000 61.13 80.50 146.25 8.54 8.64 8.90 26.72 484 
4000 75.02 117.55 187.20 9.48 10.00 9.70 26.70 451 
6000 129.25 168.25 298.56 9.56 9.00 9.64 27.30 400 
8000 98.88 138.98 218.50 3.76 3.48 3.58 27.85 345 

10000 107.25 375.23 455.20 3.20 5.60 5.02 28.86 302 
12000 
14000 
15000 

RESULTS OUTPUT : Test Number 1 of 2 

wý-uw 0ýýOaamw "awaaaau aaýý ow" aw ý ý a a ý m m w w ' 3 wwý : ; 7osu t; e 
ý 7 ;e 7w;;;;; w;;:;; ;u 

A;:: 
; 7ov-Ce 

l l Permeabi l ity Frac. Poros ity 
(psi) A-B B-C A-C A-B 

------ 
B-C 

-------- 
A-C 

-------- 
Width 
------ 

M 
-------- - 

1000 
-------- 
484.1 

-------- 
497.1 

------ 
496.0 

-- 
86.8 82.3 82.6 . 2378 38.69 

2000 478.4 545.8 512.5 85.9 66.0 74.8 . 2366 38.38 
4000 477.8 582.3 527.6 78.8 53.0 64.6 . 2336 37.58 
6000 564.4 663.7 604.0 46.0 33.3 40.2 . 2270 35.78 
8000 689.0 849.1 742.3 23.8 15.7 20.5 . 2195 33.56 

10000 680.0 961.5 790.9 18.4 9.2 13.6 . 2121 31.24 
12000 
14000 
15000 

------------------------------------------------------------------------- 
UNITS : Differential Pressure (mbar) Wetted Surface Area (in^2/in^3) 

M-MMO Volumetric Flov Rate (cc/min) Flov Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Widtb (in) 

------ - --------------- - ------------------------------------------------- 

- 469 - 



LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Sand (old sample) 
Supplier : Colorado Silica Sand 
Reference No : Co120/40-2 

TEST CONDITIONS 
mummummummummmm 

Test Cell Type 
Proppant Concentration 
Proppant Grain Density 
Teat Fluid Type 
Fracture Width @ 1000 psi 

10 sq. in. Linear Flov Cell (API Spec. ) 
2 lbs/sq. ft. 
2.640 g/cc 
Sbell Tellus No. 10 
6.150 mm ( . 2421 in) 

DATA INPUT : Test Number 2 of 2 
OMMUMMMMMM 

Wý MW wnw 'Owmý"m" ;; 
Om: ur: 

w; 
tm, r,::: 

W; wi;;:;: 
UwtwimaloPresosure Volumetric Flow-Rate Average LVDT 

(ps i) A-B B-C A-C A-B B-C A-C Temp. Value 

1000 32.90 28.88 60.07 8.88 8.36 9.04 26.01 723 
2000 33.12 32.50 63.13 8.00 8.00 8.00 26.43 690 
4000 66.93 65.38 126.23 10.92 10.92 10.76 26.14 627 
6000 89.60 116.46 213.12 9.44 8.16 8.40 26.47 562 
8000 53.46 175.31 146.20 2.50 1.64 2.11 27.06 498 

10000 75.26 186.23 256.56 1.04 1 . 11 1.23 27.12 461 
12000 
14000 
15000 

RESULTS OUTPUT : Test Number 2 of 2 

;; 
o re tre:; 

7ettýed 
Surface Area Flov-CenlnlmPermeabinlnity Frac. 

nPorosity ýwýn; "w ý'ý 'O; 

u 

(psi) A-B B-C A-C A-B B-C A-C Widtb (2) 

1000 369.1 356.4 349.5 168.3 180.5 187.6 . 24; 1 39.78 
2000 374.0 370.5 365.1 149.4 152.2 156.8 . 2388 38.94 
4000 394.0 389.5 385.5 106.0 108.5 110.8 . 2307 36.80 
6000 418.7 513.5 484.1 70.0 46.6 52.4 . 2218 34.26 
8000 527.1 1,178.6 670.5 31.4 6.3 19.4 . 2127 31.45 

10000 835.3 1,271.9 1,002.8 9.5 4.1 6.6 . 2063 29.32 
12000 
14000 
15000 

---------------------------------------------------------------------- 

UNITS : Differential Pressure (mbar) Wetted Surface Area (in^2/in'3) 

==am= Volumetric Flov Rate (cc/min) Flov Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Width (in) 

---------------------------------------------------- -- -------- 
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LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Sand (old sample) Supplier : Colorado Silica Sand 
Reference No : Co120/40-AVZ 

TEST CONDITIONS 
==mum==-wwwww=m 

Test Cell Type : 10 sq. in. Linear Flov Cell (API Spec. ) 
Proppant Concentration :2 lbs/sq. ft. 
Proppant Grain Density : 2.640 g/cc 
Test Fluid Type : Sbell Tellus No. 10 
Fracture Widtb @ 1000 psi : 6.095 mm ( . 2400 in) 

DATA INPUT : Average of 2 Tests 

; 7osure 
Stress Dif f erent ialmPres sure Volumetric Flov-Rate Average LVDT 

(ps 0 A-B B-C A-C A-B B-C A-C Temp. Value 

1000 41.55 37.93 70.82 7.87 7.22 7.17 26.00 614 
2000 47.13 56.50 104.69 8.27 8.32 8.45 26.58 587 
4000 70.98 91.47 156.72 10.20 10. " 10.23 26.42 539 
6000 109.43 142.36 255.84 9.50 8.58 9.02 26.89 481 
8000 76.17 157.15 182.35 3.13 2.56 2.85 27.46 422 

10000 91.26 280.73 355.88 2.12 3.36 3.13 27.99 382 
12000 
14000 
15000 

RESULTS OUTPUT : Average of 2 Tests 

www-w. ==w-=wmm 

; 7o'su re 
Zý70 

r"; ace Area Flov-Cell Permeability Frac. ]Porosity r tte Su 
(ps i) A-B B-C A-C A-B B-C A-C Widtb (Z) 

1000 425.8 424.6 411.7 119.2 119.8 127.5 . 2400 39.24 
2000 432.8 472.5 451.3 108.2 90.8 99.5 . 2377 38.66 
4000 433.8 486.3 455.2 91.5 72.8 83.1 . 2321 37.19 
6000 490.7 588.9 544.4 55.8 38.7 45.3 . 2244 35.03 
8000 611.6 971.4 701.7 26.7 10.6 20.3 . 2161 32.52 

10000 705.9 984.3 811.9 15.2 7.8 11.5 . 2092 30.30 
12000 
14000 
15000 

------------------------------------------------------------------------- 
UNITS : Differential Pressure (mbar) Wetted Surface Area (in^2/in^3) 

=MMM- Volumetric Flov Rate (cc/min) Flov Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Widtb (in) 

----------------------------------------------------------------------- 
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API RP56 Roundness & Sphericity Test 

---------------------------------------------------------------------- 

Proppant Type : 20/40 Interprop I 
Supplier : Norton 

Test Centre : University of Strathclyde 
Department of Mining & Petroleum Engineering 

----------------------------------------------------------------------- 

Sample Photograph 

, INC 

.., -,.. 
%- , 

10, 

N% 

%6 

zo 

----------------------------------------------------------------------- 

Grain Roundness Sphericity Grain Roundness Sphericity 
===== ====Mumma 

1 .8 .8 
11 .7 .8 

2 .8 .9 
12 .8 .8 

3 .8 .8 
13 .8 .9 

4 .7 .7 14 .8 .8 
5 .9 .9 15 .8 .7 
6 .8 .8 

16 .8 .8 
7 .8 .9 

17 .8 .9 
8 .7 .7 

18 .8 .7 
9 .9 .9 

19 .9 .9 
10 .8 .8 20 .9 .8 

----------------------------------------------------------------------- 
Average Roundness : . 81 API Minimum : 0.7 

Sphericity : . 82 API Minimum : 0.7 

----------------------------------------------------------------------- 
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LINIAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Interprop I 
Supplier : Norton 
Reference No : INT20140-1 

TEST CORNTIONS 

Test Cell Type : 10 sq. in. Linear Flov Cell (API Spec. ) 
Proppant Concentration :2 lbs/sq. ft. 
Proppant Grain Density : 3.120 g/cc 
Test Fluid Type : Sbell Tellus No. 10 
Fracture Widtb @ 1000 psi : 5.140 am ( . 2024 in) 

DATA INPUT : Test Number 1 of 2 

wwww=wW-== 

mmmmm;; "Average 
L mm m;; un 007u7 m7o ; 'losure 

rsi;;; rv tmi: 
iw; 

roe 
77 

i'm t; 
mic 

v Ra 
mmammomm"mmmm m 

VD T' 
(psi) A-B B-C A-C A-B B-C A-C Temp. Value 

1000 28.93 29.55 58.33 15.44 15.25 15.28 25.57 552 
2000 28.80 30.32 58.91 13.90 14.05 14.10 25.57 537 
4000 30.51 33.34 63.45 13.52 13.42 13.40 25.56 504 
6000 33.18 38.60 71.14 12.52 12.70 12.68 25.56 466 
8000 36.64 48.55 86.66 12.32 12.46 12.00 25.60 428 

10000 48.53 64.92 114.23 11.96 11.62 11.62 25.61 385 
12000 53.62 73.93 128.38 11.08 10.94 10.62 25.65 362 
14000 76.58 110.54 187.20 11.24 11.22 10.65 25.74 339 
15000 82.20 130.30 211.75 10.00 10.36 10.00 25.75 318 

RESULTS OUTPUT : Test Number 1 of 2 

wwx==Wwwwzw==w 

; ýjo 
r 

(psi) A-B B-C A-C A-B B-C A-C Width 

1000 227.7 231.5 229.8 407.5 394.1 400.1 . 2024 39.04 
2000 241.7 246.7 242.7 367.6 353.0 364.6 . 2029 39.19 
4000 248.2 260.4 254.2 339.1 308.0 323.2 . 2020 38.93 
6000 248.5 266.2 255.7 294.7 256.9 278.4 . 1980 37.69 
$000 240.7 275.5 265.3 267.9 204.5 220.7 . 1936 36.28 

10000 248.6 291.7 273.6 202.1 146.8 166.8 . 1881 34.40 
12000 257.1 303.8 287.3 171.2 122.6 137.1 . 1857 33.57 
14000 289.8 348.5 329.1 122.5 84.7 94.9 . 1835 32.78 
15000 296.0 366.1 335.9 103.1 67.4 80.0 . 1807 31.71 

---------------------------------------------------------------------- 
UNITS : Differential Pressure (mbar) Wetted Surface Area (in^2/in^3) 

w-MMO Volumetric Flov Rate (cc/min) Flov Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Width (in) 

--------------------------------------------------------------------- 
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LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Interprop I 
Supplier : Norton 
Reference No : INT20/40-2 

TEST CONDITIOWS 

Test Cell Type : 10 sq. in. Linear Flov cell (API Spec. ) 
Proppant Concentration :2 lbs/sq. ft. 
Proppant Grain Density : 3.120 g/cc 
Test Fluid Type : Sbell Tellus No. 10 
Fracture Widtb @ 1000 psi : 5.190 mm ( . 2043 in) 

DATA INPUT : Test Number 2 of 2 
MMUMMUMMUM 

nw7u w; 7V o metric Flov-Ratew Av 
ýýftmft' nftft'mmftmwm ft"wwmmmft wm" w: 

u VD"ým ; wIo 
re erageftwL T 

(psi) A-B B-C A-C A-B B-C A-C Temp. Value 
1000 26.15 26.70 53.25 12.01 12.08 12.24 24.90 684 
2000 31.85 36.51 68.42 12.64 12.89 13.10 25.05 662 
4000 36.05 40.15 76.74 12.64 13.08 12.94 25.25 628 
6000 36.64 53.95 100.50 12.10 15.30 15.30 25.46 596 
8000 49.78 57.80 100.05 14.40 14.52 14.24 25.45 566 

10000 35.53 37.36 70.60 8.20 7.84 8.00 25.72 536 
12000 45.23 50.20 114.25 9.28 8.84 10.36 25.82 502 
14000 58.56 67.81 120.23 9.72 9.66 9.80 25.94 471 
15000 63.89 78.95 138.52 9.16 9.18 9.25 26.05 452 

RESULTS OUTPUT : Test Number 2 of 2 

=wwwww===xiMw=w 

m"'ýmm 'm ýa mumom mwwmmwm aamwo w;;; mm; 7ov-Ce'llaPearmeabi'laitwy 
Frac. 

wPoro 
ity 

'a; 
u 

; ýIo 
re tr 6 
(psi) A-B B-C A-C A-B B-C A-C Widtb M 

1000 250.1 252 0 250.0 360.2 354.8 360.5 . 2043 39.62 
2000 266.8 282: 8 271.6 309.7 275.5 298.8 . 2037 39.42 
4000 280.0 290.5 285.5 272.0 252.7 261.6 . 2026 39.12 
6000 273.7 295.3 285.0 257.1 220.8 237.1 . 1996 38.20 
8000 275.1 295 2 277.3 228.8 198.7 225.2 . 1966 37.25 

10000 289.1 303 :2 291.7 183.1 166.5 179.8 . 1932 36.15 
12000 280.1 302.3 297.9 165.5 142.1 146.3 . 1890 34.73 
14000 287.5 310.3 290.1 135.6 116.4 133.2 . 1855 33.49 
15000 291.5 323.7 302.1 118.0 95.7 110.0 . 1830 32.57 

- --------------------------------------------------------------- - ------- 
UNITS : Differential Pressure (mbar) Wetted Surface Area (in^2/iu^3) 

s, mM=- Volumetric Flov Rate (cc/min) Flov Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Width (in) 

-- ----------- -------- - ------------- --------------- ------- 
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LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Interprop I 
Supplier : Norton 
Reference No : INT20/40-AVE 

TEST CONDITIONS 

Test Cell Type : 10 eq in Linear Flov Cell (API Spec. ) 
Proppant Concentration :2 lbs/sq ft 
Proppant Grain Density : 3.120 g/cc 
Test Fluid Type : Sbell Tellus No. 10 
Fracture Widtb @ 1000 psi : 5.165 am ( . 2033 in) 

DATA INPUT : Average of 2 Tests 

=mamma-=-= 

rage T 
gm; 

t; 
7c 

v te Ave LVD 
ý7u 77 

m 
wl: io;;;;;: 

r 
T w;;: 

t 
; ýlosure 

Stresýs i;; e 
(psi) A-B B-C A-C 

- --- 
A-B 

------- 
B-C 

---- 
A-C Temp. Value* 

------------ 
1000 

-------- 
27.54 

-------- 
28.13 

---- - 
55.79 13.73 

--- 
13.67 

-------- 
13.76 

-------- 
25.24 

------- 
618 

2000 30.33 33.42 63.67 13.27 13.47 13.60 25.31 600 
4000 33.28 36.75 70.10 13.08 13.25 13.17 25.41 566 
6000 34.91 46.28 85.82 12.31 14.00 13.99 25.51 531 
8000 43.21 53.18 93.36 13.36 13.49 13.12 25.53 497 

10000 42.03 51.14 92.42 10.08 9.73 9.81 25.67 461 
12000 49.43 62.07 121.32 10.18 9.89 10.49 25.74 432 
14000 67.57 89.18 153.72 10.48 10.44 10.23 25.84 405 
15000 73.05 104.63 175.14 9.58 9.77 9.63 25.90 385 

RESULTS OUTPUT : Average of 2 Tests 

===w. w=W=w. wmw 

rm 
-ýýnmm mmuo mm'o nmwn'won "Wano"Wo w;:: 77ow-CeIn1nýPe 

eawbillitay Frac. 
wPorosity w:: 7: 

t 
ý; 

e 
; ýIosure 

(psi) A-B B-C A-C A-B B-C A-C Widtb M 

1000 237.9 240.9 239.1 385.6 375.9 381.7 . 2033 39.33 
2000 254.0 264.6 257.0 337.4 310.8 329.4 . 2033 39.31 
4000 264.0 275 6 270.0 302.8 277.8 289.5 . 2023 39.03 
6000 261.0 281 

:7 
271.4 275.0 235.9 254.2 . 1988 37.94 

8000 258.5 285.4 271.2 245.5 201.4 223.2 . 1951 36.77 
10000 267.6 300.5 284.4 193.4 153.4 171.2 . 1906 35.29 
12000 268.4 305.2 292.9 168.4 130.3 141.4 . 1874 34.16 
14000 289.6 333.4 312.7 128.0 96.6 109.8 . 1845 33.13 
15000 294.9 349.4 322.1 109.5 78.0 91.8 . 1818 32.14 

............. namm-M ----- 

------------------------------------------------------------------------- 
UNITS : Differential Pressure (mbar) Wetted Surface Are& (in^2/iu^3) 

MM-MM Volumetric Flov Rate (cc/min) Flov Cell Permeability (Darcy) 
Fluid Temperature (Celcius) Fracture Width (in) 

------------------------------------------------------------------------ 
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LINEAR FLOW CELL TEST RESULTS Proppant Type : 20/40 Silica Sand 
Supplier : Colorado Silica Sand UK 
Reference No : Sil20/40-l 

TEST CONDITtONS 

Test Call Type : 10 sq in Linear Flov Cell (API Spec. ) 
PfOPPant Concentration :2 lbs/eq ft 
Proppant Crain D*nsity : 2.640 gfcc 
Test Fluid Type : Sbell Tellus No. 10 
Fracture Width 1 1000 psi : 6.050 m( . 2382 in) 

DATA INPUr 
aftoommemom 

w, uwm:; r7c`F low Rate Average LVDT 
(psi) A-1 B-C A-C A-B B-C A-C Temp. Value 

1000 23.20 22.83 44.32 9.12 8.76 8.40 25.60 603 
2000 23.25 24.30 43.23 7.70 6.68 7.00 25.69 563 
4000 42.12 31.50 78.40 11.44 9.90 7.88 25.99 505 
6000 45.13 128.23 165.00 7.68 8.40 6.84 26.18 447 
8000 27.25 112.00 120.00 3.32 2.56 3.80 26.45 391 

10000 9.00 223.00 233.00 . 36 1.20 1.16 * 26.85 341 
12000 
14000 
13000 

LESULTS OuTpur 
wasummummoomm" 

' .... I .... aý ... . ..... a O" ' m " ;; 
0 e;:: ;;; v - c : ;; rme&bility 77 Frac. Porosity 

(psi) A-3 B-C A-C A-B B-C 
--- 

jL-C 
--- - -- 

Widtb 
-- ---- 

(1) 
------ 

1000 296.2 287.7 
---- 

289.4 
- ----- 

234.4 
- --- 

248.3 245.5 . 2382 38.79 
2000 287.7 315.8 291.0 217.6 180.6 212.8 . 2345 37.82 
4000 281.5 334.6 327.2 181.3 128.3 134.2 . 2294 36.45 
6000 307.2 495.2 440.1 116.4 44.8 56.7 . 2220 34.34 
$000 309.0 713.3 428.5 85.2 16.0 44.3 . 2146 32.07 

10000 440.8 1.207.1 883.5 28.6 3.8 7.1 . 2079 29.87 
12000 
14000 
15000 

.......... a --------- 

UNITS : Differential Pr*ssurt (sbar) Wetted Surface Area (in^2/in^3) 
7oluattric flow late (cc/min) Flow Cell Permeability (Darcy) 
fluid Temperature (C*Icius) Fracture Width (in) 

- -------------- -- 
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APPENDIX 2 

FORNATION SAMPLK DATA AND APPLICAYION OF DAYA-BASE 

TO 

WeZZ 11130-2 

WeZZ 11130-5 

WeZZ 11130a-A4 

WeZZ 11130a-A6 



FORMATION SAMPLE DATA 
wommumma=mommmum ... an 

Well Number : 11/30-2 
Core Number : 10 
Sample Deptb : 6952 ft 
Box Number : 129 
Reference Number :1A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Medium brown, light brown banding and stringers. 

Texture Upper fine grain size (0.2 mm dia. ) 
Sphericity : 0.7 
Roundness : 0.7 

Sorting : Very vell sorted 

Cement : Silica 

matrix : Clay 

GENERAL DESCRIPTION 

Upper fine grained sandstone, medium brown in colour with light 
brown banding and occasional stringers of clay material. The grains 
have moderate sphericity, are rounded and are very well sorted. 

