
..u~-77-772

TITLE: M INTERPRETATIONOF
FRACTURESOFTHELos

THE PRESSllREAND FLOH DATA FOR THE TWi
ALAMOSHOT DRY ROCK (HDR) GEOTHERMAL SYSTEM

AUTHOR(S):

SUBMI’ITED

By mwephmw d thlm ●rtlclc for publlcatlon, the
publisher rcmonkoa tho Covrrnmont’m OkOIIS@)rl~hts
In any copyrhhl awl W C.kwrnmont ●nd k authorlzod
reprosontmtlvoahnvo unrootrktod rlnht to rqmmd- In
whole ur In pmrt nnld ●rttclm und- my copyright
~ by thmpubllmhor.

The lam Ahmon ScIantlflr Ldx+mtory--1* thmtt~
publlnher ldentlfY this nrticlm-S work psrfomd under
theaumploamof the UW!UU3A.

\

ElartryN. Fiahe~

~: 18th U.S. Symposium on Rock Mechanics: Rock
Mechanictain Geothermal Developrmmt, Keystone,
CO, June 22-24, 1977

#a16mos
scE-nWIe laboratory II!!!~.?%‘.

~’>,,i~of tho (hdvoidty of California
ii ~a

LOS ALAMOS, NEW MEXICO e794it

/b
An Allirmatiwo Action/Equal opportunity Employw lWS1 Hl~l~ ~

FormNIL #hi
ph!un. *i !!J

UNtTFX) STATES
I?NWIGY IWYRAIWI I AND

lNtVIIXXWhlW1’AII$llN[S17U’llON
CO.N’l’!{At71’W.740:.ltNCi. 36

f+

ma -Em m mwMIT.’:D

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.

For additional information or comments, contact: 

Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



AN INTERPRETATION OF THE PRESSURE AND FLOW DATA FOR TIW THO FRACTURES

OF WE LOS ALAWS HOT DRY ROCK (HDR) GEOTHERMAL SYSTEM

by

Henry N. Fisher
(dwup 5-3, M 981

Los Alamos Sc~entific Laboratory
Los Alanus, N. M. 87545

Submitted to:
The 18th U.S. Symposium on Rock Mechanics:
Rock Mechanics in Geothermal Development

ABSTRACT

Since the initial hydraulic fractures were established at the Fenton
Hill site of the Los Alamos HDR project, several pressurization and flow
experiments have been performed. The fractures are in granite at a depth
of approximately2900 metres, and are separated by approximately 30 metres.
The flow experimen’iswere planned to establish the water losses to the
surrwnding rock, determine pressure and stress dependent rock properties,
and to characterize the fracture s,ystemin terms of extent, volume and the .
interconnectionbetween the fractures.

The present paper presents an analysis of these experiments in terms
of a mathematical model that includes the variable rock permeability and
poros~ty, the connection between permeability and porosity as given by
simple models, and the effects of the earth stresses. These features
are incorporated into the diffusion.equation for the pore pressure.
The experimental relationship of pressure and flow in the two fractures
is examined,

INTRODUCTION

The initial hydraulic fractures were established at the Fenton

Hill site of the LOS Alamos Hot Dry Rock project inoct~ber of 1975

,.1.,
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(Illair,et al., 1976). The fractures are in granite ai a depth of approxi- ‘

mately 2900 metres. A fracture system was established at each of

two boreholes, referred to as EE-1 and GT-2. Microseismic ranging

and other expe:.me,ts indicate that, at a depth of290U metres, the

boreholes are separated by as little as 10 metres but the fractures

may be separated by as much as 30 or 50 metres with more than one

frecture associated with EE-1. As is the case in other formations,

the fracture are expe:ted

the direction of the least

analyses of the system and

to be nearly planar and perpendicular to

principle earth stress (S3). Previous

the present onesug$est that the total

system consists of two planar, parallel fracture. However, the

posslbm;litythat one fracture system ~EE-1) consists of two distinct

fractures has not been confirmed by the present analysis.

Many pressurization and flow experiments have been performed on

each fracture system and on the combined system. These have provided

considerable data on the interdependenceof pressure, total flow, flow

between the fractures, and flow into the surrounding formation. This

data is complicated by changes occurring in the fracture geometry under

pressurization. The

fractures. The ddta

open with a constant

main effects being the extension of the areas of the

indicates that, once a fracture is established, it remains

area and a width sufficient to allow flow into

the fracture with low impedance. The response of the flow to pressure

then is govarned by the permeation through the porous rock surromding

the fractures.

The present analysis is based on the one- and two-dimensional time

dependent diffusion equatims governing the flow of water and hence the
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transient pore preswre (P) in the granfte. At early times in the

pressurization of eithe- fr~cture the flow is one-dimensional; at a

time determined by the rock properties and the dimensions of the

system, the extent of the pore pressure field becomes comparable to

the dimensions of the fracti-es and the two-dimensionalequation would

be necessary. In this case the friicturesare assumed tc have c,jjlin-

dricalsymnetryabout an axis parallel to S3 and tn have radii determined

by equating the areas to that of circles. Since, during all experiments,

only tctal flow and pressure for the two wells were measured, the system

parameters of both fracture areas, the separation distance between the fracture,

and rock permeability (k) and porosity (e) or pore compr=sibi~ity ;6=dVdp)

cannot be uniquely determined. Some use must be made of other measure-

ments of system dimensions. The fracture areas and the separation

implied by the microseismic studies are used to determine an approxi-

mate permeability and porosity and pore compressibility. The permeability

Is then compared with that determined In the laboratory for flow through
.

“.the microstructure. The Kozeny-Carmenmodel, which relates permeability

porosity and crack (or pore) spacing is then used to further characterize

the pore geometry.

The importance of the pressure dependence of the rock properties

was pointed out previously (Blair,A al., 1976). liowever~the pressure

dependence of all three related quantities, permeab~lity,porosity,

and pore compressibility must be determined to fit the data with
t

solutions of the non-linear diffusion equation. The complicated

nature of this pressure dependence and the fact that each depends on
I

the rock moduli, pore geometry, and the earth stresses required the



construction of a model for porosity. This model takes

the non-linear expansion of the pores; the pore volumes
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into account

mst increaze

by several factors and the linear theory (Jaeger and Cook, 1969) is

inadequate. Th~ theoretica”iporosity and permeability are obtained

through the use OF a stiffened gas equatjon of state. The theoretical

permeability produces a good fit to the laboratory measurements of

permeability of the microstructure of the cores from the GT-2 boreholes.

Also, the pe%eability and ccmpress~bility provide gocd fits to the

in-situ flow measurements when they are used in the non-linear diffusion.—

equation.

In the duration of some of the experiments steady-state flow has

been observed in two modes. Stead,y-stateflow between the fractures

is characterized by constant pressure in the fracture into which the

water is being pumped, and constant pressure in and constant flow out

of the other fracture. Steady-state flow into the infinite permeable

formation can also occur at constant pressure. These modes of flow

provide additional information on the permeability. A detailed

analysis of the transition from one- to two-dimensional flow will alsu

require the introduction of an anisotropic permeability. This work is

presently in progress. Preliminary calculations indicate that time

required to establish steady state flow into the infinite medium is

consistent with observations.

The value of viscosity used in the analyses was that of water at

200”C, namely 0.0014 Pa-S.



. .. .

-5-
THEORY

It is assumed here that the average flow velocity is determined by

the Darcy equation,

~= -+-VP (1)

where k Is the permeability tensor, p the viscosity and P the pore pres%ure.

The contlnuttyequatlon Is

tie) ~ o (2)v ● (p;) + ~t-

with P the fluid density and o the porosity. The pressure then, is the

solution to (Bear, 1972)

[3)

The density of the permeating fluid pcan be expanded as p= po(l+13wP). .

Then since BW’V5.0x 10-4MPa-1 for water

(4)

Here, dO/dP depends on the properties of the rocks, which Is 20 times less

compressible than water. So it is not clear which term, If’either, of

Eq. (4) will dominate. Similar considerations hold for the laft hand side

ofEq. (3). Itwtll be assumed here that the term G%po in Eq (4) will not

daninate and that p can be considered constant. This assumption must be

justified later. For now

(5)



The related quantities r, 9, and B= dWdP,

dependence on pressure cannot be determined

depend on the pore volumes,

space, whichare not known.

ponents of stresss which in
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and in particular the

ex~ctly since they also

shapes, orientations, and distribution in

In addlt~on, each depends on the three com-

turn are determined by the in situ earth——

stresses and, to some extent, the pore pressure. The linear Blot theory

in which the porosity depends linearly on the pore pressure and mean

stress Is described In detail in reference (Jaeger and Coak, 1969). In

the situation under consideration the data indicates that the pore

compressibility changes by many factors and the linear theory must be

replaced by one that takes this into acccunt.

In the linear theory the stress-strain relations cal be combined to

give, in the case of no shear,

s K
Hp

-- = -KA+ KB#T (6)
.

where the effects of the temperature change AThave been Included. The

mean stress is s, K = l/BR is the bulk modulus of the rock, ~ is the

temperature coefficient of expansion for volume. The constant H determines

the contribution of pore pressure P to macroscopic volumetric strain A.

The nonlinear case for isotropic stresses will be considered first. The

linear stress-strain relations, Eq. (6) arereplac~ by the stiffened

g~s equation of state (Harlowand Amsden, 1970)

p=a2(p~~Ro)+ (y - l)PRI (7)

and, as in Eq= (6) the effective pressure will be taken to be

p-s- (K/H)PO (8 )
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The constanta Is determined by the rock strength with pores and must be

determined experimentally. Equation (7 ) Is a low pressure form of the

Gruncisen equation of state aad retains the quantitative features of many

homogeneous materials. The change from the usual form here Is the

addition of a third contribution to the macroscopic stress, namely a

fraction of the pore pressure. Here I is the internal energy y an

adiabatic constant, and PR and PRC are the rock density and rock density at

zero P and I. For the nominal values of k and Bdetennined in the analysis

section, it can be shown that a pressure diffusion wave travels approximately

forty times faster than a

adiabatic form ofEq. (7)

[]

(y-1)CA ‘/y
VR ‘

p+po

temperature wave in granite. For this reason the

will be used (Harlow and Amsden, 1970).