-------------------------------------------------------------------- 

ROCK PROPERTIES 
WWWWWOMMUMMMOMW 

Sample Density : 2237.54 Kg/m-3 (139.66 lb/ft^3) 

Embedment Pressure : 

Brinell Hardness 

(3.19 mm Indenter) 

25.5 

Units 
wwwwwww 

Load (kg) 
indentation 
BHN (Kg/mm^2) 

mu-mmmummummmummunummmnam 

Load Indentation BHN 

0 . 0000 
5 . 0197 25 

10 . 0400 25 
15 . 0583 26 
20 . 0773 26 
25 . 0973 26 
30 . 1173 26 
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FRACTURE POROSIKETER RESULTS Well Number : 11/30-2 
Depth : 6952 ft 

---------------- - ----------------- - ---- - --------------- 

PROPPANT DATA : Ref. IA u u 
Stress Width Porosity 

Type/Size : 20/40 Sintered Bauxite 1000 
- -- ----- 

. 1634 
-- 

33.13 
Supplier : Norton 2000 . 1620 32.58 

4000 . 1615 32.37 
Cr. Density : 3.64 g/cc, 6000 . 1614 32.29 
Roundness 0.80 8000 . 1607 32.01 
Sphericity : 0.78 10000 . 1605 31.94 

12000 . 1597 31.58 
Sample Wt. : 5.0004 9 14000 . 1585 31.07 
Recovery : 100.194 Z 15000 . 1582 30.93 

PROPPANT DATA : Ref. 1B 
wwwwwwwommumn 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc 
Roundness 0.70 
Spbericity 0.69 

Sample Wt. 5.0009 9 
Recovery 100 z 

M; 700; 
urm; 

o",;; 
amcmtmu 

0 M;; Mo;;;;;::; m Stress 
--------- 

Width 
--------- 

Porosity 
------- 

1000 . 2157 
---- 

30.17 
2000 . 2147 29.84 
4000 . 2139 29.57 
6000 . 2127 29.18 
8000 . 2094 28.04 

10000 . 2058 26.80 
12000 
14000 
15000 

PROPPANT DATA : Ref. IC 

mmummmmununm= 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Spbericity 0.82 

Sample Wt. : 5.0002 g 
Recovery : 100.090 Z 

71osure 
Fracture Proppant 

Stress 
--------- 

Width 
--------- 

Porosity 
--------- 

1000 . 1776 
-- 

28.22 
2000 . 1765 27.81 
4000 . 1765 27.81 
6000 . 1755 27.39 
8000 . 1747 27.04 

10000 . 1740 26.76 
12000 . 1730 26.33 
14000 . 1717 25.75 
15000 . 1708 25.39 

-------------------------------------------------------------------- 
TEST UNITS Closure Stress (psi) 

Fracture Widtb (in) 
Propped Fracture Porosity 

------------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-I. APP 
............. WWW=Mnmmmmmmnm 

FORMATION I PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20140 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-2 SAMPLE1. POR 
Depth 6952 ft 

FRACTURE CONDUCTIVITY RESULTS 

mmmmmm =Man= MMMMM = =Mum MUMMMUMMMUM 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C 

--- - 
A-C A-B B-C A-C 

--------------- 
1000 

------- 
4.512 

--- - 
4.330 

------ -- 
4.498 

--------- 
1.871 

------- 
1.796 

----- 
1.865 

2000 3.918 3.768 3.835 1.649 1.586 1.614 
4000 3.404 3.241 3.353 1.545 1.471 1.522 
6000 3.127 2.843 3.031 1.505 1.369 1.459 
8000 2.690 2.577 2.672 1.364 1.307 1.355 

10000 2.422 2.191 2.336 1.495 1.353 1.443 
12000 2.272 2.073 2.040 1.522 1.389 1.367 
14000 2.221 1.900 1.916 1.405 1.202 1.212 
15000 2.048 1.795 1.857 1.360 1.192 1.233 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(Pgli) A-B 

-- 
B-C 

------- 
A-C 

----- - 
A-B B-C A-C 

-------------- 
1000 

- ------ 
306.3 294.0 

- -- 
305.3 

--------- 
137.4 

-------- 
131.9 

-------- 
137.0 

2000 269.2 258.8 263.5 122.2 117.5 119.6 
4000 237.0 225.7 233.5 114.8 109.3 113.1 
6000 219.7 199.7 212.9 111.9 101.8 108.5 
8000 191.1 183.1 189.9 101.8 97.6 101.2 

10000 176.5 159.7 170.3 111-8 101.1 107.9 
12000 168.2 153.4 151.0 114.4 104.4 102.7 
14000 164.7 140.9 142.1 106.4 91.0 91.8 
15000 153.0 134.1 138.8 103.2 90.4 93.5 

-------------- 
UNITS : Flov 

---------------- 
Cell Fracture 

--------- 
Conductiv 

----------------- 
ity (Darcy*ft) 

------------- 

=am== Flov 
-------------- 

Cell Fracture 
---------------- 

Permeability (Darcies) 
------------------------- -------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-J. APP 

FORMATION / PROPPANT DATA DATA RASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 10/30-2 SAMPLEJ. POR 
Depth 6952 ft 

FRACTURE CONDUCTIVITY RESULTS 

man ======muumuu 
mum=== am =====a ==mum 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C 

------ 
A-B 

--- 
B-C A-C 

------------ 
1000 

---------- 
2.383 

------- 
2.396 

-- 
2.549 

----- 
. 737 

-------- 
. 741 

--- ---- 
. 789 

2000 2.143 1.799 1.972 . 681 . 571 . 626 
4000 1.769 1.408 1.607 . 652 . 519 . 592 
6000 1.044 . 725 . 848 . 481 . 334 . 391 
8000 . 480 . 190 . 365 . 262 . 104 . 199 

10000 . 264 . 136 . 200 . 163 . 084 . 123 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C 

-- 
A-B 

------- 
B-C A-C 

-------------- 
1000 

------- 
119.2 

--------- 
119.8 

---- - - 
127.5 

-- 
41.0 

-------- 
41.2 

----- 
43.9 

2000 108.2 90.8 99.5 38.0 31.9 35.0 
4000 91.5 72.8 83.1 36.6 29.1 33.2 
6000 55.8 38.7 45.3 27.2 18.9 22.1 
8000 26.7 10.6 20.3 15.0 6.0 11.4 

10000 15.2 7.8 11.5 9.5 4.9 7.2 
12000 
14000 
15000 

------------- 

UNITS : Flow 
------- 

Cell 
-------- 

Fracture 
---------- 

Conductiv 
---------------- 
ity (Darcy*ft) 

-------------- 

won== Flow 

------ w ------- 
Cell 
---- W -- 

Fracture 
-------- 

Permeability (Darcies) 
-------------------------- -------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-I. APP 
............... mu.. Unmnmnm 

FORMATION / PROPPANT DATA 

Proppant Type 
supplier 
Concentration 

20140 Interprop I 
Norton 
2 lbs/sq. ft. 

Well Number 
Depth 

11/30-2 
6952 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAMPLEl. POR 

Closure Stress Flow Cell Conductivity Fracture Conductivity 
(psi) 
----------- 

A-B 
------- 

B-C 
-------- 

A-C 
--- - ----- 

A-B 
------ 

B-C A-C 
---- 

1000 6.534 6.371 6.468 
-- 

1.506 
- ------ 

1.468 
----- 

1.491 
2000 5.714 5.264 5.579 1.146 1.056 1.119 
4000 5.106 4.685 4.882 1.150 1.055 1.099 
6000 4.555 3.908 4.212 1.105 . 948 1.021 
8000 3.991 3.275 3.628 1.068 . 876 . 971 

10000 3.073 2.438 2.720 . 955 . 757 . 845 
12000 2.629 2.034 2.207 . 888 . 687 . 746 
14000 1.969 1.486 1.689 . 697 . 526 . 598 
15000 1.659 1.182 1.391 . 635 . 452 . 533 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B 

-- 
B-C 

- -- -- 
A-C 

--------- 
A-B 

------ 
B-C A-C 

-------------- 
1000 

------- 
385.6 375.9 381.7 

----- 
101.8 

------ 
99.2 

----- 
100.7 

2000 337.4 310.8 329.4 77.9 71.8 76.1 
4000 302.8 277.8 289.5 78.2 71.7 74.7 
6000 275.0 235.9 254.2 75.5 64.8 69.8 
8000 245.5 201.4 223.2 73.3 60.2 66.7 

10000 193.4 153.4 171.2 65.8 52.2 58.3 
12000 168.4 130.3 141.4 61.6 47.7 51.7 
14000 128.0 96.6 109.8 48.7 36.8 41.8 
15000 109.5 78.0 91.8 44.6 31.8 37.4 

------------ 
UNITS : Flov 

---------------- 
Cell Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------------- 

man== Flov 
-------------- 

Cell Fracture 
---------------- 

Permeability (Darcies) 
-- - ---------------------- ----------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30-2 
Core Number : 10 
Sample Depth : 6977 ft. 
Box Number 134 
Reference Number 2 A, B. C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Dark brova vitb occasional fine, black stringers. 

Texture : Lover fine grain size (0.15 mm dia. ) 
Spbericity : 0.9 
Roundness : 0.9 

Sorting : Very vell sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Lower fine grained sandstone, dark brown in colour and displaying 
occasional stringers of clay material. The grains bave higb 
spbericity, are well rounded and are very well sorted. 

ROCK PROPERTIES 

Sample Density : 2244.0 Kg/m^3 (140.06 lb/W3) 

Embedment Pressure : 

Brinell Hardness 

(3-19 mm Indenter) 

33.6 

Units 
umamw-- 

Load (kg) 
Indentation (mm) 
BHN (Kg/mm^2) 

Load Indentation BRN 

0 . 0000 
5 . 0153 33 

10 . 0307 33 
15 . 0443 34 
20 . 0580 34 
25 . 0727 34 
30 . 0887 34 
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FRACTURE POROSIMETER RESULTS Well Number : 11/30-2 
Depth : 6977 ft 

------- - -- -------------------- --- --------------- 

PROPPANT DATA : Ref. 2A 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Cr. Density : 3.64 glee 
Roundness D. 80 
Sphericity 0.78 

Sample Wt. : 5.0001 g 
Recovery : 100.188 Z 

0;; Om, 8mm7m; rn: cOtu u Stress Width Porosity 
-- -- -- - 

1000 ----- 
. 1657 

-- --- - 
34.09 

2000 . 1646 33.62 
4000 . 1634 33.14 
6000 . 1627 32.86 
8000 . 1622 32.65 

10000 . 1615 32.37 
12000 . 1609 32.09 
14000 . 1600 31.73 
15000 . 1597 31.59 

MUMMUMUMMMUMMUMMMUMMMMUMMMUMM, 

PROPPANT DATA : Ref. 2B Closure Fracture Proppant 
=MoM, ==mono=== Stress Width Porosity 

Type/size : 20/40 Sand 
------- - 

1000 
- -------- 

. 2260 
------- 

33.34 
Supplier : Colorado Silica Sand Inc. 2000 . 2250 33.04 

4000 . 2233 32.54 
Gr. Density : 2.64 g/cc 6000 . 2214 31.98 
Roundness 0.70 8000 . 2179 30.87 
Sphericity : 0.69 10000 . 2137 29.51 

12000 
Sample Wt. : 5.0003 g 14000 
Recovery : 100.012 Z 15000 

PROPPANT DATA : Ref. 2C 

wwamwwmwmumnw 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Sphericity 0.82 

Sample Wt. : 5.0002 9 
Recovery : 100.090 2 

0; 7,00 :u ro: ý 0; ru: cc tou Stress 
--------- 

Width 
--------- 

Porosity 
-------- 

1000 . 1898 
--- 

32.83 
2000 . 1893 32.65 
4000 . 1888 32.47 
6000 . 1881 32.23 
8000 . 1876 32.05 

10000 . 1867 31.74 
12000 . 1857 31.37 
14000 . 1844 30.87 
15000 . 1835 30.56 

-------------------------------------------------------------------- 
TEST UNITS Closure Stress (psi) 

mmmmmmmnmm Fracture Width (in) 
Propped Fracture Porosity 

------------------------------------------------------------------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-2. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Norton Supplier 

Concentration 2 lbs/sq. fto 

Well Number 11/30-2 SAMPLE2. POR 
Depth 6977 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(Rai) A-B B-C 

-- 
A-C 

- 
A-B B-C A-C 

------------- 
1000 

---------- 
4.512 

----- - 
4.330 

- ------ 
4.498 

------- - 
2.128 

-------- 
2.042 

--------- 
2.121 

2000 3.918 3.768 3.835 1.899 1.827 1.859 
4000 3.404 3.241 3.353 1.716 1.635 1.691 
6000 3.127 2.843 3.031 1.626 1.479 1.576 
8000 2.690 2.577 2.672 1.488 1.426 1.479 

10000 2.422 2.191 2.336 1.586 1.435 1.530 
12000 2.272 2.073 2.040 1.634 1.490 1.467 
14000 2.221 1.900 1.916 1.540 1.317 1.328 
15000 2.048 1.795 1.857 1.491 1.307 1.352 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C 

--- --- 
A-C 

--------- 
A-B 

------- 
B-C A-C 

------------- 
1000 

---------- 
306.3 

- 
294.0 305.3 

-- 
154.1 

-------- 
147.9 

------- 
153.6 

2000 269.2 258.8 263.5 138.5 133.2 135.6 
4000 237.0 225.7 233.5 126.1 120.0 124.2 
6000 219.7 199.7 212.9 120.0 109.1 116.3 
8000 191.1 183.1 189.9 110.1 105.5 109.4 

10000 176.5 159.7 170.3 117.9 106.6 113.7 
12000 168.2 153.4 151.0 121.8 111.2 109.4 
14000 164.7 140.9 142.1 115.5 98.8 99.6 
15000 153.0 134.1 138.8 112.0 98.2 101.6 

------------- 
UNITS : Flow 

---------------- 
Cell Fracture 

------------------ - ------ 
Conductivity (Darcy*ft) 

------------- 

==am= Flov 
---------- -- 

Cell Fracture 
---------------- 

Permeability (Darcies) 
-------------------------- ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-2. APP 

FORMATION / PROPPANT DATA 

Proppant Type 
Supplier 
Concentration 

20/40 Sand (old) 
Colorado Silica Sand 
2 lbs/sq. ft. 

Well Number 
Depth 

10/30-2 
6977 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA RASE REFERENCE 
ammummumnamwWommmum 

COLOR-A. FLO 

SAMPLE2. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(Pei) A-B B-C A-C 

--- 
A-B 

------ -- 
B-C 

-------- 
A-C 

--- ------------ 
1000 

----------- 
2.383 

-------- 
2.396 

- --- 
2.549 1.144 1.150 

-- 
1.223 

2000 2.143 1.799 1.972 1.063 . 892 . 978 
4000 1.769 1.408 1.607 . 988 . 786 . 898 
6000 1.044 . 725 . 848 . 715 . 496 . 581 
8000 . 480 . 190 . 365 . 394 . 156 . 300 

10000 . 264 . 136 . 200 . 244 . 125 . 184 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

WOMM&MMUMMMUM ""m W= MMM ======am MR==== nu a= ==Oman a ==mum a am ====an w =am= 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C 

-- 
A-B 

--------- 
B-C 

----- 
A-C 

-------------- 
1000 

------- 
119.2 

--------- 
119.8 

------- 
127.5 60.7 

--- 
61.1 

--------- 
65.0 

2000 108.2 90.8 99.5 56.7 47.6 52.1 
4000 91.5 72.8 83.1 53.1 42.3 48.2 
6000 55.8 38.7 45.3 38.8 26.9 31.5 
8000 26.7 10.6 20.3 21.7 8.6 16.5 

10000 15.2 7.8 11.5 13.7 7.0 10.4 
12000 
14000 
15000 

------------- 
UNITS : Flow 

------- 
Cell 

-------- 
Fracture 

---------- 
Conductiv 

---------------- 
ity (Darcy*ft) 

-------------- 

MMMMM Flow 

------------- 

Cell 
-------- 

Fracture 
-------- 

Permeability (Darcies) 
------------------------- ------------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30-2 
Core Number : 10 
Sample Deptb : 6986 ft 
Box Number : 136 
Reference Number :3A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE, Shaley sandstone 

Colour : Dark grey, dark grey/black speckles. 

Texture : Lover fine grain size (0.15 mm dia. ) 
Sphericity : 0.9 
Roundness : 0.9 

Sorting : Very vell sorted. 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Lower fine grained shaley sandstone, dark grey in colour and 
displaying extensive shale/clay speckles. The grains posess a 
high sphericity, are well rounded and are very well sorted. 

ROCK PROPERTIES 
wwomommmmmmonow 

Sample Density : 2245.37 Kg/m'3 (140.15 lb/ft"3) 

Embedment Pressure **** 

Brinell Hardness 33.2 

(3.19 mm Indenter) Units 
==am=== 

Load (kg) 
Indentation (mm) 
BHN (Kg/mmý2) 

Load Indentation BRN 
------------------------- 

0 . 0000 
5 . 0160 31 

10 . 0317 32 
15 . 0453 33 
20 . 0593 34 
25 . 0720 35 
30 . 0847 35 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-2. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-2 
Depth 6977 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAMPLE2. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 6.534 6.371 6.468 2.894 2.821 2.864 
2000 5.714 5.264 5.579 2.477 2.282 2.419 
4000 5.106 4.685 4.882 2.237 2.052 2.138 
6000 4.555 3.908 4.212 2.215 1.900 2.048 
8000 3.991 3.275 3.628 2.201 1.806 2.001 

10000 3.073 2.438 2.720 1.968 1.561 1.742 
12000 2.629 2.034 2.207 1.858 1.438 1.560 
14000 1.969 1.486 1.689 1.489 1.124 1.277 
15000 1.659 1.182 1.391 1.367 . 973 1.145 

FRACTURE PERMEABILlTY RESULTS 

==wum== MMMMINU MUMMMUMMn 
MMMMM= an MUMMUMMU awn==== am= ===man am=== am= on= 

Closure stress Flov Cell Permeability Fracture Permeability 
(ps i) A-B B-C 

- 
A-C 

--------- 
A-B 

---- 
B-C A-C 

------------- 
1000 

---------- 
385.6 

----- - 
375.9 381.7 

----- 
183.0 

-------- 
178.4 

--------- 
181.1 

2000 337.4 310.8 329.4 157.0 144.7 153.3 
4000 302.8 277.8 289.5 142.2 130.4 135.9 
6000 275.0 235.9 254.2 141.3 121.2 130.6 
8000 245.5 201.4 223.2 140.8 115.5 128.0 

10000 193.4 153.4 171.2 126.5 100.3 112.0 
12000 168.4 130.3 141.4 120.1 92.9 100.8 
14000 128.0 96.6 109.8 96.9 73.1 83.1 
15000 109.5 78.0 91.8 89.9 64.0 75.3 

------------- 
UNITS : Flov 

---------------- 
Cell Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------------- 

. XsMww Flov 
-------------- 

Cell Fracture 
---------------- 

Permeabil 
--------- 

ity (Darcies) 
----------------- ------------ 
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FRACTURE POROSIMETER RESULTS Well Number : 11/30-2 
Depth : 6986 ft 

- ---- --------------------------------------------- - ----- 

PROPPANT DAU : Ref. 3A m mm m" wm ý; omo;;:; 
tou;; 

; 
ro;;: nZ 

m; 
u 

7; 
o 

====mammon=== Stress Width Porosity 

Type/Size : 20/40 Sintered Bauxite 1000 . 1705 35.91 
Supplier : Norton 2000 . 1695 35.53 

4000 . 1681 35.02 
Gr. Density : 3.64 g/cc 6000 . 1673 34.69 
Roundness 0.80 8000 . 1666 34.42 
Sphericity : *0.78 10000 

12000 Sample 
Sample Wt. : 5.0002 g 14000 Failed 
Recovery 0Z 15000 

PROPPANT DATA : Ref. 3B 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Cr. Density : 2.64 g/cc 
Roundness 0.70 
Sphericity 0.69 

Sample Wt 5.0006 g 
Recovery 99.8880 % 

osure Fracture Proppant 
Stress 

--------- 
Width 

-------- 
Porosity 

----- 
1000 . 2350 35.91 
2000 . 2342 35.68 
4000 . 2329 35.30 
6000 . 2310 34.79 
8000 . 2281 33.97 

10000 . 2239 32.73 
12000 
14000 
15000 

PROPPANT DATA : Ref. 3C 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Sphericity 0.82 

Sample 'Wt 5.0008 g 
Recovery 100.092 Z 

710,6 ; 

Urn: 

0 M; Mraocntmuro :0M;; 

On 

;;: 

n 
0mM; 

n Stress 
--------- 

Widtb 
--------- 

Porosity 
-------- 

1000 . 1921 
--- 

33.65 
2000 . 1918 33.53 
4000 . 1911 33.30 
6000 . 1906 33.12 
8000 . 1901 32.95 

10000 . 1894 32.71 
12000 . 1888 32.47 
14000 . 1878 32.11 
15000 . 1869 31.80 

------------------------------------------------------------------- 
TEST UNITS Closure Stress (psi) 

Fracture Width (in) 
Propped Fracture Porosity 

--------------------- -- ----- - ------------------------------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-3. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-2 SAMPLE3. POR 
Depth 6986 ft 

FRACTURE CONDUCTIVITY RESULTS 

lZu ''WWZ: iiýZon 
ivitwy FracturenConduetivity 

ii0w, isturu 
ein 

ý; mtrmýe leg: ý, 7 
0w 

(psi) A-B B-C 
- 

A-C 
- 

A-B B-C A-C 
------------- 

1000 
---- - ---- 

4.512 
------- 

4.330 
---- --- 

4.498 
--------- 

2.707 
-------- 

2.597 
--- -- 

2.698 
2000 3.918 3.768 3.835 2.447 2.354 2.396 
4000 3.404 3.241 3.353 2.206 2.101 2.173 
6000 3.127 2.843 3.031 2.080 1.891 2.015 
8000 2.690 2.577 2.672 1.889 1.810 1.877 

10000 2.422 2.191 2.336 . 000 . 000 . 000 
12000 2.272 2.073 2.040 . 000 . 000 . 000 
14000 2.221 1.900 1.916 . 000 . 000 . 000 
15000 2.048 1.795 1.857 . 000 . 000 . 000 

FRACTURE PERMEABILITY RESULTS 

i7mi; TRT:;; u nm;:; oi7mi;; Mnu 
(psi) A-B 

--- 
B-C 
- --- 

A-C 
--------- 

A-B 
- - 

B-C A-C 
------------- 

1000 
- ------ 

306.3 
-- - 

294.0 305.3 
---- --- 

190.5 
-------- 

182.8 
----- 

189.9 
2000 269.2 258.8 263.5 173.3 166.6 169.6 
4000 237.0 225.7 233.5 157.5 150.0 155.1 
6000 219.7 199.7 212.9 149.2 135.6 144.6 
8000 191.1 183.1 189.9 136.1 130.4 135.2 

10000 176.5 159.7 170.3 .0 .0 .0 12000 168.2 153.4 151.0 .0 .0 .0 14000 164.7 140.9 142.1 .0 .0 .0 
15000 153.0 134.1 138.8 .0 .0 .0 

------------- 

UNITS : Flov 
--------------- 

Cell / Fracture 
--------- 

Conductiv 
----------------- 

ity (Darcy*ft) 
------------- 

==am= Flov 
------------ - 

Cell / Fracture 
--------- ------ 

Permeabil 
--------- 

ity (Darcies) 
----------------- ------------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-3. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20140 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 10/30-2 SAMPLE3. POR 
Depth 6986 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------ 
1000 

----------- 
2.383 

-------- 
2.396 

-------- 
2.549 

--------- 
1.608 

-------- 
1.617 

----- 
1.720 

2000 2.143 1.799 1.972 1.510 1.267 1.389 
4000 1.769 1.408 1.607 1.430 1.138 1.299 
6000 1.044 . 725 . 848 1.045 . 726 . 849 
8000 . 480 . 190 . 365 . 603 . 239 . 458 

10000 . 264 . 136 . 200 . 383 . 197 . 289 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C A-C 

-------------- 
1000 

------- 
119.2 

--------- 
119.8 

--------- 
127.5 

--------- 
82.1 

-------- 
82.5 

------- 
87.8 

2000 108.2 90.8 99.5 77.4 64.9 71.2 
4000 91.5 72.8 83.1 73.7 58.6 66.9 
6000 55.8 38.7 45.3 54.3 37.7 44.1 
8000 26.7 10.6 20.3 31.7 12.6 24.1 

10000 15.2 7.8 11.5 20.5 10.6 15.5 
12000 
14000 
15000 

------------- 
UNITS : Flow 

---------------- 
Cell Fracture 

--------- 
Conductiv 

---------------- 
ity (Darcy*ft) 

-------------- 

==no= Flow 

-------------- 

Cell 
------- 

Fracture 
--------- 

Permeability (Darcies) 
------------------------- -------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-3. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-2 
Depth 6986 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAMPLE3. POR 

Closure stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

-- - ----------- -------- 
1000 6.534 6.371 6.468 

------- 
3.232 

- 
3.151 3.199 

2000 5.714 5.264 5.579 2.882 2.655 2.814 
4000 5.106 4.685 4.882 2.473 2.269 2.365 
6000 4.555 3.908 4.212 2.500 2.145 2.312 
8000 3.991 3.275 3.628 2.489 2.042 2.263 

10000 3.073 2.438 2.720 2.248 1.784 1.990 
12000 2.629 2.034 2.207 2.164 1.674 1.817 
14000 1.969 1.486 1.689 1.769 1.335 1.517 
15000 1.659 1.182 1.391 1.635 1.164 1.370 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) 

-- 
A-B 

-- - ------ 
B-C 

------ 
A-C 

----------- 
A-B 

- 
B-C A-C 

----------- 
1000 385.6 375.9 381.7 

-------- 
201.9 

-- ---- 
196.8 

--------- 
199.9 

2000 337.4 310.8 329.4 174.6 160.8 170.5 
4000 302.8 277.8 289.5 155.3 142.5 148.5 
6000 275.0 235.9 254.2 157.4 135.1 145.6 
8000 245.5 201.4 223.2 157.1 128.9 142.8 

10000 193.4 153.4 171.2 142.5 113.0 126.1 
12000 168.4 130.3 141.4 137.5 106.4 115.5 
14000 128.0 96.6 109.8 113.0 85.3 97.0 
15000 109.5 78.0 91.8 105.0 74.7 88.0 

------------- 

UNITS : Flov 
----------------- 

Cell Fracture 
------------------- 

Conductivity (Darcy 
------- 

*ft) 
------------ 

MMOMM Flov 
--- - --------- 

Cell Fracture 
---------------- 

Permeability (Darci 
-------- - --------- 

es) 
-- --- ----------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30-2 
Core Number : 10 
Sample Depth : 7010 ft 
Box Number 141 
Reference Number 4 A. B. C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE, Shaley sandstone. 

Colour : Medium grey, extensive black stringers. 

Texture : Upper very fine grain size (0.1 mm dia. ) 
Spbericity : 0.9 
Roundness : 0.9 

Sorting : Very vell sorted. 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Upper very fine grained shaley sandstone, medium grey in colour 
and displaying extensive stringers of clay material. The grains 
are of high sphericity, are well rounded and are very well sorted. 

ROCK PROPERTIES 
ummummmawwwww=0 

Sample Density : 2281.27 Kg/m^3 (142.39 lb/ft'3) 

Embedment Pressure : 

Brinell Hardness : 27.1 Load Indentation BHN 

(3-19 mm Indenter) Units : 0 . 0000 
mummumn 5 . 0183 27 

10 . 0387 26 
Load (kg) 15 . 0560 27 
indentation (mm) 20 . 0740 27 
BHN (Kg/mm^2) 25 . 0893 28 

30 . 1060 28 
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FRACTURE POROSIMETER RESULTS Well Number : 11/30-2 
Depth : 7010 ft 

--- ---------------- ------------ - ------ -- --------- ----- 

PROPPANT DATA : Ref. U 
mummumm=wWwwwwo 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Gr. Density : 3.64 g/cc 
Roundness 0.80 
Spbericity -0.78 

Sample Wt. : 5.0005 g 
Recovery : 100.164 Z 

mum.. ==on 

Closure Fracture Proppant 
Stress Width Porosity 

1000 . 1638 33.29 
2000 . 1624 32.74 
4000 . 1606 31.96 
6000 . 1596 31.53 
8000 . 1584 31.02 

10000 . 1577 30.73 
12000 . 1572 30.51 
14000 . 1562 30.06 
15000 . 1555 29.75 

PROPPANT DATA : Ref. 4B 
mmumumnummmmm 

Typelsize : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc 
Roundness 0.70 
Spbericity 0.69 

Sample Wt. : 5.004 g 
Recovery : 99.8901 % 

PROPPANT DATA : Ref. 4C 

mmunummmum-wo 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Sphericity 0.82 

Sample Wt. 5.007 g 
Recovery 99.9101 1 

Closure Fracture Proppant 
Stress 

--------- 
Widtb 

------- - 
Porosity 

------ 
1000 . 2047 26.37 
2000 . 2046 26.31 
4000 . 2041 26.12 
6000 . 2035 25.94 
8000 . 2012 25.07 

10000 . 1980 23.86 
12000 
14000 
15000 

Closure Fracture Proppant 
Stress 

--------- 
Widtb 

--------- 
Porosity 

---------- 
1000 . 1874 31.89 
2000 . 1864 31.53 
4000 . 1856 31.21 
6000 . 1849 30.96 
8000 . 1842 30.71 

10000 . 1834 30.39 
12000 
14000 Sample 
15000 Failed 

------------------------------------------------------------------ 

TEST UNITS Closure Stress (psi) 
Fracture Widtb (in) 

Propped Fracture Porosity M 

------------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-4. APP 
............ 

FORMATION / PROPPANT DATA DATA RASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-2 SAMPLE4. POR, 
Deptb 7010 ft 

FRACTURE COMDUCTIVITY RESULTS 

M;; m 1; (psi) 
- 

A-B 
--- 

B-C 
- ------- 

A-C 
--- - 

A-B B-C A-C 
-- 

1000 
--- 

4.512 4.330 
---- 

4.498 
--------- 

1.912 
------- 
1.835 

------- - 
1.906 

2000 3.918 3.768 3.835 1.686 1.621 1.650 
4000 3.404 3.241 3.353 1.385 1.319 1.365 
6000 3.127 2.843 3.031 1.272 1.156 1.232 
8000 2.690 2.577 2.672 1.188 1.139 1.181 

10000 2.422 2.191 2.336 1.263 1.143 1.219 
12000 2.272 2.073 2.040 1.310 1.195 1.176 
14000 2.221 1.900 1.916 1.218 1.042 1.051 
15000 2.048 1.795 1.857 1.150 1.008 1.043 

FRACTURE PERHEABILITY RESULTS 

====Mac 
= MwMmMMM= M ww=mwmw=mm=mu 

; wwwm wý 0. = no"nooloonao M 0,0=ýMowoo 'llosuree 
SwtraeasnoFlov Cell Permeability Fracture Permeability 

(psi) A-B 
- 

B-C 
- -- 

A-C 
------ - 

A-B 
-- - 

B-C A-C 
-------------- 

1000 
--- ----- 

306.3 
- --- 

294.0 
-- 

305.3 
- ----- 
140.1 

-------- 
134.4 

--------- 
139.6 

2000 269.2 258.8 263.5 124.6 119.8 121.9 
4000 237.0 225.7 233.5 103.5 98.6 102.0 
6000 219.7 199.7 212.9 95.6 86.9 92.7 
8000 191.1 183.1 189.9 90.0 86.3 89.4 

10000 176.5 159.7 170.3 96.1 87.0 92.7 
12000 168.2 153.4 151.0 100.0 91.2 89.8 
14000 164.7 140.9 142.1 93.6 80.0 80.7 
15000 153.0 134.1 138.8 88.7 77.8 80.5 

------------- 
Im ITS : Flov 

---------------- 
Cell Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------------- 

=mom= Flov 
------------ - 

Cell Fracture 
---------------- 

Permeability (Darcies) 
-------------------------- ------------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-4. APP 

FORHAT10N / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 10/30-2 SAMPLE4. POR 
Depth 7010 ft 

FRACTURE CONDUCTIVITY RESULTS 

mý"";;! ImConductivity 
Fracture Conductivity 

m;: 'R: omF oou;: O; 
t a low ; 7osu 

(psi) A-B 
------- --- 

B-C 
------- 

A-C 
-------- 

A-B 
-- 

B-C A-C 
------------ 

1000 
- 

2.383 2.396 
- 

2.549 
------- 

. 420 
-------- 

. 422 
------- 

. 449 
2000 2.143 1.799 1.972 . 403 . 338 . 371 
4000 1.769 1.408 1.607 . 389 . 310 . 354 
6000 1.044 . 725 . 848 . 296 . 205 . 240 
8000 . 480 . 190 . 365 . 166 . 066 . 126 

10000 . 264 . 136 , 
. 200 . 102 . 053 . 077 

12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

ao;:; o 00 mm;:; 7 M;; O;: rm i; oi;; Mmm (psi) A-B 
- 

B-C 
- 

A-C A-B B-C A-C 

------------- 
1000 

--- ----- 
119.2 

------- 
119.8 

--------- 
127.5 

--------- 
24.6 

-------- 
24.8 

--------- 
26.3 

2000 108.2 90.8 99.5 23.6 19.8 21.7 
4000 91.5 72.8 83.1 22.9 18.2 20.8 
6000 55.8 38.7 45.3 17.4 12.1 14.2 
8000 26.7 10.6 20.3 9.9 3.9 7.5 

10000 15.2 7.8 11.5 6.2 3.2 4.7 
12000 
14000 
15000 

a==== am ==non= 

------------ 
IM ITS : Flow 

----------------- 
Cell Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------------- 

WWWMW Flow 

-------------- 

Cell Fracture 
---------------- 

Permeability (Darcies) 
-------------------------- ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-4. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-2 
Depth 7010 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 
ftwummummu=mMummum"m 

INTER-A. FLO 

SAMPLE4. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B 

-- 
B-C 

-------- 
A-C 

---- 
A-B B-C A-C 

--------------- 
1000 

------ 
6.534 6.371 

---- 
6.468 

------ - -- 
2.547 

------- 
2.483 

-- 
2.521 

2000 5.714 5.264 5.579 2.125 1.958 2.075 
4000 5.106 4.685 4.882 1.882 1.726 1.799 
6000 4.555 3.908 4.212 1.859 1.595 1.719 
8000 3.991 3.275 3.628 1.829 1.500 1.662 

10000 3.073 2.438 2.720 1.632 1.294 1.444 
12000 2.629 2.034 2.207 ***** ***** ***** 
14000 1.969 1.486 1.689 Samp le Failed 
15000 1.659 1.182 1.391 

FRACTURE PERMEABILITY RESULTS 

w==w===w=wmwmww= ............. 

Closure Stress Flov Cell Permeability Fracture Permeability 
(ps 0 A-B 

--------- 

B-C 
------- 

A-C 
--------- 

A-B B-C 
------- 

A-C 
------------- 

1000 

- 

385.6 375.9 381.7 
--------- 

163.1 159.0 
----- 

161.4 
2000 337.4 310.8 329.4 136.8 126.0 133.6 
4000 302.8 277.8 289.5 121.7 111.6 116.3 
6000 275.0 235.9 254.2 120.7 103.5 111.6 
8000 245.5 201.4 223.2 119.1 97.7 108.3 

10000 193.4 153.4 171.2 106.8 84.7 94.5 
12000 168.4 130.3 141.4 ***** ***** ***** 
14000 128.0 96.6 109.8 Sample Failed 
15000 109.5 78.0 91.8 

------------- 
UNITS : Flow 

---------------- 
Cell / Fracture 

--------- 
Conductiv 

----------------- 
ity (Darcy*ft) 

------------- 

Flow 
----------- -- 

Cell / Fracture 
----- - ------ -- 

Permeability (Darcies) 
--------------------- - -- ----------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30-5 
Core Number :5 
Sample Depth : 7270 ft 
Box Number :9 
Reference Number :5A, B. C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : White/light grey with irregular brown spots and streaks. 

Texture : Medium grain size (0.4 mm dia. ) 
Sphericity : 0.9 
Roundness : 0.7 

Sorting : Well sorted. 

Cement : silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Medium grained, light coloured sandstone with irregular brown 

spots and streaks. The sandstone has grains of high sphericity 
which are rounded and well sorted. 

ROCK PROPERTIES 

Sample Density : 2367.42 Kglm'3 (147.77 lb/ft"3) 

Embedment Pressure : 

Brinell Hardness 

(3.19 mm Indenter) 

42.0 

Units 
==a==== 

Load (kg) 
Indentation (mm) 
BEN (Kg/mm^2) 

Load Indentation BHN 

0 . 0000 
5 . 0123 40 

10 . 0233 43 
15 . 0343 44 
20 . 0447 45 
25 . 0603 41 
30 . 0760 39 
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FRACTURE POROSIMETER RESULTS Well Number : 11/30-5 
Deptb : 7270 ft 

-- ---------- - --- - -------- - ------- 

PROPPANT DATA : Ref. 5A 
mmummmummummmu= 

sure Fr&cture Proppant 
Stress Width Porosity 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Korton 

Gr. Density : 3.64 g/cc 
Roundness 0.80 
Spbericity '0.78 

Sample Wt. : 5.0003 9 
Recovery : 100.414 Z 

PROPPANT DATA : Ref. 5B 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/ce 
Roundness 0.70 
Spbericity 0.69 

Sample Wt. : 5.0004 9 
Recovery : 99.4720 Z 

PROPPANT DATA : Ref. 5C 

=Mmmwmnnmwwnm 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Spbericity 0.82 

Sample Wt. : 5.0003 g 
Recovery : 100.662 Z 

1000 . 1764 38.06 
2000 . 1752 37.64 
4000 . 1744 37.34 
6000 . 1737 37.10 
8000 . 1730 36.85 

10000 . 1725 36.67 
12000 . 1718 36.42 
14000 . 1708 36.04 
15000 . 1703 35.86 

710,0Z r; 01,; rm; cýtmu Stress 
-------- 

Width 
- ------- 

Porosity 
- 

1000 . 2276 33.80 
2000 . 2267 33.56 
4000 . 2260 33.36 
6000 . 2239 32.71 
8000 . 2188 31.16 

10000 . 2144 29.75 
12000 
14000 
15000 

wo no M; 700; 
ureomo; 

mr: 
cotmur; 

om;;;;;: 
no; 

m 

Stress 
-------- 

Width 
-------- 

Porosity 
---------- 

1000 . 1894 32.69 
2000 . 1894 32.69 
4000 . 1890 32.57 
6000 . 1885 32.39 
8000 . 1879 32.15 

10000 . 1874 31.97 
12000 . 1867 31.72 
14000 . 1850 31.10 
15000 . 1842 30.79 

----------------------------------------------------------------- 

TEST UNITS Closure Stress (psi) 
Fracture Widtb (in) 
Propped Fracture Porosity M 

----------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-5. APP 

FORMATION / PROPPANT DATA DATA RASE REFERENCE 
wwwwUmunnuumnow .......... 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-5 SAMPLE5. POR 
Depth 7270 ft 

FRACTURE CORDUCTIVITY RESULTS 
... man== 

m: Iga'ww mua"aum mwa" au .... a au "-"a Zu ammma u mw'02: iimZ: 
n t ivi*ty FraýcýturemConduct"ivitmy 

jioaurem; mtrýeýs: m"; iov 

(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

---------- 
4.512 

-------- 
4.330 

-------- 
4.498 

--------- 
3.570 

---- - 
3.425 

- -------- 
3.558 

2000 3.918 3.768 3.835 3.215 3.091 3.147 
4000 3.404 3.241 3.353 2.984 2.841 2.939 
6000 3.127 2.843 3.031 2.847 2.589 2.760 
8000 2.690 2.577 2.672 2.596 2.488 2.579 

10000 2.422 2.191 2.336 2.809 2.541 2.710 
12000 2.272 2.073 2.040 2.909 2.654 2.612 
14000 2.221 1.900 1.916 2.744 2.348 2.367 
15000 2.048 1.795 1.857 2.646 2.319 2.399 

FRACTURE PERMEABILITY RESULTS 
............. a 

- _____u_- "--_ -- -_-_ __ 

Closure Stress Flow Cell Permeability Fracture Permeability 
(psi) 

--- 
A-B 

--------- 
B-C 

------- 
A-C 

--------- 
A-B 

--------- 
B-C 

-------- 
A-C 

------ - ----------- 
1000 306.3 294.0 305.3 242.8 233.0 242.0 
2000 269.2 258.8 263.5 220.2 211.7 215.5 
4000 237.0 225.7 233.5 205.3 195.5 202.2 
6000 219.7 199.7 212.9 196.7 178.8 190.6 
8000 191.1 183.1 189.9 180.1 172.5 178.9 

10000 176.5 159.7 170.3 195.4 176.8 188.5 
12000 168.2 153.4 151.0 203.2 185.4 182.5 
14000 164.7 140.9 142.1 192.8 164.9 166.3 
15000 153.0 134.1 138.8 186A 163.4 169.0 

------------- 
UNITS : Flow 

---------------- 
Cell Fracture 

--------- 
Conductiv 

----------------- 
ity (Darcy*ft) 

------------- 

WMWMW Flow 

------------ - 
Cell Fracture 
---------------- 

Permeability (Darcies) 
-------------------------- ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-S. App 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 10/30-5 SAMPLE5. POR 
Depth 7270 ft 

FRACTURE CONDUCTIVITY RESULTS 

a wwww===w==w 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B 

------ 
B-C 

-- ------ 
A-C 

---- -- 
A-B B-C A-C 

------ - ------- 
1000 

- 
2.383 2.396 

-- 
2.549 

----- -- 
1.217 

------ 
1.224 

------ - 
1.302 

2000 2.143 1.799 1.972 1.140 . 957 1.049 
4000 1.769 1.408 1.607 1.104 . 879 1.003 
6000 1.044 . 725 . 848 . 791 . 549 . 642 
8000 . 480 . 190 . 365 . 411 . 163 . 312 

10000 . 264 . 136 . 200 . 252 . 130 . 191 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B 

- 
B-C 

------ 
A-C 

--------- 
A-B 

---- - - 
B-C A-C 

-------------- 
1000 

------- - 
119.2 

- 
119.8 127.5 

- - 
64.2 

--------- 
64.5 

-------- 
68.6 

2000 108.2 90.8 99.5 60.3 50.6 55.5 
4000 91.5 72.8 83.1 58.6 46.7 53.3 
6000 55.8 38.7 45.3 42.4 29.4 34.4 
8000 26.7 10.6 20.3 22.5 8.9 17.1 

10000 15.2 7.8 11.5 14.1 7.3 10.7 
12000 
14000 
15000 

------------- 
UNITS : Flow 

---------------- 
Cell Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------------- 

MOMMM Flow 
------------- 

Cell Fracture 
---------------- 

Permeability (Darcies) 
-------------------------- ------------ 
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FRACTURE CONDUCTIVITY I PEPýiEABILITY RESULTS Ref : INTER-5. APP 

FORHATION / PROPPANT DATA 

Proppant Type 20140 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-5 
Depth 7270 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. nO 

SAMPLE5. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

---- - --- -------- - - 
1000 6.534 6.371 6.468 2.839 2.768 2.810 
2000 5.714 5.264 5.579 2.491 2.294 2.432 
4000 5.106 4.685 4.882 2.266 2.079 2.167 
6000 4.555 3.908 4.212 2.263 1.942 2.093 
8000 3.991 3.275 3.628 2.232 1.831 2.029 

10000 3.073 2.438 2.720 2.032 1.612 1.799 
12000 2.629 2.034 2.207 1.951 1.510 1.638 
14000 1.969 1.486 1.689 1.537 1.160 1.319 
15000 1.659 1.182 1.391 1.420 1.011 1.190 

FRACTURE PERMEABILITY RESULTS 

am MMMMMM=mm==. ==== a man no a Unman =a 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) 

------ 
A-B 

-------- 
B-C 

-------- 
A-C 

---------- 
A-B 

------ 
B-C A-C 

------- 
1000 385.6 375.9 381.7 

-- - 
179.9 

------- 
175.4 

----- 
178.0 

2000 337.4 310.8 329.4 157.8 145.4 154.1 
4000 302.8 277.8 289.5 143.9 132.0 137.6 
6000 275.0 235.9 254.2 144.1 123.6 133.2 
8000 245.5 201.4 223.2 142.5 117.0 129.6 

10000 193.4 153.4 171.2 130.1 103.2 115.2 
12000 168.4 130.3 141.4 125.4 97.0 105.3 
14000 128.0 96.6 109.8 99.7 75.3 85.5 
15000 109.5 78.0 91.8 92.5 65.9 77.5 

-- ---------- 
UNITS : Flov 

------------- ; -- 
Cell Fractu e 

--------- --------- 
Conductivity (Darcy ------- *ft) 

------------- 

ammmm Flov 
---------- - 

Cell Fracture 
---- ----------- 

Permeability (Darcies) 
--------------- -- ------- --------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30-5 
Core Number :5 
Sample Depth : 7275 ft 
Box Number : 10 
Reference Number :6A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Medium grey, occasional black/dark spots. 

Texture : Lower coarse grain size (0.55 mm dia. ) 
Sphericity : 0.7 
Roundness : 0.7 

Sort ing : Well sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 
w=wmww=w==www=ww ... 

Lover coarse grained sandstone, medium grey in colour and 
displaying occasional spots of clay material. The grains 
have moderate sphericity, are rounded and are vell sorted. 

ROCK PROPERTIES 

Sample Density : 2382.39 Kg/m^3 (148.70 lb/ft"3) 

Embedment Pressure : 

Brinell Hardness : 47.7 

(3.19 mm Indenter) Units 
MOMMMMM 

Load (kg) 
Indentation 
BRN (Kg/mm^2) 

Mae= mmomme 

Load 
---- 

Indentation 
-- 

BUN 
-- 

0 
----------- 

. 0000 
------ 

5 . 0113 44 
10 . 0230 43 
15 . 0323 46 
20 . 0410 49 
25 . 0490 51 
30 . 0567 53 

a not 
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FRACTURE POROSIMETER RESUUTS Well Number : 11/30-5 
Depth : 7275 ft 

---------- --------- 

PROPPANT DATA : Ref . 6A Closure Fracture Proppant, 
mwwww=w==ww===w Stress Width Porosity 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Cr. Density : 3.64 g/ce 
Roundness 0.80 
Sphericity : b. 78 

Sample Wt. : 5.0003 g 
Recovery : 100.354 Z 

1000 . 1732 36.93 
2000 . 1727 36.75 
4000 . 1721 36.50 
6000 . 1719 36.44 
$000 . 1714 36.25 

10000 . 1710 36.13 
12000 . 1705 35.94 
14000 . 1702 35.81 
15000 . 1699 35.68 

mmumwPunm ummummmumumunuummumm 

PROPPANT DATA : Ref . 6B 
mmmummmmmmmum 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 &/cc 
Roundness 0.70 
Sphericity 0.69 

Sample Wt. : 5.0003 g 
Recovery : 99.7740 Z 

PROPPANT DATA : Re f. 6C 

ww==Www==m=== 

Type/size : 20/40 Interprop 
Supplier : Norton 

Cr. Density 3.12 &/cc 
Roundness 0.81 
Sphericity 0.82 

Sample Wt. : 5.0008 g 
Recovery : 100.058 Z 

Closure Fracture Proppant 
Stress Width Porosity 

1000 . 2236 
_ 

32.64 
2000 . 2228 32.38 
4000 . 2214 31.97 
6000 . 2194 31.35 
8000 . 2159 30.22 

10000 . 2123 29.06 
12000 
14000 
15000 

MMUMMUMMMUMN mumnswummmnummumm 
Closure Fracture Proppant 
Stress 

--------- 
Widtb 

--------- 
Porosity 

------ 
1000 . 1941 34.32 
2000 . 1943 34.38 
4000 . 1941 34.32 
6000 . 1939 34.27 
8000 . 1936 34.15 

10000 . 1933 34.04 
12000 . 1929 33.92 
14000 . 1916 33.46 
15000 . 1907 33.17 

------------- ----------- ---------------------- - --------------- 

TEST UNITS Closure Stress (psi) 

mummmummum Fracture Width (in) 
Propped Fracture Porosity 

--------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-6. APP 
........... mmummummummmm= 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 
..... a MMMUMMMUMMUNUM=0000 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-5 SAMPLE6. POR 
Depth 7275 ft 

FRACTURE CONDUCTIVITY RESULTS 

0 Wýw ý W m ýMý O "W M O , o O 0 ftwoo 0;: ; 
t 
;;;; ; 70 ;u mm 7ov ;; Z7;;:; 

u ivitT ;:; ; :; ;; F tu nu ivit; co (psi) 
--- 

A-B 
------ 

B-C 
- ------- 

A-C 
--- 

A-B 
------- 

B-C 
- 

A-C 

1000 4.512 4.330 4.498 3.088 
- ----- 

2.963 
--- - 

3.078 
2000 3.918 3.768 3.835 2.867 2.757 2.807 
4000 3.404 3.241 3.353 2.678 2.550 2.638 
6000 3.127 2.843 3.031 2.615 2.377 2.534 
8000 2.690 2.577 2.672 2.403 2.302 2.387 

10000 2.422 2.191 2.336 2.618 2.369 2.526 
12000 2.272 2.073 2.040 2.733 2.493 2.454 
14000 2.221 1.900 1.916 2.663 2.278 2.298 
15000 2.048 1.795 1.857 2.585 2.266 2.344 

FRACTURE PERMEABILITY RESULTS 

00 00M 7 7it; 
(psi) A-B 

--- 
B-C 

- - - 
A-C 

--------- - 
A-B 

------- 
B-C 

---- - 
A-C 

- 
1000 

---- - 
306.3 

- ---- 
294.0 305.3 214.0 

--- 
205.3 

------- - 
213.3 

2000 269.2 258.8 263.5 199.2 191.6 195.0 
4000 237.0 225.7 233.5 186.7 177.8 183.9 
6000 219.7 199.7 212.9 182.5 166.0 176.9 
8000 191.1 183.1 189.9 168.2 161.2 167.1 

10000 176.5 159.7 170.3 183.7 166.2 177.3 
12000 168.2 153.4 151.0 192.3 175.5 172.7 
14000 164.7 140.9 142.1 187.8 160.6 162.0 
15000 153.0 134.1 138.8 182.6 160.1 165.6 

- ------------ 

UNITS : Flov 
- -------------- 
Cell / Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------- 

==am= Flov 
------------ 

Cell / Fracture 
-- ------- 

Fermeability (Darcies) 
---------- - ----- - ----- ----- ---- - 

- 504 - 



FRACTURE CONDUCTIVITY I PERMEABILITY RESULTS Ref : COLOR-6. APP 

FORMATION / PROPPANT DATA DATA BASE REFEILENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number :1 10/30-5 SAMPLE6. POR 
Depth 7275 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B 

- 
B-C A-C 

------------- 
1000 

---------- 
2.383 

-------- 
2.396 

-------- 
2.549 

---- ---- 
1.040 

-------- 
1.046 

----- 
1.112 

2000 2.143 1.799 1.972 . 994 . 834 . 914 
4000 1.769 1.408 1.607 . 914 . 727 . 830 
6000 1.044 . 725 . 848 . 655 . 455 . 532 
8000 . 480 . 190 . 365 . 360 . 143 . 273 

10000 . 264 . 136 . 200 . 229 . 118 . 173 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B 

--------- 
B-C 

-------- 
A-C 

-- -------------- 
1000 

------- 
119.2 

--------- 
119.8 

--------- 
127.5 55.8 56.1 

------- 
59.7 

2000 108.2 90.8 99.5 52.3 43.9 48.1 
4000 91.5 72.8 83.1 49.5 39.4 45.0 
6000 55.8 38.7 45.3 35.8 24.9 29.1 
8000 26.7 10.6 20.3 20.0 7.9 15.2 

10000 15.2 7.8 11.5 12.9 6.6 9.8 
12000 
14000 
15000 

-------------- 
UNITS : Flow 

------- 
Cell 

--------- 
Fracture 

--------- 
Conductiv 

----------------- 
ity (Darcy*ft) 

------------- 

MMMMM Flow 

-------------- 

Cell 
------- 

Fracture 
- ------- 

Permeability (Darcies) 
--------------------- - --- ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-6. APP 

FO M TION / PROPPANT DATA 
amnmnmnmmnmwmmmmununmuuom 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-5 
Depth 7275 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAMPLE6. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

----------- - ---------- ---- ------ - --- 
1000 6.534 6.371 6.468 3.536 3.447 3.500 
2000 5.714 5.264 5.579 3.127 2.881 3.053 
4000 5.106 4.685 4.882 2.870 2.633 2.744 
6000 4.555 3.908 4.212 2.917 2.503 2.697 
8000 3.991 3.275 3.628 2.926 2.401 2.660 

10000 3.073 2.438 2.720 2.691 2.135 2.383 
12000 2.629 2.034 2.207 2.632 2.036 2.210 
14000 1.969 1.486 1.689 2.126 1.605 1.823 
15000 1.659 1.182 1.391 1.972 1.404 1.652 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) 

- 
A-B 

------ 
I-C 

---------- 
A-C 

- ------ 
A-B 

-------- 
B-C A-C 

------------- - 
1000 385.6 375.9 381.7 218.6 

--------- 
213.1 

----- 
216.4 

2000 337.4 310.8 329.4 193.1 177.9 188.6 
4000 302.8 277.8 289.5 177.5 162.8 169.7 
6000 275.0 235.9 254.2 180.6 154.9 166.9 
8000 245.5 201.4 223.2 181.4 148.8 164.9 

10000 193.4 153.4 171.2 167.1 132.6 147.9 
12000 168.4 130.3 141.4 163.7 126.7 137.5 
14000 128.0 96.6 109.8 133.1 100.5 114.2 
15000 109.5 78.0 91.8 124.1 88.3 104.0 

---- 
UNITS : 

------- 
Flov 

---- 
Cell 

--- -- ----- 
Fracture 

-------------- 
Conductivity 

---- - ------------- 
(Darcy*ft) 

MMMMM 
------- 

Flov 
--- 

Cell Fracture Permeability 
---------- 

(Darcies) 
--- --- --- - ------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30-5 
Core Number :5 
Sample Depth : 7308 ft 
Box Number : 17 
Reference Number :7A, B. C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Medium brown with white quartz streaks. 

Texture : Medium grain size (0.4 mm) 
Sphericity : 0.8 
Roundness : 0.8 

Sorting : Very well sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Medium grained sandstone, brown in coulour witb streaks of 
wbite quartz. The grains possess a moderate to bigh 
spbericity, are rounded and very well sorted. 

ROCK PROPERTIES 
manammmunmMmmmu 

Sample Density : 2204.23 ]Kg/m^3 (137.58 lb/ft'3) 

Embedment Pressure : 

Brinell Hardness 

(3.19 im Indenter) 

23.2 

units 
on===== 

Load (kg) 
Indentation (mm) 
BRN (KglmmA2) 

Load Indentation BRH 

0 . 0000 
5 . 0220 23 

10 . 0447 22 
15 . 0667 22 
20 . 0873 23 
25 . 1033 24 
30 . 1200 25 
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FRACTtiM POROSIMETER RESUMS Well Number : 11/30-5 
Depth : 7308 ft 

---------- -- - -- --- 

PROPPANT DATA : Ref. 7A 
ý;; 

Oo; uwro; 
ww; 

rý: cwtýuwrw; 
wý;;;;;::; w 

w=www==w=m=ftwwm Stress Width Porosity 
---------- 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Gr. Density : 3.64 g/cc 
Roundness 0.80 
Spbericity 0.78 

Sample Wt. : 5.0005 9 
Recovery : 100.270 % 

1000 . 1614 32.31 
2000 . 1606 31.96 
4000 . 1594 31.46 
6000 . 1591 31.31 
8000 . 1586 31.09 

10000 . 1581 30.87 
12000 . 1572 30.50 
14000 . 1567 30.28 
15000 . 1559 29.90 

PROPPANT DATA : Ref. 7B 
mmmmmummmumun 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Cr. Density 2.64 g/cc 
Roundness 0.70 
Spbericity 0.69 

Sample Wt. : 5.0009 9 
Recovery : 99.0662 1 

PROPPANT DATA : Ref. 7C 

mmommmummmmmm 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/ce 
Roundness 0.81 
Sphericity 0.82 

Sample Wt. : 5.0005 g 
Recovery : 100.080 Z 

0;;:;; o wm'07" "On": uTo m; 
u 

'71o 
re r: ctur 

Stress 
------- 

Width 
-------- 

Porosity 

1000 . 2181 
-- 

30.93 
2000 . 2176 30.77 
4000 . 2159 30.23 
6000 . 2132 29.35 
8000 . 2094 28.04 

10000 . 2053 26.63 
12000 
14000 
15000 

, 0; 70W; Uro; om; rm: cmtou Stress 
--------- 

Width 
-- ----- 

Porosity 
- 

1000 . 1850 
--- 

31.11 
2000 . 1842 30.80 
4000 . 1834 30.48 
6000 . 1829 30.29 
8000 . 1820 29.97 

10000 . 1810 29.58 
12000 . 1800 29.18 
14000 . 1783 28.51 
15000 . 1771 28.04 

------------------------------------------------------------------ 
TEST UNITS Closure Stress (psi) 

UMMOMMMUMM Fracture Width (in) 
Propped Fracture Porosity M 

-------------------------------------------- - ------- - ---- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-7. APP 
... a .... w=m==mmww==wmu 

FORMATION I PROPPANT DATA, DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BkUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-5 SAMPLE7. POR, 
Depth 7308 ft 

FRACTURE CONDUCTIVITY RESULTS 

now 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) 

-------- 
A-B 

------ 
B-C 

---------- 
A-C 

--------- 
A-B 

- 
B-C A-C 

------- 
1000 4.512 4.330 4.498 

- - ---- 
1.673 

--- -- 
1.606 

--- 
1.668 

2000 3.918 3.768 3.835 1.515 1.457 1.483 
4000 3.404 3.241 3.353 1.363 1.298 1.343 
6000 3.127 2.843 3.031 1.314 1.195 1.274 
8000 2.690 2.577 2.672 1.200 1.150 1.192 

10000 2.422 2.191 2.336 1.289 1.166 1.244 
12000 2.272 2.073 2.040 1.308 1.194 1.175 
14000 2.221 1.900 1.916 1.257 1.075 1.084 
15000 2.048 1.795 1.857 1.175 1.030 1.066 

FRACTURE PERMEABILITY RESULTS 

wm;:; o 0;: W;: rm i; 
mitm; mom 

(psi) A-B B-C 
- - 

A-C A-B 
- 

B-C A-C 
------------ 

1000 
-------- 

306.3 
- --- - 

294.0 
---------- 

305.3 
--- ---- 

124.4 
------- 

119.4 
----- - 

124.0 
2000 269.2 258.8 263.5 113.2 108.9 110.8 
4000 237.0 225.7 233.5 102.6 97.7 101.1 
6000 219.7 199.7 212.9 99.1 90.1 96.1 
$000 191.1 183.1 189.9 90.8 87.0 90.2 

10000 176.5 159.7 170.3 97.8 88.5 94.4 
12000 168.2 153.4 151.0 99.9 91.1 89.7 
14000 164.7 140.9 142.1 96.2 82*3 83.0 
15000 153.0 134.1 138.8 90.5 79.3 82.0 

- ------------ 

IMITS : Flow 
---------------- 

Cell Fracture 
-------------------------- 

Conductivity (Darcy*ft) 
---- - ------- 

MMMMM Flow 
------------ 

Cell Fracture 
---------------- 

Permeability (Darcies) 
-------------------------- ------- 
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FRACTURE CONDUCTIVITY / ]PERMEABILITY RESULTS lef : COLOR-7. APP 
............ mommummommummm 

FORNATION / PROPPANT DATA DATA BASE REFERENCE 
www=wwM=w=w==ww .......... 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 10/30-5 SAMPLE7. POR 
Depth 7308 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 2.383 2.396 2.549 . 821 . 825 . 878 
2000 2.143 1.799 1.972 . 777 . 652 . 715 
4000 1.769 1.408 1.607 . 716 . 570 . 651 
6000 1.044 . 725 . 848 . 493 . 343 . 401 
8000 . 480 . 190 . 365 . 262 . 104 . 199 

10000 . 264 . 136 . 200 . 159 . 082 . 120 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flow Cell Permeability Fracture Permeability 
(psi) A-B 

-- 
B-C 

-------- 
A-C 

-------- 
A-B 

-- - 
B-C A-C 

------------- 
1000 

-------- 
119.2 119.8 127.5 

--- 
45.2 

-------- 
45.4 

----- - 
48.3 

2000 108.2 90.8 99.5 42.8 35.9 39.4 
4000 91.5 72.8 83.1 39.8 31.7 36.2 
6000 55.8 38.7 45.3 27.8 19.3 22.6 
8000 26.7 10.6 20.3 15.0 6.0 11.4 

10000 15.2 7.8 11.5 9.3 4,8 7.0 
12000 
14000 
15000 

- ------ ----------------- -- -------- - ------------------------ 
UNITS : Flow Cell Fracture ConductLvLty (Darcy*ft) 
man== Flow Cell Fracture PemeabilLty (Darcies) 

--------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-7. APP 
.... a .... amommummummmma 

FORMATION / PROPPANT DATA 

Proppant Type 
Supplier 
Concentration 

20/40 Interprop I 
Norton 
2 lbs/sq. ft. 

DATL RASE REFERENCE 

INTER-A. no 

Well Number 11/30-5 SA-MPLZ7. POR 
Depth 7308 ft 

FUCTURE CONDUCTIVITY RESULTS 

Closure Stress Flow Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 6.534 6.371 6.468 2.282 2.225 2.258 
2000 5.714 5.264 5.579 1.917 1.766 1.871 
4000 5.106 4.685 4.882 1.696 1.556 1.621 
6000 4.555 3.908 4.212 1.689 1.449 1.562 
$000 3.991 3.275 3.628 1.644 1-349 1.494 

10000 3.073 2.438 2.720 1.451 1-151 1.284 
12000 2.629 2.034 2.207 1.361 1.053 1.143 
14000 1.969 1.486 1.689 1.060 . 800 . 909 
15000 1.659 1.182 1.391 . 954 . 679 . 800 

FRACTURE PERMEABILITY RESULTS 

am 0 was amommam name 
Closure Stress Flov Cell Permeability Fracture Permeability 

(psi) A-B B-C A-C A-3 B-C A-C 

1000 385.6 375.9 381.7 148.0 144.3 146.5 
2000 337.4 310.8 329.4 124.9 115*0 121.9 
4000 302.8 277.8 289.5 111-0 101-8 106.1 
6000 275.0 235.9 254.2 110.8 95*1 102.5 
8000 245.5 201.4 223.2 108.4 88.9 98.5 

10000 193.4 153.4 171.2 96.2 76.3 85*2 
12000 168.4 130.3 141A 90.8 70.2 76.2 
14000 128.0 96o6 109.8 71.4 53o9 61o2 
15000 109o5 78.0 91.8 64.6 46.0 54.2 

-- --- 
UNITS : 

---- -- 
Flov 

----- 
Cell 

- 
/ Fracture 

-- - ----- 
Conductivity 

-- ------------ - 
(Darcy*ft) 

ammom 
------- 

Flov 
--- 

Cell / Fracture Permeability 
-- 

(Darcies) 
--- -- 
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FORMATION SAMPLE DATA 

Well Number : 11/30-5 
Core Number :5 
Sample Deptb : 7318 ft 
Box Number 19 
Reference Number 8 A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Light brown/grey, occasional fine banding of brova/vhite. 

Texture : Lover medium grain size (0.3 mm dia. ) 
Sphericity : 0.7 
Roundness : 0.7 

Sorting : Well sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Lover medium grained, light brovn/grey coloured sandstone dLoplaying 
occasional banding of clay material and quartz. The grains have a 
moderate sphericity, are rounded and are well sorted. 

ROCK PROPERTIES 
anommummumommum 

Sample Density : 2140.79 K&/w^3 (133.62 lb/W3) 

Embedment Pressure : **** 

Brinell Bardness 

0.19 = Indenter) 

17.9 

Units 
=====am 

Load (kg) 
Indentation (mm) 
BEN (Kg/=^2) 

Load Indentation IRN 

0 . 0000 
5 . 0233 21 

10 . 0523 19 
15 . 0857 17 
20 . 1213 16 
25 . 1473 17 
30 . 1830 16 
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FRACTURE POROSIKETER RESUL4fS Well Number : 11/30-5 
Depth : 7318 ft 

PROPPANT DATA : Ref. U 
nmmmummuwmmww 

Closure Tracture Proppant 
Stress Width Porosity 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Gr. Density : 3.64 g/cc 
Roundness 0.80 
Spbericity 0.78 

Sample Wt. : 5.0001 9 
Recovery : 100.348 % 

PROPPANT DATA Ref. 8B 

Type/size : 20140 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc, 
Roundness 0.70 
Spbericity 0.69 

Sample Wt. : 5.0007 g 
Recovery : 99.7760 % 

PROPPANT DATA : Ref. 8C 

wwwwwwammmmma 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Sphericity 0.82 

sample wt. : 5.0009 g 
Recovery : 100.254 Z 

1000 . 1661 34.24 
2000 . 1658 34.11 
4000 . 1638 33.30 
6000 . 1628 32.89 
8000 . 1618 32.47 

10000 . 1609 32.11 
12000 . 1597 31.61 
14000 . 1586 31olO 
15000 . 1577 30.74 

Closure Fracture Proppant. 
Stress WLdtb ]Porosity 

1000 . 2079 27.53 
2000 . 2069 27.18 
4000 . 2054 26.64 
6000 . 2035 25.97 
8000 . 2005 24.85 

10000 . 1964 23.31 
12000 
14000 
15000 

sommummummomme 0;:;; 00;;:; 
toure Proppant 

7o 

Stress Widtb Porosity 
--------- 

1000 
-- ---m - 

. 1803 
------ 

29.30 
2000 . 1805 29.37 
4000 . 1786 28.64 
6000 . 1775 28.16 
8000 . 1766 27.82 

10000 . 1758 27.48 
12000 . 1746 26.99 
14000 . 1729 26.28 
15000 . 1717 25*77 

-------------- - ----- ------ m ------- -- 

TEST UNITS Closure Stress (psi) 
Fracture Width (in) 
Propped Fracture Porosity M 

----------- - -- - --- - -- -- -- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-8. APP 

FORMATION I PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20140 Sintered Bauxite RAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-5 SAMPLES. POR 
Depth 7318 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 4.512 4.330 4.498 2.171 2.084 2.164 
2000 3.918 3.768 3.835 2.028 1.950 1.985 
4000 3.404 3.241 3.353 1.754 1.670 1.728 
6000 3.127 2.843 3.031 1.629 1.481 1.579 
8000 2.690 2.577 2.672 1.453 1.392 1.443 

10000 2.422 2.191 2.336 1.531 1.385 1.477 
12000 2.272 2.073 2.040 1.528 1.394 1.372 
14000 2.221 1.900 1.916 1.411 1.207 1,217 
15000 2.048 1.795 1.857 1.323 1.160 1.200 

FRACTURE PERMEABILITY RESULTS 

1,00 
MUMUMMU mesa a Ono son 0 sees aa on a mamas== 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C 

- 
A-C 

------------- 
1000 

--------- 
306.3 

- ------- 
294.0 

------- - 
305.3 

-------- 
156.9 

--- ---- 
150.5 

--- - 
156.4 

2000 269.2 258.8 263.5 146.8 141.1 143.7 
4000 237.0 225.7 233.5 128.5 122.4 126.6 
6000 219.7 199.7 212.9 120.1 109.2 116.4 
$000 191.1 183.1 189.9 107.7 103.2 107.0 

10000 176.5 159.7 170.3 114.2 103.3 110.1 
12000 168.2 153.4 151.0 114.8 104.8 103.1 
14000 164.7 140.9 142.1 106.8 91.3 92.1 
15000 153.0 134.1 138.8 100.7 88.3 91.3 

------ 
UNITS : 

------ 
Flow 

----- 
Cell 

- 
/ 
--------- 

Fracture 
------------- 
Conductivity 

------------------------- 
(Darcy*ft) 

mono= 
------- 

Flow 
------- 

Cell 
-- -- 

/ 
- 

Fracture 
---------- 

Permeability 
--- 

(Darcies) 
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FRACTURE CONDUCTIVITY I PERMEABILITY RESULTS Ref : COLOR-S. APP 

FORMATION / PROPPANT DATA DATA RASE REFERENCE 

Proppant, Type 20/40 Sand (old) COLOR. -A. rL0 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 10/30-5 SAMPLES. POR 
Deptb 7318 ft 

FRACTURE CONDUCTIVITY RESULTS 

M;;;; ; wo ";; I 0;; ";;:; u i; 0"" ;; Ow; ur; w; otor:;; 00;;; *Vrm;;;; 0; 00:; u i;: I;; Moo;;:;; u (psi) A-B B-C A-C A-B B-C A-C 

1000 2.383 2.396 2.549 . 501 . 504 . 536 
2000 2.143 1.799 1.972 . 460 . 386 . 423 
4000 1.769 1.408 1.607 . 422 . 336 . 383 
6000 1.044 . 725 . 848 . 297 . 206 . 241 
8000 . 480 . 190 . 365 . 160 . 064 . 122 

10000 . 264 . 136 . 200 . 093 . 048 . 071 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

mom owns an= a wwwwo a Oftowwwan 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C A-C 

------------ 
1000 

------ - -- 
119.2 

-------- 
119.8 

-------- 
127.5 

----- - -- 
28.9 

-------- 
29.1 

-- 
30.9 

2000 108.2 90.8 99.5 26.7 22.4 24.5 
4000 91.5 72.8 83.1 24.6 19.6 22A 
6000 55.8 38.7 45.3 17.5 12.2 14.2 
8000 26.7 10.6 20.3 9.6 3.8 7.3 

10000 15.2 7.8 11.5 5.7 2.9 4.3 
12000 
14000 
15000 

- ---- 
UNITS : 

---- -- 
Flow 

----- 
Cell 

- - -------- 
Fracture 

---------- 
Conductivity 

- --------- - ------- 
(Darcy*ft) 

MWOMM 
------ 

Flow 
------ 

Cell 
---- 

Fracture Permeability (Darcies) 
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FRACTURE CONDUCTIVITY I PERMEABILITY RESULTS Ref : INTER-S. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30-5 
Depth 7318 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAMPLEB. POR 

mum mum ==mum==== am a Una a a'= 00 a= 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

-- --- ------------- - ------ ----- --- - -- 
1000 6.534 6.371 6.468 1.764 1.720 1.746 
2000 5.714 5.264 5.579 1.563 1.440 1.526 
4000 5.106 4.685 4.882 1.300 1.193 1.243 
6000 4.555 3.908 4.212 1.240 1.064 1.147 
8000 3.991 3.275 3.628 1.201 . 985 1.092 

10000 3.073 2.438 2.720 1.065 . 845 . 943 
12000 2.629 2.034 2.207 . 983 . 761 . 826 
14000 1.969 1.486 1.689 . 757 . 572 . 650 
15000 1.659 1.182 1.391 . 675 . 480 . 565 

FRACTURE PERMEABILITY RESULTS 

Oman ==memo MUMMUM 00a waa== we Mae= won== 
Closure Stress Flov Cell Permeability Tracture Permeability 

(psi) A-B B-C A-C A-B B-C A-C 

1000 385.6 375.9 381.7 117.4 114.5 116.2 
2000 337.4 310.8 329.4 103.9 95.7 101.5 
4000 302.8 277.8 289.5 87.4 80.2 $3.5 
6000 275.0 235.9 254.2 83.9 71.9 77.5 
8000 245.5 201.4 223.2 81.6 67.0 74*2 

10000 193.4 153.4 171.2 72.7 57.7 64.4 
12000 168.4 130.3 141.4 67.6 52.3 56.7 
14000 128.0 96.6 109.8 52.6 39.7 45.1 
15000 109.5 78.0 91.8 47.2 33.6 39.5 

- ---- 
UNITS : 

-- - --- 
Flov 

----- 
Cell 

- --------- 
Fracture 

-------- - ---- 
Conductivity 

- -- - ---- -- ----- - --- (Darcy*ft) 
am=== 
------- 

Flov 
--- 

Cell 
- 

Fracture 
----- --- 

Permeability (Darcies) 

- ---- - 
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FORMATION SAMPLE DATA 

Well Number : 11/30&-A4 
Core Number :8 
Sample Deptb : 6969 ft 
Box Number : 71 
Reference Number :9A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE, Shaley Sandstone 

Co lour : Dark brown/grey vith black bands and white speckles. 

Texture : Lower medium grain size (0.3 mm dia. ) 
Sphericity : 0.9 
Roundness : 0.9 

Sorting : Very vell sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Lower medium grained shaley sandstone, dark brown/grey In colour 
with bands of clay material. The sample has well sorted grains 
which are rounded and are of high sphericity. 

ROCK PROPERTIES 
wwwwwwwwUnumomm 

Sample Density : 2195 Ig/m^3 (137.05 lb/W3) 

Embedment Pressure : **** 

Brinell Hardness : 36.9 

(3-19 mm Indenter) Units 
====a== 

Load (kg) 
indentation (on) 
BHN (Kg/mm^2) 

Load Indentation BRN 

0 . 0000 
5 . 0133 37 

10 . 0287 35 
15 . 0420 36 
20 . 0543 37 
25 . 0653 38 
30 . 0780 38 
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FRACTURE POROSDIETER RESULTS Well Number : 11/30&-A4 
Depth : 6969 ft, 

PROPPANT DATA : Ref. 9A 
mwWwwwwwwwwom 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Gr. Density : 3.64 g/ce 
Roundness 0.80 
Sphericity '0.78 

Sample Wt. : 5.0001 g 
Recovery : 100.504 Z 

osure Fracture Proppant 
Stress Width Porosity 

1000 . 1654 33.93 
2000 . 1650 33.80 
4000 . 1645 33.59 
6000 . 1640 33.39 
8000 . 1638 33.32 

10000 . 1635 33.18 
12000 . 1632 33,05 
14000 . 1623 32*70 
15000 . 1620 32.56 

PROPPANT DATA : Ref. 9B 
ammummummmumm 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc 
Roundness 0.70 
Sphericity 0.69 

Sample Wt. : 5.0007 g 
Recovery : 100.102 Z 

PROPPANT DATA : Ref. 9C 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Spbericity 0.82 

Sample Wt. : 5.0003 & 
Recovery : 100.816 Z 

osure Fracture Proppant 
Stress Width PorosLty 

1000 . 2122 29.01 
2000 . 2120 28.95 
4000 . 2109 28.56 
6000 . 2088 27.86 
8000 . 2058 26.80 

10000 . 2019 25.40 
12000 
14000 
15000 

osure Fracture Proppant 
Stress 

-------- 
Widtb 

--- - ---- 
Porosity 

------- - 1000 . 1870 31.84 
2000 . 1867 31.72 
4000 . 1857 31.35 
6000 . 1845 30.91 
8000 . 1836 30.59 

10000 . 1825 30.15 
12000 . 1818 29.89 
14000 . 1798 29.10 
15000 . 1783 28.50 

------------------------------------------------------- 
TEST UNITS Closure Stress (psi) 

Fracture Width (in) 
Propped Fracture Porosity M 

------------------------- ---- ---- ------------ -- ---- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAux-g. App 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. rLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A4 SAMPLE9. POR 
Depth 6969 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------ - -- - -- ---------- 
1000 4.512 4.330 4.498 2.084 2.000 2.077 
2000 3.918 3.768 3.835 1.945 1.871 1.904 
4000 3.404 3.241 3.353 1.824 1.737 1.797 
6000 3.127 2.843 3.031 1.748 1.589 1.694 
8000 2.690 2.577 2.672 1.630 1.562 1.619 

10000 2.422 2.191 2.336 1.772 1.603 1.709 
12000 2.272 2.073 2.040 1.862 1.699 1.673 
14000 2.221 1.900 1.916 1.759 1.505 1.518 
15000 2.048 1.795 1.857 1.704 1.494 1.545 

FRACTURE PERMEABILITY RESULTS 

o 0"'Oom maa M wmonmwoooýw o o 'wm ' 
res t losure St Flov Cell Permeability Fracture Permeability 

(psi) 
- 

A-B 
---- - 

B-C 
---------- 

A-C 
--- 

A-B B-C A-C 
-------------- 

1000 306.3 294.0 
- --- 

305.3 
---------- 

151.2 
------- 
145.1 

-m ----- - 
150.7 

2000 269.2 258.8 263.5 141.5 136.0 138.5 
4000 237.0 225.7 233.5 133.0 126.7 131.1 
6000 219.7 199.7 212.9 127.9 116.3 123.9 
8000 191.1 183.1 189.9 119.4 114.4 118.6 

10000 176.5 159.7 170.3 130.0 117.6 125.4 
12000 168.2 153.4 151.0 136.9 124.9 123.0 
14000 164.7 140.9 142.1 130.1 111.3 112.2 
15000 153.0 134.1 138.8 126.2 110.6 114.5 

------ 
UNITS : 

------ 
Flov 

------ 
Cell 

-- --------- 
Fracture 

------------- 
Conductivity 

-------------------------- 
(Darcy*ft) 

am=== 
------- 

Flov 
------ 

Cell 
----- --- 

Fracture 
--------- 

Permeability 
------------ 

(Darcies) 
---------- 
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FRACTURE CONDUCTIVITY I PERMEABILITY RESULTS Ref : COLOR-9. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A4 SAMPLEMOR 
Deptb C 6969 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 2.383 2.396 2.549 . 624 . 627 . 667 
2000 2.143 1.799 1.972 . 598 . 502 . 550 
4000 1.769 1.408 1.607 . 563 . 448 . 511 
6000 1.044 . 725 . 848 . 396 . 275 . 322 
8000 . 48b . 190 . 365 . 217 . 086 . 165 

10000 . 264 . 136 . 200 . 131 . 068 . 099 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 
.......... 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) 

- 
A-B 

------- 
B-C 

--------- 
A-C 

--------- 
A-B 

--------- 
B-C 

-m ------ 
A-C 

------------- 
1000 119.2 119.8 127.5 35.3 35.5 37.7 
2000 108.2 90.8 99.5 33.9 28.4 31.2 
4000 91.5 72.8 $3.1 32.0 25.5 29.1 
6000 55.8 38.7 45.3 22.8 15.8 18.5 
8000 26.7 10.6 20.3 12.7 5.0 9.6 

10000 15.2 7.8 11.5 7.8 4.0 5.9 
12000 
14000 
15000 

------------- 
UNITS : Flov 

------- 
Cell 

--------- 
Fracture 

--------- 
Conductiv 

---------------- 
ity (Darcy*ft) 

------------- 

Flov 
- ------- 

Cell 
------- 

Fracture 
-------- 

Permeability (Darcies) 
------------------------- - --- - ------ - 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-9. APP 

FORMATION / PROPPANT DATA 
IN= ==a====== mmummw. nwmwunm 

Proppant Type 20/40 Interprop, I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A4 
Depth 6969 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAXPLE9. POR 

am =man=== Ummmu am mama =am ====a =am mums amm a an 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 6.534 6.371 6. "B 2.526 2. "3 2.500 
2000 5.714 5.264 5.579 2.180 2.008 2.128 
4000 5.106 4.685 4.882 1.916 1.758 1.832 
6000 4.555 3.908 4.212 1.844 1.582 1.705 
8000 3.991 3.275 3.628 1.795 1.473 1.632 

10000 3.073 2.438 2.720 1.574 1.249 1.394 
12000 2.629 2.034 2.207 1.508 1.167 1.266 
14000 1.969 1.486 1.689 1.156 . 872 . 991 
15000 1.659 1.182 1.391 1.022 . 727 . 856 

FRACTURE PERMEABILITY RESULTS 

=====am== as ==a Owmmum now wwwmwm=mw=wwwm nommo =mamma= an a= Samoans= man 

Closure Stress Flov Cell Permeability Fracture Permeability 
(ps 0 A-B B-C A-C A-B 

- - -- 
B-C A-C 

------------- 
1000 

---------- 
385.6 

-------- 
375.9 

--- - --- 
381.7 

- --- 
162.1 

-------- 
158.0 

-- - --- - 
160.4 

2000 337.4 310.8 329.4 140.1 129.1 136.8 
4000 302.8 277.8 289.5 123.8 113.6 118.4 
6000 275.0 235.9 254.2 119.9 102.9 110.9 
8000 245.5 201.4 223.2 117.3 96.3 106.7 

10000 193.4 153.4 171.2 103.5 82.1 91.6 
12000 168.4 130.3 141.4 99.5 77.0 83.6 
14000 128.0 96.6 109.8 77.1 58.2 66.2 
15000 109.5 78.0 91.8 68.8 49.0 57.6 

an 

UNITS : Flov Cell 
--- 

Fracture 
-------------- 

Conductivity 
------ --- --------- 
(Darcy*ft) 

WWWOM 
------- 

Flov 
------ 

Cell 
---- 

Fracture Permeability (Darcies) 
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FORMATION SAMPLE DATA 

'Well Number : 11/30&-A4 
Core Number :8 
Sample Depth : 6984 ft 

. 74 Box Number 
Reference Number : 10 A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Light brovn/grey vitb black bands. 

Texture : Upper fine grain size (0.2 mm dia. ) 
Sphericity : 0.9 
Roundness : 0.9 

Sorting : Very well sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Fine grained, light brown coloured sandstone with streaks and 
bands of clay material. The sandstone is very well sorted, 
and has grains of high sphericity and are well rounded. 

ROCK PROPERTIES 
amommawwwwwww" 

Sample Density 2277.3 Kg/m^3 (142.14 lb/ft^3) 

Embedment Pressure **** 

Brinell Hardness 

(3.19 mm Indenter) 

31.4 

Units 
==am=== 

Load (kg) 
indentation (mm) 
BHN (Kg/mm^2) 

Load Indentation BuN 

0 . 0000 
5 . 0160 31 

10 . 0333 30 
15 . 0483 31 
20 . 0627 32 
25 . 0773 32 
30 0923 32 
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FRACTM POROSMETER RESULTi Well Number : 11/30&-A4 
Depth : 6984 ft 

---------- 

PROPPANT DATA : Ref. 10A 
wwwammomomamm 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Worton 

Cr. Density : 3.64 g/cc 
Roundness 0.80 
Spbericity 0.78 

Sample Wt. : 5.0003 g 
Recovery : 100.324 Z 

osure Fracture Proppant 
Stress Width Porosity 

1000 . 1650 33.77 
2000 . 1640 33.36 
4000 . 1624 32.74 
6000 . 1618 32.46 
8000 . 1609 32.11 

10000 . 1601 31.75 
12000 . 1592 31.39 
14000 . 1582 30.95 
15000 . 1574 30.58 

PROPPANT DATA : Ref. 10B 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc 
Roundness 0.70 
Sphericity 0.69 

Sample Wt. : 5.0004 9 
Recovery : 99.5620 Z 

PROPPANT DATA : Ref. 10C 
wommanxUanumm 

Type/size : 20/40 Interprop I 
Supplier : Worton 

Cr. Density : 3.12 g/ce 
Roundness 0.81 
Spbericity 0.82 

Sample Wt. : 5.0002 g 
Recovery : 100.148 % 

";; Om; uro; no;;: Cntou Stress Width Porosity 

1000 . 2265 
_ 

33.49 
2000 . 2257 33.24 
4000 . 2243 32.84 
6000 . 2223 32.23 
8000 . 2183 30.98 

10000 . 2147 29.84 
12000 
14000 
15000 

osure Fracture Proppant 
Stress 

--------- 
Widtb 

-------- 
Porosity 

----- 
1000 . 1988 35.89 
2000 . 1983 35*73 
4000 . 1973 35.40 
6000 . 1963 35.07 
8000 . 1956 34.84 

10000 . 1948 34.56 
12000 . 1939 34.28 
14000 . 1924 33.76 
15000 . 1911 33.30 

---------------------- --------------------------- -m ----------- -- 
TEST UNITS Closure Stress (psi) 

Fracture Width (in) 
Propped Fracture Porosity (Z) 

------------------ - --- - ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-10. APP 

FORMATION I PROPPANT DATA 

Proppant Type 20140 Sintered 
Supplier Norton 
Concentration 2 lbs/sq. fts 

Well Number 11/30&-A4 
Depth 6984 ft 

FRACTURE CONDUCTIVITY RESULTS 

SAMPLEMPOR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 4.512 4.330 4.498 2.040 1.958 2.033 
2000 3.918 3.768 3.835 1.834 1.764 1.796 
4000 3.404 3.241 3.353 1.625 1.548 1.601 
6000 3.127 2.843 3.031 1.541 1.401 1.493 
8000 2.690 2.577 2.672 1.382 1.324 1.373 

10000 2.422 2.191 2.336 1.457 1.318 1.406 
12000 2.272 2.073 2.040 1.482 1.352 1.331 
14000 2.221 1.900 1.916 1.381 1.182 1.192 
15000 2.048 1.795 1.857 1.294 1.135 1.174 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B 

---- 
B-C 

-------- 
A-C 

-------- 
A-B 

----- 
B-C A-C 

------------- 
1000 

------ 
306.3 294.0 305.3 

---- 
148.4 

------- 
142.4 

- ------ 
147.9 

2000 269.2 258.8 263.5 134.2 129.1 131.4 
4000 237.0 225.7 233.5 120.1 114.4 118.3 
6000 219.7 199.7 212.9 114.3 103.9 110.7 
8000 191.1 183.1 189.9 103.1 98.8 102.4 

10000 176.5 159.7 170.3 109.2 98.8 105.4 
12000 168.2 153.4 151.0 111.7 101.9 100.3 
14000 164.7 140.9 142.1 104.8 $9.6 90.4 
15000 153.0 134.1 138.8 98.7 86.5 89.5 

------ 
UNITS : 

------- 
Flov 

---- 
Cell 

--- 
I 

--------- 
Fracture 

------------- 
Conductivity 

------------------------ 
(Darcy*ft) 

MWOMM 
--- -- 

Flov 
------ 

Cell 
---- 

I 
--- 

Fracture Permeability 
-- - ------- 

(D&rcies) 
-- ---- 

DATA RASZ REFZRENCE 
w=uUmmmumommommusum 

Bauxite BAUX-A, FLO 
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FRACTURE CONDUCTIVITY / PERHEABILITY RESULTS Ref : COLOR-I(). APP 

FORMATION / PROPPANT DATA 

Proppant Type 20140 Sand (old) 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 10/30&-A4 
Depth 6984 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

COLOR-A. FLO 

SAMPLZIO. POR 

=now= a =am== mom=== aa am aa no Ono Oman 
Closure Stress Flov Cell Conductivity Fracture Conductivity 

(psi) A-B B-C A-C A-B B-C A-C 

1000 2.383 2.396 2.549 1.167 1.174 1.248 
2000 2.143 1.799 1.972 1.092 . 916 1.005 
4000 1.769 1.408 1.607 1.029 . 819 . 935 
6000 1.044 . 725 . 848 . 740 . 514 . 601 
8000 . 480 . 190 . 365 . 401 . 159 . 304 

10000 . 264 . 136 . 200 . 256 . 132 . 193 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C 

------ 
A-C 

--------- 
A-1 

----- 
B-C A-C 

-------------- 
1000 

--------- 
119.2 

- 
119.8 127.5 

---- 
61.8 

-------- 
62.2 

------- 
66.1 

2000 108.2 90.8 99.5 58.1 48,7 53A 
4000 91.5 72.8 83.1 55.1 43.8 50.0 
6000 55.8 38.7 45.3 40.0 27.7 32.5 
8000 26.7 10.6 20.3 22.0 8.7 16.7 

10000 15.2 7.8 11.5 14.3 7.4 10.8 
12000 
14000 
15000 

- ------------ 
UNITS : Flov 

---------------- 
Cell Fracture 

--------- 
Conductiv 

----- ----- - --- 
ity (Darcy*ft) 

-------------- 

am=== Flov 
------------- 

Cell Fracture 
---------------- 

Pemeability (Darcies) 
------------ - ----------- - -- ------- - 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-10. App 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A4 
Deptb 6984 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA ]LASE REFERENCE 

INTER-A. rW 

SA)CPLEIO. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 6.534 6.371 6.468 4.347 4.238 4.303 
2000 5.714 5.264 5.579 3.735 3.440 3.646 
4000 5.106 4.685 4.882 3.310 3.037 3.165 
6000 4.555 3.908 4.212 3.244 2.783 2.999 
8000 3.991 3.275 3.628 3.206 2.631 2.915 

10000 3.073 2.438 2.720 2.884 2.288 2.553 
12000 2.629 2.034 2.207 2.761 2.136 2.318 
14000 1.969 1.486 1.689 2.213 1.670 1.898 
15000 1.659 1.182 1.391 2.007 1.429 1.682 

FRACTURE PERMEABILITY RESULTS 

wwwwwwommumummmumm ........... 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

---------- 
385.6 

-------- 
375.9 

-------- 
381.7 262.4 

------- 
255.8 

---- 
259.7 

2000 337.4 310.8 329.4 226.0 208.2 220.6 
4000 302.8 277.8 289.5 201.3 184.7 192.5 
6000 275.0 235.9 254.2 198.3 170.1 183.3 
8000 245.5 201.4 223.2 196.7 161.4 178.8 

10000 193.4 153.4 171.2 177.7 140.9 157.3 
12000 168.4 130.3 141.4 170.9 132.2 143.5 
14000 128.0 96.6 109.8 138.0 104.2 118A 
15000 109.5 78.0 91.8 126.0 89.7 105.6 

------ 
UNITS : 

-- - --- 
Flov 

---- 
Cell 

-- -- --- 
Fracture 

-------- - ---- 
Conductivity 

-- ------ 
(Darcy*ft) 

OMMUM 
------- 

Flov 
------ 

Cell 
----- -- 

Fracture 
- 

Permeability (Darcies) 
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FORM&TiON SAMPLE DATA 

Well Number : 11/30&-A4 
Core Number : 10 
Sample Deptb : 7089 ft 
Box Number : 93 
Reference Number : 11 A, B. C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Medium brown/grey vitb tbin black streaks. 

Texture : Upper very fine grain size (0.1 to dia. ) 
Spbericity : 0.9 
Roundness : 0.7 

Sorting : Well sorted 

Cement : Silica 

Matrix Clay 

GENERA, L DESCRIPTION 
mmmw=mmm=m=Mmmnwwww 

Medium brovn/grey coloured sandstone displaying fine black streaks 
of shale/clay material. The sandstone is well sorted. bat upper 
very fine sized grains of high sphericity and are rounded. 

--------------------------- - --------------- - ----------- - ------ 

ROCK PROPERTIES 

Sample Density : 2223.15 Kg/m^3 (138.76 lb/ft*3) 

Embedment Pressure : **** 

Brinell Hardness : 28.1 

(3.19 mm Indenter) Units 
=now=== 

Load (kg) 
Indentation NO 
BHN (]Kg/mm*2) 

Load Indentation BRM 

0 . 0000 
5 

. 0173 29 
10 . 0357 28 
15 . 0527 28 
20 . 0707 28 
25 . 0903 28 
30 1093 27 
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FRACTURE POROSIMETER. RESULTS Well Number : 11/30&-A4 
Depth : 7089 ft 

- --------- 

PROPPANT DATA : Ref. 11A 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Gr. Density : 3.64 g/cc 
Roundness 0.80 
Sphericity 0.78 

Sample Wt. : 5.0006 s 
Recovery : 100.018 Z 

u Stress Widtb Porosity 

1000 . 1701 35.76 
2000 . 1686 35.18 
4000 . 1669 34.53 
6000 . 1655 34.00 
8000 . 1644 33.52 

10000 . 1637 33.25 
12000 . 1622 32.63 
14000 . 1607 31.99 
15000 . 1596 31.56 

PROPPANT DATA : Ref. 11B re Proppant 
mumummmummman Stress Widtb Porosity 

- --------- 
Typelsize : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.645 g1cc 
Roundness 0.70 
Sphericity 0.69 

Sample Wt. : 5.0006 9 
Recovery : 100.006 % 

1000 . 2224 32.40 
2000 . 2213 32.04 
4000 . 2197 31.58 
6000 . 2177 30.94 
8000 . 2144 29.86 

10000 . 2105 28.57 
12000 
14000 
15000 

PROPPANT DATA : Ref. 11C 
wommmummemnma 

Type/size : 20/40 Interprop I 
Supplier : Korton 

Cr. Density : 3.12 g/cc 
Roundness 0.81 
Sphericity 0.82 

sample Wt. : 5.0001 9 
Recovery : 100.236 Z 

osure Fracture Proppant 
Stress 

--------- 
Vidtb 

--------- 
Porosity 

1000 . 1898 32.83 
2000 . 1886 32.42 
4000 . 1872 31.93 
6000 . 1862 31.56 
$000 . 1851 31.12 

10000 . 1837 30.62 
12000 . 1820 29.98 
14000 . 1798 29.13 
15000 . 1780 28.39 

------------------------------ - --------------------- m--m- 
TEST UNITS Closure Stress (psi) 

=00mmmummm Fracture Width (in) 
Propped Fracture Porosity 

------------------------ - ------------------------- - ------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-11. App 
wwwwannummumummu ... =noun ... ww. ww=ww=m=wm=n== 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite RAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number :1 11/30&-A4 SAMPLEII. POR 
Depth 7089 ft 

FRACTURE CONDUCTIVITY RESULTS 

=96MIMMMMMUM MMMUMMUMMMMU no ammumm man=== OMMUMMUMMUMM a am== 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) 

- ------- 
. A-B 
-------- 

B-C 
-------- 

A-C 
--------- 

A-B B-C A-C 
------ - 

1000 4.512 4.330 4.498 
- --- -- 

2.654 
-- --- 

2.547 
-- 

2.646 
2000 3.918 3.768 3.835 2.338 2.248 2.288 
4000 3.404 3.241 3.353 2.068 1.970 2.037 
6000 3.127 2.843 3.031 1.897 1.724 1.838 
8000 2.690 2.577 2.672 1.675 1.605 1.664 

10000 2.422 2.191 2.336 1.789 1.618 1.726 
12000 2.272 2.073 - 2.040 1.759 1.605 1.580 
14000 2.221 1.900 1.916 1.597 1.366 1.378 
15000 2.048 1.795 1.857 1.484, 1.301 1.346 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B 

------ 
B-C 

--------- 
A-C 

---------- 
A-B 

---- 
B-C A-C 

-------------- 
1000 

- 
306.3 294.0 305.3 

---- 
187.2 

-------- 
179.7 

-------- 
186.6 

2000 269.2 258.8 263.5 166.4 160.0 162.9 
4000 237.0 225.7 233.5 148.7 141.6 146.5 
6000 219.7 199.7 212.9 137.5 125.0 133.3 
8000 191.1 183.1 189.9 122.3 117.2 121.5 

10000 176.5 159.7 170.3 131.1 118.6 126.5 
12000 168.2 153.4 151.0 130.2 118.7 116.9 
14000 164.7 140.9 142.1 119.2 102.0 102.9 
15000 153.0 134.1 138.8 111.6 97.8 101.2 

------------- 

UNITS : Flov 
------- 

Cell 
--------- 

Fracture 
-------------------------- 

Conductivity (Darcy*ft) 
------------- 

WWWWW Flov 
-------------- 

Cell 
------- 

Fracture 
--------- 

Permeability (Darcies) 
-------------------------- ----------- 
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FRACTURE COHDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-11., APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 
.......... 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A4 SAMPLEII. POR 
Depth 7089 ft 

FRACTURE CONDUCTIVITY RESULTS 

mmagummummmm =a mmummm==M ==am= 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

---------- 
2.383 

-------- 
2.396 

-------- 
2.549 

- ------- 
1.004 

-------- 
1.010 

------- 
1.074 

2000 2.143 1.799 1.972 . 967 . 812 . 890 
4000 1.769 1.408 1.607 . 864 . 687 . 785 
6000 1.044 . 725 . 848 . 618 . 429 . 502 
8000 . 480 . 190 . 365 . 341 . 135 . 259 

10000 . 264 . 136 . 200 . 212 . 109 . 161 
12000 ***** ***** ****-* ***** ***** 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

a MMUMMUMMUMMUMM 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C 

------ 
A-C 

--------- ------------ 
1000 

---------- 
119.2 

-------- 
119.8 

-------- 
127.5 

--------- 
54.2 

-- 
54.5 58.0 

2000 108.2 90.8 99.5 52.5 44.0 48.2 
4000 91.5 72.8 83.1 47.2 37.5 42.9 
6000 55.8 38.7 45.3 34.1 23.6 27.7 
8000 26.7 10.6 20.3 19.1 7.6 14.5 

10000 15.2 7.8 11.5 12.1 6.2 9.2 
12000 
14000 
15000 

------ 
UNITS : 

------- 
Flov 

----- 
Cell 

-- --------- 
Fracture 

------------- 
Conductivity 

-------------------------- 
(Darcy*ft) 

MMOMM 
------- 

Flov 

------ 

Cell 

----- -- 
Fracture 

---------- 
Permeability 
------------- 

(Darcies) 

-------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-11. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A4 
Depth 7089 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAMPLE11. POR 

Closure Stress Flow Cell Conductivity Fracture Conductivity 
(psi) 
- ------- 

A-B 
------- 

B-C 
--------- 

A-C 
---- 

A-B B-C A-C 
----- -- 

1000 6.534 6.371 
---- 

6.468 
--------- 

2.894 
------ - 

2.821 
--- 

2.864 
2000 5.714 5.264 5.579 2.400 2.211 2.343 
4000 5.106 4.685 4.882 2.076 1.904 1.984 
6000 4.555 3.908 4.212 2.018 1.732 1.866 
8000 3.991 3.275 3.628 1.935 1.588 1.759 

10000 3.073 2.438 2.720 1.683 1.335 1.490 
12000 2.629 2.034 2.207 1.527 1.182 1.282 
14000 1.969 1.486 1.689 1.160 . 876 . 995 
15000 1.659 1.182 1.391 1.005 . 716 . 842 

FRACTURE PERMEABILITY RESUtTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) 

---- 
A-B 

------- 
B-C 

--------- 
A-C 

---------- 
A-B 

---- 
B-C A-C 

---------- 
1000 385.6 375.9 381.7 

----- 
183.0 

- ----- 
178.4 

--------- 
181.1 

2000 337.4 310.8 329.4 152.7 140.7 149.1 
4000 302.8 277.8 289.5 133.0 122.1 127.2 
6000 275.0 235.9 254.2 130.1 111.6 120.3 
8000 245.5 201.4 223.2 125.4 102.9 114.0 

10000 193.4 153.4 171.2 109.9 87.2 97.3 
12000 168.4 130.3 141.4 100.7 77.9 84.5 
14000 128.0 96.6 109.8 77.4 58.5 66.4 
15000 109.5 78.0 91.8 67.8 48.2 56.8 

------------ 
UNITS : Flov 

------- 
Cell 

--------- 
Fracture 

------------------- 
Conductivity (Darcy 

------ 
*ft) 

-------------- 

=am== Flov 
--------- 

Cell 
----- 

Fracture 
-------- 

Permeability (Darci 
-------------------- 

es) 
------ ----------- - 
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FORMATION SAMPLE DATA 

Well Number : 11/30&-A4 
Core Number : 10 
Sample Depth : 7093 ft 
Box Number : 94 
Reference Number : 12 A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE, Shaley Sandstone 

Colour : Medium/dark grey vith black band ing/streaks 

Texture : Lover fine grain size (0.15 mm dia. ) 
Sphericity : 0.9 
Roundness : 0.9 

Sorting : Very vell sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Medium/dark grey coloured shaley sandstone displaying bands of 
clay/sbale material. The sample posesses lower fine sized grains 
vhicb are of higb spbericity, well rounded are very well sorted. 

ROCK PROPERTIES 

Sample Density 2345.71 Kg/m'3 (146.41 lb/W3) 

Embedment Pressure **** 

munmMMMMOMMMMUMMOMMMUMMMI 

Brinell Hardness 27.7 Load 
- 

Indentation BHN 

(3.19 mm Indenter) Units 
---- - 

0 
------------- 

. 0000 
----- 

====mum 5 . 0170 29 
10 . 0367 27 

Load (kg) is . 0560 27 
Indentation (mm) 20 . 0740 27 
BHN (Kg/mm^2) 25 . 0900 28 

30 . 1067 28 
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FRACTURE POROSIMETER RESUIPTS Well Number : 11/30&-A4 
Deptb : 7093 ft 

--------------------------------------------- 

PROPPANT DATA : Ref. 12A 
ammmummumum 

Type/Size : 20/40 Sintered, Bauxite 
Supplier : Norton 

Gr. Density : 3.64 g1cc 
Roundness : - 0.80 
Sphericity : 0.78 

Sample Wt. : 5.0002 g 
Recovery : 100.198 Z 

Closure Fracture Proppant 
Stress 

-------- 
Width Porosity 

1000 
- ----- - 

. 1736 
------- -- 

37.08 
2000 . 1719 36.46 
4000 . 1699 35.71 
6000 . 1689 35.32 
8000 . 1677 34.87 

10000 . 1669 34.54 
12000 . 1650 33.80 
14000 . 1627 32.85 
15000 . 1617 32.43 

PROPPANT DATA : Ref. 12B 
mmwwmmwmmwwum 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc, 
Roundness 0.70 
Sphericity 0.69 

Sample Wt. : 5.0003 9 
Recovery : 99.5120 X 

PROPPANT DATA : Ref. 12C 
=Mmn=mw. muwmm 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 &/cc 
Roundness 0.81 
Sphericity 0.82 

Sample Wt. : 5.0001 9 
Recovery : 100.028 2 

Closure Fracture Proppant, 
Stress 

--------- 
Width 

--------- 
Porosity 

--------- 
1000 . 2213 

- 
31.92 

2000 . 2201 31.55 
4000 . 2184 31.03 
6000 . 2167 30.49 
8000 . 2139 29.56 

10000 . 2095 28.09 
12000 
14000 
15000 

Closure Fracture Proppant. 
Stress 

--------- 
Width 

--------- 
Porosity 

----------- 
1000 . 1882 32.27 
2000 . 1865 31.66 
4000 . 1853 31.23 
6000 . 1842 30.79 
8000 . 1831 30.41 

10000 
12000 Sample 
14000 Failed 
15000 

-------------------------------------------------------------------- 

TEST UNITS Closure Stress (psi) 

mawwwwwww= Fracture Width (in) 
Propped Fracture Porosity (Z) 

----------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-12. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Yumber 11/30a-A4 SAMPLEMPOR 
Depth 7095 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 4.512 4.330 4.498 3.148 3.021 3.138 
2000 3.918 3.768 3.835 2.761 2.655 2.703 
4000 3.404 3.241 3.353 2.415 2.300 2.379 
6000 3.127 2.843 3.031 2.259 2.054 2.190 
8000 2.690 2.577 2.672 2.005 1.921 1.991 

10000 2.422 2.191 2.336 2.126 1.923 2.051 
12000 2.272 2.073 2.040 2.060 1.879 1.850 
14000 2.221 1.900 1.916 1.796 1.536 1.549 
15000 2.048 1.795 1.857 1.674 1.467 1.518 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C 

- -- 
A-C 

--------- 
A-B 

- 
B-C A-C 

-------------- 
1000 

------- 
306.3 

----- - 
294.0 305.3 

-------- 
217.6 

-- ----- 
208.8 

------- 
216.9 

2000 269.2 258.8 263.5 192.7 185.4 188.7 
4000 237.0 225.7 233.5 170.6 162.4 168.0 
6000 219.7 199.7 212.9 160.5 145.9 155.6 
8000 191.1 183.1 189.9 143.4 137.4 142.5 

10000 176.5 159.7 170.3 152.8 138.3 147.4 
12000 168.2 153.4 151.0 149.8 136.7 134.5 
14000 164 7 140.9 142.1 132.4 113.3 114.3 
15000 153: 0 134.1 138.8 124.2 108.9 112.7 

------------ 
UNITS : Flov 

- ------ 
Cell / 

--------- 
Fracture 

------------------------- 
Conductivity (Darcy*ft) 

-------------- 

so=== Flov 
-------------- 

Cell / 
------- 

Fracture 
--------- 

Permeabil 
--------- 

ity (Darcies) 
---------------- ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-12. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A4 SAMPLEMPOR 
Deptb 7093 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C 

- 
A-B B-C A-C 

------------- 
1000 

---------- 
2.383 

----- -- 
2.396 

------- 
2.549 

--------- 
. 942 

-------- 
. 947 

---- 
1.008 

2000 2.143 1.799 1.972 . 866 . 727 . 797 
4000 1.769 1.408 1.607 . 802 . 638 . 728 
6000 1.044 . 725 . 848 . 581 . 403 . 472 
8000 . 480 . 190 . 365 . 327 . 130 . 249 

10000 . 264 . 136 . 200 . 198 . 102 . 150 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

35MUMMUMMON 0.0 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

---------- 
119.2 

-------- 
119.8 

-------- 
127.5 

--------- 
51.1 

-------- 
51.4 

--------- 
54.7 

2000 108.2 90.8 99.5 47.2 39.6 43.4 
4000 91.5 72.8 83.1 44.1 35.1 40.0 
6000 55.8 38.7 45.3 32.2 22.3 26.1 
8000 26.7 10.6 20.3 18.4 7.3 14.0 

10000 15.2 7.8 11.5 11.4 5.8 8.6 
12000 
14000 
15000 

------ 
UNITS : 

- ----- 
Flov 

----- 
Cell 

- ---------- 
Fracture 

------------- 
Conductivity 

-------------------------- 
(Darcy*ft) 

wwwwok 
------- 

Flov 
------ 

Cell 
----- - 

Fracture 
---------- 

Permeability 
------------- 

(Darcies) 
-------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-12. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A4 
Depth 7093 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 
mummummumummummumum 

INTER-A. FLO 

SAMPLE12. POR 

MUMMMMMUMMMUM no===== owamm" 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

---------- 
6.534 

- ------ 
6.371 

-------- 
6.468 

--------- 
2.680 

- ------ 
2.613 

-- 
2.653 

2000 5.714 5.264 5.579 2.161 1.991 2.110 
4000 5.106 4.685 4.882 1.883 1.728 1.801 
6000 4.555 3.908 4.212 1.813 1.555 1.676 
8000 3.991 3.275 3.628 1.750 1.436 1.591 

10000 3.073 2.438 2.720 
12000 2.629 2.034 2.207 
14000 1.969 1.486 1.689 Sample Failed 
15000 1.659 1.182 1.391 

FRACTURE PERMEABILITY RESULTS 
... =a ... 0.0 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C A-C 

-------------- 
1000 

--------- 
385.6 

------- 
375.9 

--------- 
381.7 

---------- - ----- 
170.9 166.6 

-- ------ 
169.1 

2000 337.4 310.8 329.4 139.1 128.1 135.8 
4000 302.8 277.8 289.5 122.0 111.9 116.6 
6000 275.0 235.9 254.2 118.1 101.3 109.2 
8000 245.5 201.4 223.2 114.7 94.1 104.2 

10000 193.4 153.4 171.2 
12000 168.4 130.3 141.4 
14000 128.0 96.6 109.8 Sample Failed 
15000 109.5 78.0 91.8 

------------- 
UNITS : Flov 

---------------- 
Cell Fracture 

--------- 
Conductiv 

---------------- 
ity (Darcy*ft) 

------------ 

own== Flov 
-------------- 

Cell Fracture 
-- - ------------ 

Permeabil 
--------- 

ity (Darcies) 
---------------- -------------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30a-A6 
Core Number : 12 
Sample Deptb : 6820 ft 
Box Number : 22 
Reference Number : 13 A, B, C 

SAMPLE DESCRIPTION 
W=mw=n=Wwwmmwn=Wwm 

Rock Type : SANDSTONE 

Colour : Light brovn vith vhite spots and streaks. 

Texture : Upper medium grain size (0.4 mm dia. ) 
Sphericity : 0.7 
Roundness : 0.5 

Sorting : Poorly sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Light brown coloured sandstone, upper medium grain size with 
large quartz grains. The sample is poorly sorted, the grains having 
moderate sphericity and are in general, sub-rounded. 

ROCK PROPERTIES 
wwwwwwwwommamum 

Sample Density : 2261.78 Kg/m^3 (141.17 lb/W3) 

Embedment Pressure : 

Brinell Hardness : 22.6 Load Indentation BHN 

(3.19 mm Indenter) Units 
------ 

0 
------------- 

. 0000 
---- - 

5 . 0237 21 
10 . 0457 22 

Load (kg) 15 . 0643 23 
Indentation (mm) 20 . 0857 23 
BHN (Kg/mm^2) 25 . 1080 23 

30 . 1287 23 
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FRACTURE POROSIHETER. RESULTS Well Number : 11130&-A6 
Depth : 6820 ft 

---------------------------------------------- 

PROPPANT DAU : Ref. 13A 

Type/Size : 20/40 Sintered, Bauxite 
Supplier : Norton 

Cr. Density : 3.64 glec 
Roundness : 0.80 
Sphericity : 0.78 

Sample Wt. : 5.0001 g 
Recovery : 100.432 Z 

770m; ur raýcotmu 
Stress Width ]Porosity 

1000 . 1697 35.62 
2000 . 1685 35.17 
4000 . 1670 34.58 
6000 . 1665 34.38 
8000 . 1655 33.98 

10000 . 1648 33.71 
12000 . 1641 33.44 
14000 . 1631 33.03 
15000 . 1623 32.68 

PROPPANT DATA : Ref. 13B 
namawwwwnmmmm 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/ce 
Roundness 0.70 
Sphericity 0.69 

Sample Wt. : 5.0009 9 
Recovery : 99.6821 X 

PROPPANT DATA : Ref. 13C 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Spbericity 0.82 

Sample Wt. : 5.0009 9 
Recovery : 100.276 % 

Closure Fracture Proppant 
Stress Widtb Porosity 

-- ----- 
1000 

-- ------ 
. 2071 

------ 
27.25 

2000 . 2062 26.95 
4000 . 2047 26.41 
6000 . 2034 25.93 
$000 . 2004 24.81 

10000 . 1962 23.20 
12000 
14000 
15000 

no 0; 700; 

ur: 

nn; nr: 

catn:;; 

O, O;;:;;::; n 

Street 
--------- 

Widtb 
--------- 

Porosity 
----------- 

1000 . 1909 33.24 
2000 . 1894 32.71 
4000 . 1883 32.28 
6000 . 1876 32.04 
8000 . 1871 31.86 

10000 . 1867 31.74 
12000 . 1854 31.24 
14000 . 1844 30.86 
15000 . 1834 30.48 

------------------------------------------------------------------- 

TEST UNITS Closure Stress (psi) 
Fracture Width (in) 
Propped Fracture Porosity 

-------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-13. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A6 SAMPLE13. POR 
Depth 6820 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flow Cell Conductivity Fracture Conductivity 
(psi) 

------------ 
A-B 

-------- 
B-C 

-------- 
A-C 

-- 
A-B B-C A-C 

--- 
1000 4.512 4.330 

------ 
4.498 

--------- 
2.606 

------- 
2.500 

--- 
2.597 

2000 3.918 3.768 3.835 2.334 2.244 2.284 
4000 3.404 3.241 3.353 2.082 1.982 2.051 
6000 3.127 2.843 3.031 1.996 1.814 1.934 
$000 2.690 2.577 2.672 1.782 1.707 1.770 

10000 2.422 2.191 2.336 1.903 1.721 1.836 
12000 2.272 2.073 2.040 1.963 1.791 1.763 
14000 2.221 1.900 1.916 1.840 1.574 1.587 
15000 2.048 1.795 1.857 1.732 1.518 1.571 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) 

- 
A-B 

------- 
B-C 

--------- 
A-C 

-------- - 
A-B B-C A-C 

------------- 
1000 306.3 294.0 

- 
305.3 

--------- 
184.2 

------- 
176.8 

------- 
183.7 

2000 269.2 258.8 263.5 166.2 159.8 162.7 
4000 237.0 225.7 233.5 149.6 142.5 147.3 
6000 219.7 199.7 212.9 143.8 130.8 139.4 
8000 191.1 183.1 189.9 129.2 123.8 128.3 

10000 176.5 159.7 170.3 138.5 125.3 133.7 
12000 168.2 153.4 151.0 143.5 130.9 128.9 
14000 164.7 140.9 142.1 135.4 115.8 116.8 
15000 153.0 134.1 138.8 128.1 112.3 116.1 

------------- 
UNITS : Flov 

------- 
Cell 

--------- 
Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------------- 

wwwwo Flov 
-------------- 

Cell 
------- 

Fracture 
--------- 

Permeability (Darcies) 
-------------------------- ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-13. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20140 Sand (old) COLOR-A. YLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A6 SAMPLE13. POR 
Deptb 6820 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

- ------ 
2.383 

---- ---- 
2.396 

-------- 
2.549 

-- ------ 
. 480 

-------- 
. 483 

-- - 
. 514 

2000 2.143 1.799 1.972 . 444 . 373 . 409 
4000 1.769 1.408 1.607 . 407 . 324 . 370 
6000 1.044 . 725 . 848 . 295 . 205 . 240 
8000 . 480 . 190 . 365 . 159 . 063 . 121 

10000 . 264 . 136 . 200 . 092 . 047 . 069 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C 

- 
A-B 

---- 
B-C A-C 

-------------- 
1000 

------- 
119.2 

--------- 
119.8 

----- -- 
127.5 

- ---- 
27.8 

-------- 
28.0 

----- 
29.8 

2000 108.2 90.8 99.5 25.8 21.7 23.8 
4000 91.5 72.8 83.1 23.9 19.0 21.7 
6000 55.8 38.7 45.3 17.4 12.1 14.2 
8000 26.7 10.6 20.3 9.5 3.8 7.2 

10000 15.2 7.8 11.5 5.6 2.9 4.2 
12000 
14000 
15000 

- ----------- 
UNITS : Flov 

------- 
Cell / 

--------- 
Fracture 

------------------------- 
Conductivity (Darcy*ft) 

-------------- 

wwwww Flov 
-------------- 

Cell I 
------- 

Fracture 
-------- 

Permeabil 
---------- 

ity (Darcies) 
---------------- ------------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTs Ref : INTER-13. APP 

FORMATION / PROPPANT DATA 
.......... 

Proppant Type 20/40 Interprop, I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number :1 11/30a-A6 
Depth 6820 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA RASE REFERENCE 

INTER-A. FLO 

SAMPLE13. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------ -------------- - -- -- -- 
1000 6.534 6.371 6. "8 

-- 
3.058 

-- -- 
2.981 

-- ----- 
3.027 

2000 5.714 5.264 5.579 2.516 2.318 2.457 
4000 5.106 4.685 4.882 2.179 2.000 2.084 
6000 4.555 3.908 4.212 2.158 1.851 1.995 
8000 3.991 3.275 3.628 2.145 1.760 1.950 

10000 3.073 2.438 2.720 1.972 1.564 1 . 7" 
12000 2.629 2.034 2.207 1.825 1.412 1.533 
14000 1.969 1.486 1.689 1.487 1.122 1.275 
15000 1.659 1.182 1.391 1.360 . 968 1.139 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B 

------ 
B-C 

-------- 
A-C 

-------- 
A-B 

---- 
B-C A-C 

------------- 
1000 

--- 
385.6 375.9 381.7 

---- 
192.2 

--------- 
187.4 

--------- 
190.3 

2000 337.4 310.8 329.4 158.2 145.7 154.4 
4000 302.8 277.8 289.5 138.9 127.4 132.8 
6000 275.0 235.9 254.2 138.0 118.4 127.6 
8000 245.5 201.4 223.2 137.5 112.9 125.0 

10000 193.4 153.4 171.2 126.5 100.3 112.0 
12000 168.4 130.3 141.4 118.1 91.4 99.2 
14000 128.0 96.6 109.8 96.7 73.0 83.0 
15000 109.5 78.0 91.8 89.0 63.3 74.6 

=mum=---- 

-------------------------------------------------------------------- 
UNITS : Flov Cell Fracture Conductivity (Darcy*ft) 
wwwww Flov Cell Fracture Permeability (Darcies) 

-- - ----- --- - -------------------------------------------- 
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FORMATION SAMPLE DATA 

Well Number : 11/30&-A6 
Core Number : 13 
Sample Depth : 6841 ft 
Box Number :8 
Reference Number : 14 A, B. C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Light brova vith thin, black streaks. 

Texture : Upper fine grain size (0.2 mm dia. ) 
Sphericity : 0.9 
Roundness : 0.9 

Sorting : Very vell sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Light brown sandstone with stringers of clay material. The 
sample displays upper fine sized grains which are of high 
sphericity, are well rounded and are very well sorted. 

ROCK PROPERTIES 

Sample Density : 2185 Kg/m^3 (136.44 lb/ft^3) 

Embedment Pressure : 

Brinell Hardness : 24.1 

(3.19 mm Indenter) Units 
MMMMMMM 

Load (kg) 
Indentation (mm) 
BRN (Kg/mm^2) 

Load Indentation BHN 

0 . 0000 
5 . 0187 27 

10 . 0423 24 
15 . 0633 24 
20 . 0853 23 
25 . 1067 23 
30 . 1247 24 
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FRACTURE POROSIMETER. RESULTS Well Number : 11/30&-A6 
Deptb : 6841 ft 

--- ----------- - ----------- -- ----- -- ------ 

PROPPANT DATA : Ref . 14A 
mummummumummm 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Cr. Density : 3.64 g/ce 
Roundness 0.80 
Sphericity 0.78 

Sample Wt. : 5.0007 g 
Recovery : 100.322 Z 

i o'$Our; "M; raOcOtu 
Stress Width Porosity 

1000 . 1870 41.57 
2000 . 1847 40.83 
4000 . 1815 39.79 
6000 . 1626 32.81 
8000 . 1784 38.76 

10000 . 1772 38.36 
12000 . 1762 38.00 
14000 . 1749 37.53 
15000 . 1742 37.29 

PROPPANT DATA : Ref. 14B U, u 
MUMMMUMOMMMMM Stress Width Porosity 

Type/size : 20/40 Sand 
--------- 

1000 
------- -- 

. 2268 
--- 

33.57 
Supplier : Colorado Silica Sand Inc. 2000 . 2256 33.22 

4000 . 2239 32.72 
Gr. Density : 2.64 g/cc 6000 . 

. 2224 32.26 
Roundness 0.70 8000 . 2197 31.43 
Sphericity : 0.69 10000 . 2158 30.20 

12000 
Sample Wt. : 5.0006 9 14000 
Recovery : 99.9920 X 15000 

PROPPANT DATA : Ref . 14C 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Spbericity 0.82 

Sample Wt. : 5.0003 g 
Recovery : 100.196 2 

Closure Fracture Proppant 
Stress 

-------- 
Widtb 

--------- 
Porosity 

-------- 
1000 . 1921 

--- 
33.66 

2000 . 1921 33.66 
4000 . 1904 33.07 
6000 . 1896 32.77 
8000 . 1891 32.60 

10000 . 1886 32.41 
12000 . 1874 31.99 
14000 . 1859 31.44 
15000 . 1852 31.19 

----------------------------------------------------------------- 
TEST UNITS Closure Stress (psi) 

Fracture Width (in) 
Propped Fracture Porosity 

------------------------------------------------------------------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-14. APP 
............ MMW=Muw=mwnnmu 

FORMATION / PROPPANT DATA DATA RASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FL0 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number :1 11/30&-A6 SAMPLE14. POR 
Depth 6841 ft 

FRACTURE CONDUCTIVITY RESULTS 

UMMUSCOMMUM =man== ammmmmummmmumm 
Closure Stress Flov Cell Conductivity Fracture Conductivity 

(Pei) A-B B-C A-C A-B B-C A-C 

---- - ------- 
1000 

---------- 
4.512 

-- ----- 
4.330 

---- - -- 
4.498 

--------- 
5.541 

-------- 
5.317 

--- 
5.523 

2000 3.918 3.768 3.835 4.805 4.620 4.704 
4000 3.404 3.241 3.353 4.069 3.875 4.008 
6000 3.127 2.843 3.031 3.725 3.387 3.610 
8000 2.690 2.577 2.672 3.313 3.174 3.291 

10000 2.422 2.191 2.336 3.486 3.154 3.364 
12000 2.272 2.073 2.040 3.564 3.252 3.201 
14000 2.221 1.900 1.916 3.326 2.846 2.870 
15000 2.048 1.795 1.857 3.183 2.790 2.887 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) 

----- 
A-B 

------- 
B-C 

--------- 
A-C 

--------- 
A-B 

--------- 
B-C 

-------- 
A-C 

--------- --------- 
1000 306.3 294.0 305.3 355.5 341.2 354.4 
2000 269.2 258.8 263.5 312.2 300.2 305.6 
4000 237.0 225.7 233.5 269.0 256.2 265.0 
6000 219.7 199.7 212.9 248.3 225.8 240.7 
8000 191.1 183.1 189.9 222.8 213.5 221.4 

10000 176.5 159.7 170.3 236.1 213.6 227.8 
12000 168.2 153.4 151.0 242.7 221.4 218.0 
14000 164.7 140.9 142.1 228.2 195.2 196.9 
15000 153.0 134.1 138.8 219.3 192.2 198.9 

------------- 
UNITS : Flov 

------- 
Cell 

--------- 
Fracture 

--------- 
Conductiv 

---------------- 
ity (Darcy*ft) 

------------ 

was== Flov 

------------- 

Cell 
-------- 

Fracture 
-------- 

Permeability (Darcies) 
------------------------- ------------ 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-14. APP 

FOR14ATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A6 SAMPLE14. POR 
Deptb 6841 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C 

---- 
A-C 

---- 
A-B 

- 
B-C A-C 

------------- 
1000 

---------- 
2.383 

---- 
2.396 

-- - 
2.549 

------- - 
1.180 

-------- 
1.186 

- -- 
1.262 

2000 2.143 1.799 1.972 1.089 . 914 1.002 
4000 1.769 1.408 1.607 1.013 . 806 . 920 
6000 1.044 . 725 . 848 . 743 . 516 . 604 
8000 . 480 . 190 . 365 . 427 . 169 . 324 

10000 . 264 . 136 . 200 . 306 . 157 . 231 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

wwmnwummnnmwmu-m .... w ....... w 

===Mumma== man==== am=== mm=Wmmmmw ==an=== an a am= on==== am= on 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C 

-- 
A-C 

-------- 
A-B 

-- 
B-C A-C 

-------------- 
1000 

------- 
119.2 

------- 
119.8 

- 
127.5 

-- ----- 
62.4 

-------- 
62.8 

------- 
66.8 

2000 108.2 90.8 99.5 57.9 48.6 53.3 
4000 91.5 72.8 83.1 54.3 43.2 49.3 
6000 55.8 38.7 45.3 40.1 27.9 32.6 
$000 26.7 10.6 20.3 23.3 9.2 17.7 

10000 15.2 7.8 11.5 17.0 8.7 12.8 
12000 
14000 
15000 

- ----------- 
UNITS : Flow 

------- 
Cell 

-------- 
Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

-------------- 

===a= Flow 
-------------- 

Cell 
------ 

Fracture 
-------- 

Permeability (Darcies) 
-------------------------- ------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-14. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A6 
Depth 6841 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. no 

SAMPLE14. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C 

------ 
A-C 

- - 
A-B B-C A-C 

--------- 
1000 

--- 
6.534 

-- 
6.371 

----- -- 
6.468 

--- - --- 
3.236 

- --- 
3.155 

------- - 
3.203 

2000 5.714 5.264 5.579 2.839 2.615 2.772 
4000 5.106 4.685 4.882 2.426 2.226 2.319 
6000 4.555 3.908 4.212 2.384 2.046 2.204 
8000 3.991 3.275 3.628 2.373 1.947 2.157 

10000 3.073 2.438 2.720 2.159 1.712 1.911 
12000 2.629 2.034 2.207 2.025 1.567 1.700 
14000 1.969 1.486 1.689 1.612 1.217 1.383 
15000 1.659 1.182 1.391 1.502 1.069 1.258 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C 

- 
A-C 

------- 
A-B B-C A-C 

------------ - 
1000 

-------- 
385.6 

------- 
375.9 

-- 
381.7 

--------- 
202.2 

-------- 
197.1 

---- 
200.1 

2000 337.4 310.8 329.4 177.3 163.4 173.1 
4000 302.8 277.8 289.5 152.9 140.3 146.2 
6000 275.0 235.9 254.2 150.9 129.5 139.5 
8000 245.5 201.4 223.2 150.6 123.6 136.9 

10000 193.4 153.4 171.2 137.3 109.0 121.6 
12000 168.4 130.3 141.4 129.7 100.3 108.9 
14000 128.0 96.6 109.8 104.0 78.5 89.2 
15000 109.5 78.0 91.8 97.3 69.3 81.5 

--------- - -- 
UNITS : Flow 

----- -------- 
Cell / Fracture 

-------------------------- 
Conductivity (Darcy*ft) 

------ 

Flow 
--------- 

Cell / Fracture 
-- 

Permeability (Darcies) 
------------ - ------- - -- ------------ - 
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FORMATION SAMPLE DATA 
annawwwwwwwommum .... a 

Well Number : 11/30&-A6 
Core Number : 13 
Sample Depth : 6844 ft 
Box Number :9 
Reference Number : 15 A, B, C 

SAMPLE DESCRIPTION 

Rock Type : SANDSTONE 

Colour : Light brovn1grey vith very fine black stringers. 

Texture : Upper fine grain size (0.2 mm dia. ) 
Sphericity : 0.9 
Roundness : 0.9 

Sorting : Very well sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Light brovn/grey coloured sandstone with very fine, irregular black 
stringers of clay/shale material. The sandstone is very well sorted, 
has upper fine sized grains of high sphericity and are well rounded. 

ROCK PROPERTIES 
mumummumnammumm 

Sample Density : 2200.33 Kg/m'3 (138.59 lb/ft^3) 

Embedment Pressure : 

Brinell Hardness : 29.4 Load 
------ 

Indentation 
-------- ---- 

BUN 
---- 

(3.19 mm Indenter) Units 0 . 0000 
-- 

nw=w--w 5 . 0177 28 
10 . 0347 29 

Load (kg) 15 . 0510 29 
Indentation (mm) 20 . 0670 30 
BHN (]Kg/mm^2) 25 . 0833 30 

30 . 0980 31 
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FRACTURE POROSIMETER RESUISTS Well Number : 11/30&-A6 
Depth : 6844 ft 

----------------------------------------------------------------- 

PROPPANT DATA : Ref. 15A 
"=m. -w==m=mww 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Yorton 

Cr. Density : 3.64 g/cc 
Roundness 0.80 
Sphericity . 0.78 

Sample Wt. : 5.0006 g 
Recovery : 100.278 Z 

7 iow 
swu ro 

:aM; 
rm 

: 
cm twu rwem 

W 0; w 

Stress Width Porosity 

1000 . 1638 33.29 
2000 . 1621 32.60 
4000 . 1604 31.89 
6000 . 1591 31.31 
8000 . 1579 30.80 

10000 . 1570 30.43 
12000 . 1552 29.60 
14000 . 1535 28.83 
15000 . 1523 28.28 

PROPPANT DATA : Ref. 15B 

Typelsize : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc 
Roundness 0.70 
Spbericity 0.69 

Sample Wt. : 5.0009 9 
Recovery : 99.1622 Z 

PROPPANT DATA : Ref. 15C 

ammunummammum 

Type/size : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Sphericity 0.82 

Sample Wt. : 5.0001 9 
Recovery : 100.200 Z 

Closure Fracture Proppant 
Stress 

--------- 
Width 

-------- 
Porosity 

---------- 
1000 . 2059 26.83 
2000 . 2042 26.23 
4000 . 2022 25.49 
6000 . 2009 25.00 
8000 . 1963 23.26 

10000 . 1921 21.58 
12000 
14000 
15000 

losure Fracture Proppant 
Stress 

--------- 
Width 

--------- 
Porosity 

---------- 
1000 . 1917 33.52 
2000 . 1902 33.00 
4000 . 1889 32.52 
6000 . 1884 32.34 
8000 . 1877 32.09 

10000 . 1872 31.91 
12000 . 1862 31.54 
14000 . 1850 31.11 
15000 . 1840 30.73 

-------------------------------------------------------------------- 
TEST UNITS Closure Stress (psi) 

ammmummmmm Fracture Width (in) 
Propped Fracture Porosity M 

----------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY I PERrAEABILITY RESULTS Ref : BAUX-15. APP 
.................... w ... a 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A6 SAMPLE15. POR 
Depth 6844 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(Pei) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

--------- 
4.512 

------- 
4.330 

-------- 
4.498 

------- 
1.912 

-------- 
1.835 

--------- 
1.906 

2000 3.918 3.768 3.835 1.654 1.591 1.619 
4000 3.404 3.241 3.353 1.447 1.378 1.425 
6000 3.127 2.843 3.031 1.314 1.195 1.274 
8000 2.690 2.577 2.672 1.152 1.104 1.145 

10000 2.422 2.191 2.336 1.211 1.095 1.168 
12000 2.272 2.073 2.040 1.151 1.050 1.033 
14000 2.221 1.900 1.916 1.020 . 872 . 880 
15000 2.048 1.795 1.857 . 928 . 814 . 842 

FRACTURE PERMEABILITY RESULTS 

Una am ====a== aa Una mam==== aa man 
Closure Stress Flov Cell Permeability Fracture Permeability 

(psi) A-B B-C A-C A-B B-C A-C 

-------------- 
1000 

------- 
306.3 

--------- 
294.0 

--------- 
305.3 

--------- 
140.1 

-------- 
134.4 

-------- 
139.6 

2000 269.2 258.8 263.5 122.5 117.8 119.9 
4000 237.0 225.7 233.5 108.2 103.1 106.6 
6000 219.7 199.7 212.9 99.1 90.1 96.1 
8000 191.1 183.1 189.9 87.6 83.9 87.0 

10000 176.5 159.7 170.3 92.5 83.7 89.3 
12000 168.2 153.4 151.0 89.0 81.2 79.9 
14000 164.7 140.9 142.1 79.7 68.2 68.8 
15000 153.0 134.1 138.8 73.1 64.1 66.3 

------------- 
UNITS : Flow 

------- 
Cell / 

--------- 
Fracture 

-------------------------- 
Conductivity (Darcy*ft) ------------- 

am=== Flow 
-------------- 

Cell / 
------- 

Fracture 
--------- 

Permeability (Darcies) 
-------------------------- ----------- 
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FRACTURE CONDUCTIVITY I PER)iEABILITY RESULTS Ref : COLOR-15. APP 

FORMATION I PROPPANT DATA DATA RASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A6 SAKPLE15. POR 
Depth :1 6844 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

---------- 
2.383 

-------- 
2.396 

-------- 
2.549 

--------- 
. 451 

-------- 
. 453 

--------- 
. 482 

2000 2.143 1.799 1.972 . 398 . 334 . 366 
4000 1.769 1.408 1.607 . 353 . 281 . 320 
6000 1.044 . 725 . 848 . 255 . 177 . 207 
8000 . 480 . 190 . 365 . 123 . 049 . 094 

10000 . 264 . 136 . 200 . 069 . 036 . 052 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flow Cell Permeability Fracture Permeability 
(psi) A-B B-C 

-------- 
A-C 

--------- 
A-B 

------ 
B-C A-C 

-------------- 
1000 

------- 
119.2 

- 
119.8 127.5 

--- 
26.3 

-------- 
26.4 

------- 
28.1 

2000 108.2 90.8 99.5 23.4 19.6 21.5 
4000 91.5 72.8 83.1 20.9 16.6 19.0 
6000 55.8 38.7 45.3 15.2 10.6 12.4 
8000 26.7 10.6 20.3 7.5 3.0 5.7 

10000 15.2 7.8 11.5 4.3 2.2 3.3 
12000 
14000 
15000 

-------------- 
UNITS : Flov 

------- 
Cell 

--------- 
Fracture 

--------- 
Conductiv 

----------------- 
ity (Darcy*ft) 

------------- 

MUM== Flov 
-------------- 

Cell 
------- 

Fracture 
--------- 

Permeability (Darcies) 
-------------------------- ------------- 

- 550 - 



FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-15. APP 

FORMATION / PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A6 
Depth 6844 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. no 

UMLE15. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

1000 6.534 6.371 6.468 2.526 2.463 2.500 
2000 5.714 5.264 5.579 2.180 2.008 2.128 
4000 5.106 4.685 4.882 1.916 1.758 1.832 
6000 4.555 3.908 4.212 1.844 1.582 1.705 
8000 3.091 3.275 3.628 1.795 1.473 1.632 

10000 3.073 2.438 2.720 1.574 1.249 1.394 
12000 2.629 2.034 2.207 1.508 1.167 1.266 
14000 1.969 1.486 1.689 1.156 . 872 . 991 
15000 1.659 1.182 1.391 1.022 . 727 . 856 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C A-C 

----- - ------ 
1000 

---------- 
385.6 

-------- 
375.9 

-------- 
381.7 

--------- 
162.1 

-------- 
158.0 

------- 
160.4 

2000 337.4 310.8 329.4 140.1 129.1 136.8 
4000 302.8 277.8 289.5 123.8 113.6 118.4 
6000 275.0 235.9 254.2 119.9 102.9 110.9 
8000 245.5 201.4 223.2 117.3 96.3 106.7 

10000 193.4 153.4 171.2 103.5' 82.1 91.6 
12000 168.4 130.3 141.4 99.5 77.0 83.. 6 
14000 128.0 96.6 109.8 77.1 58.2 66.2 
15000 109.5 78.0 91.8 68.8 49.0 57.6 

------------------------------------------------------------------- 
UNITS : Flov Cell Fracture Conductivity (Darcy*ft) 
wwwww Flov Cell Fracture Permeability (Darcies) 
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FORMATION SAMPLE DATA 

Well Number : 11/30&-A6 
Core Number : 14 
Sample Depth : 6855 ft 
Box Number :3 
Reference Number : 16 A, B, C 

SA14PLE DESCRIPTION 

Rock Type : SANDSTONE 

Co lour : Medium brown with black and light grey specks. 

Texture : Lower medium grain size (0.3 mm dia. ) 
Sphericity : 0.7 
Roundness : 0.7 

Sorting : Well sorted 

Cement : Silica 

Matrix : Clay 

GENERAL DESCRIPTION 

Medium brown coloured sandstone with black and light grey specles. 
The sandstone displays a lower medium grain size, which are of 
moderate sphericity and roundness, and are well sorted. 

ROCK PROPERTIES 

Sample Density : 2211.46 Kg/m^3 (138.03 lb/ft-3) 

Embedment Pressure : **** 

Brinell Hardness 

(3.19 mm Indenter) 

30.4 

units 
a ... 

Load (kg) 
Indentation (mm) 
BHN (Kg/mm^2) 

Load Indentation BHN 
------ 

0 
------------- 

. 0000 
----- 

5 . 0147 34 
10 . 0473 21 
15 . 0463 32 
20 . 0633 32 
25 . 0787 32 
30 . 0947 32 
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FPACTURE POROSIMETER RESULTi Well Number : 11/30&-A6 
Depth : 6855 ft 

----- --- -- -------- -------------------- --- -- 

PROPPANT DATA : Ref. 16A 
mumummunamumm 

Type/Size : 20/40 Sintered Bauxite 
Supplier : Norton 

Gr. Density : 3.64 g/cc 
Roundness 0.80 
Sphericity 0.78 

Sample Wt. : 5.001 g 
Recovery : 100.274 % 

M;; om: u u Stress Widtb Porosity 

1000 . 1618 32.47 
2000 . 1608 32.05 
4000 . 1593 31.40 
6000 . 1586 31.11 
8000 . 1581 30.89 

10000 . 1578 30.74 
12000 . 1573 30.52 
14000 . 1568 30.30 
15000 . 1566 30.22 

PROPPANT DATA : Ref. 16B 

Type/size : 20/40 Sand 
Supplier : Colorado Silica Sand Inc. 

Gr. Density : 2.64 g/cc, 
Roundness 0.70 
Spbericity 0.69 

Sample Wt. : 5.0002 g 
Recovery : 98.9140 Z 

PROPPANT DATA : Ref. 16C 
w=m=wmw====ww 

Typelsize : 20/40 Interprop I 
Supplier : Norton 

Gr. Density : 3.12 g/cc 
Roundness 0.81 
Spbericity 0.82 

Sample Wt. : 5.0008 g 
Recovery : 100.034 % 

Closure Fracture Proppant 
Stress Width Porosity_ 

1000 . 2248 32.99 
2000 . 2236 32.64 
4000 . 2224 32.28 
6000 . 2199 31.51 
8000 . 2161 30.28 

10000 . 2115 28.78 
12000 
14000 
15000 

Closure Fracture Proppant. 
Stress Widtb Porosity 

--------- 
1000 

--------- 
. 1972 

----------- 
35.37 

2000 . 1959 34.93 
4000 . 1947 34.54 
6000 . 1939 34.25 
8000 . 1925 33.79 

10000 . 1920 33.62 
12000 . 1914 33.38 
14000 . 1905 33.09 
15000 . 1895 32.73 

------------------------------------------------------------------ 
TEST UNITS Closure Stress (psi) 
ummmmm-mma Fracture Width (in) 

Propped Fracture Porosity (Z) 

----------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : BAUX-16. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppaut Type 20/40 Sintered Bauxite BAUX-A. FLO 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A6 
Depth 6855 ft 

SAMPLE16. POR 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------- 
1000 

---------- 
4.512 

-------- 
4.330 

------- - 
4.498 

-------- 
1.710 

-------- 
1.641 

---- 
1.705 

2000 3.918 3.768 3.835 1.534 1.475 1.502 
4000 3.404 3.241 3.353 1.352 1.288 1.332 
6000 3.127 2.843 3.031 1.278 1.162 1.239 
8000 2.690 2.577 2.672 1.167 1.118 1.159 

10000 2.422 2.191 2.336 1.266 1.145 1.221 
12000 2.272 2.073 2.040 1.313 1.198 1.179 
14000 2.221 1.900 1.916 1.261 1.078 1.088 
15000 2.048 1.795 1.857 1.230 1.078 1.115 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C A-B B-C A-C 

- ------------- 
1000 

---------- 
306.3 

-------- 
294.0 

-------- 
305.3 

--------- 
126.8 

-------- 
121.7 

---- -- 
126.4 

2000 269.2 258.8 263.5 114.5 110.1 112.1 
4000 237.0 225.7 233.5 101.9 97.0 100.3 
6000 219.7 199.7 212.9 96.7 87.9 93.7 
8000 191.1 183.1 189.9 88.6 $4.9 88.0 

10000 176.5 159.7 170.3 96.2 87.1 92.8 
12000 168.2 153.4 151.0 100.1 91.4 89.9 
14000 164.7 140.9 142.1 96.5 82.5 83.2 
15000 153.0 134.1 138.8 94.3 82.6 85.5 

-------------------------------------------------------------------- 
UNITS : Flow Cell Fracture Conductivity (Darcy*ft) 
=. =am Flow Cell Fracture Permeability (Darcies) 
--------------------------------------------------------------------- 
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FRACTURE CONDUCTIVITY / PERMEABILITY RESULTS Ref : COLOR-16. APP 

FORMATION / PROPPANT DATA DATA BASE REFERENCE 

Proppant Type 20/40 Sand (old) COLOR-A. FLO 
Supplier Colorado Silica Sand 
Concentration 2 lbs/sq. ft. 

Well Number 11/30a-A6 SAMPLE16. POR 
Depth V 6855 ft 

FRACTURE CONDUCTIVITY RESULTS 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(psi) A-B B-C A-C A-B B-C A-C 

------------ 
1000 

----- 
2.383 

-------- 
2.396 

-------- 
2.549 

--- - ---- 
1.091 

-- - ---- 
1.097 

------ - 
1.167 

2000 2.143 1.799 1.972 1.006 . 844 . 926 
4000 1.769 1.408 1.607 . 953 . 759 . 866 
6000 1.044 . 725 . 848 . 670 . 465 . 544 
8000 . 480 . 190 . 365 . 363 . 144 . 276 

10000 . 264 . 136 . 200 . 219 . 113 . 166 
12000 
14000 
15000 

FRACTURE PERMEABILITY RESULTS 

Closure Stress Flov Cell Permeability Fracture Permeability 
(psi) A-B B-C A-C 

-- 
A-B 

--------- 
B-C 
----- 

A-C 

------------- 
1000 

---------- 
119.2 

-------- 
119.8 

------ 
127.5 58.2 

-- - 
58.5 

-------- 
62.3 

2000 108.2 90.8 99.5 54.0 45.3 49.7 
4000 91.5 72.8 83.1 51.4 40.9 46.7 
6000 55.8 38.7 45.3 36.6 25.4 29.7 
8000 26.7 10.6 20.3 20.2 8.0 15.3 

10000 15.2 7.8 11.5 12.4 6.4 9.4 
12000 
14000 
15000 

-------------------------------------------------------------------- 
UNITS : Flov Cell Fracture Conductivity (Darcy*ft) 

-am== Flov Cell Fracture Permeability (Darcies) 

--------------------------------------------------------------------- 
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FRACTM CONDUCTIVITY / PERMEABILITY RESULTS Ref : INTER-16. APP 

FORMATION I PROPPANT DATA 

Proppant Type 20/40 Interprop I 
Supplier Norton 
Concentration 2 lbs/sq. ft. 

Well Number 11/30&-A6 
Deptb 6855 ft 

FRACTURE CONDUCTIVITY RESULTS 

DATA BASE REFERENCE 

INTER-A. FLO 

SAMPLE16. POR 

Closure Stress Flov Cell Conductivity Fracture Conductivity 
(Pei) A-B B-C A-C A-B B-C A-C 

------------ 
1000 

----- 
6.534 

---- - -- 
6.371 

-------- 
6.468 

--------- 
4.061 

------- 
3.959 

---------- 
4.020 

2000 5.714 5.264 5.579 3.363 3.098 3.283 
4000 5.106 4.685 4.882 2.955 2.711 2.825 
6000 4.555 3.908 4.212 2.911 2.497 2.691 
8000 3.991 3.275 3.628 2.788 2.287 2.534 

10000 3.073 2.438 2.720 2.543 2.018 2.251 
12000 2.629 2.034 2.207 2.449 1.895 2.056 
14000 1.969 1.486 1.689 2.022 1.526 1.734 
15000 1.659 1.182 1.391 1.858 1.323 1.557 

FRACTURE PERHEABILITY RESULTS 
............ w 

W= WW-MM Mug-MM Wn =WW=WnWvCW=MnWWftW=M= mum 
Closure Stress Flow Cell Permeability Fracture Permeability 

(psi) A-B B-C A-C 
- -- 

A-B 
---- 

B-C A-C 
------------- 

1000 
---------- 

385.6 
-------- 

375.9 
--- - - 

381.7 
-- --- 

247.1 
-------- 

240.9 
--------- 

244.6 
2000 337.4 310.8 329.4 206.0 189.8 201.1 
4000 302.8 277.8 289.5 182.1 167.1 174.1 
6000 275.0 235.9 254.2 180.1 154.5 166.5 
8000 245.5 201.4 223.2 173.8 142.6 158.0 

10000 193.4 153.4 171.2 158.9 126.1 140.7 
12000 168.4 130.3 141.4 153.5 118.8 128.9 
14000 128.0 96.6 109.8 127.4 96.1 109.2 
15000 109.5 78.0 91.8 117.6 83.8 98.6 

-------------------------------------------------------------------- 
UNITS : Flov Cell / Fracture Conductivity (Darcy*ft) 
MM-MM Flov Cell / Fracture Permeability (Darcies) 

----------------------------------------------------------------- 
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