(9)

where VR = l/pR, p. ■ azpo/y and CA is a constant of integration. In the

linear theoryan additional equation which assumes e is linear in s and Pis used.

Here,this is replaced by the assumption that change in the pore volume

is Iproportional to the change in the rock volume. Then

[]

l/y

0 ‘.&

where

c. K
H (S + Po)

and for constant C,

(lo)

(11)

B = dO/dP ■ ‘cc
T(1 - CP)’+”Y “

(12)



The Kozeny-Camen relation

pressure dependence of the

~= ‘o

(1 - cP)3/y ●
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(Bear, 1972) wil1 be used to obtain the

permeability; that is Ka63, then

(13)

To apply the above to the real situation requires that anisotropic

stresses be incorporated. Equation (7 ) would be replaced by three equations.

Here, however, a number of simplifying assumptions will be made, based

on the fact that the principle stresses obey the inequality, S1 > S2 > S3:

The porosity will redetermined by the smallest stress S3, and the pe~ability

for flow parallel to S,will be determined byS9. Also, if the rock iS
3

considered to consist of

degrees of freedan, then

e.
g.

(1 - c3P)o”~

k.
k2 =

(1 - C2P)’”8

and

G

bound harmonic oscillators, each with N = 3

y% (N +2)/N = 5/3. Then

D (14)

(15)

(16)

where C2 < C3 ●
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THE PERMEABILITY OF THE GT-2 MICROSTRUCTURE

The penneabilityof the microstructure of several cores from GT-2

has been measured as a function of confining pressure (Pc) and pore

pressure (Potter, 1977) under isothermal conditions. The data plotted

in Fig. 1 indicate that the permeability depends only on Pe = Pc - P;

that is K/H\l. The isothermal form ofEq. (7) gives 9m (Po+Pe)-l,

with P. = a2po

kc
k=

(1 + Pe/Po)f ●

The solid curves of Fig 1

k. and Pp. The values of

(17)

were fit to each set of data by adjusting

P. obtained range from 15.1 to 22.5 HPa.

Those of k. from 1.1 x 10-14 to 2.2 x 10-13m2.

At the In-sftu colffnfng pressure the permeability of the core

samples at 200°C is~ 5.(Jx l(J-’9M2.

.
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ANALVSIS OF THE EXPERIMENTS

Most of the Experiments began with thewellbcvs nearly full; that

1s, with the initial pore pressure at hydro-static pressure. That will

be taken as the zero pressure in the analysis.

The first phase of the flow to be analyzed will be that occuring

at times small enough so that the flow from the plenar fractures will be

one-dimensional.

small compared to

solved is

It will be shown later that this can be true for times

25 hrs. In this case, the differential equation to be

k. aP

~)

cc aP

p (1 - C2P)’” = ‘-(1 - C3P)’”6= ‘
(18)

where z is the coordinate perpendicular to the plane of the fracture.

Also, as in the case of constant coefficients, the pressure at a distance

1 from the fracture will be determined by .

In the non-linear

(16) to the data.

Solutfons of

(19)

case b is determined by fitting the solution of equation

this non-linear one-dimensional diffusion equation and

of the two-dimensional version Eq. (5 ) were obtafned with the AYER

code (Lawton, 1974). A’fERis an implicit finite element code that solves

the diffusion equation in plane or cylindrically symetric coordinates for

variable material properties. For the case of constant flow rate and

times such that C2P << 1 and C3P << 1 the solution to Eq. (18) is at

z ■ O (Carslaw and Jaeger, 1959)
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where 2A is the total area into which the water is permeating and ~ is

the total flow. The initial slope of P versus ~ then gives as value for

~J~=\@ ●

(~o)

Experinnmt 111 (Blair, etal., 1976) was designed so that A ~—.

could be determined at a number of initial pressures in EE-1 and hence

giving the pressure dependence of kO. The pressure response in GT-2

also gives b and hence gives the pressure dependence of f3/k. Fits to the

solutions of Eq.(la) to the data from this experiment confirm that the

pressure dependence of k and B in Eq. (14) and (16) are approximately

correct and give values for C3 and C2. The experimmt was conducted as

follows. Uith GT-2 shut in, EE-1 was pumped into alternately at constant

flow and constant pressure. The pressure was raised rapidly by pumping

at a high constant rate then maintained at a constant pressure to establish

a new pore pressure in the vicinity of the fracture. This cycle was repeated

four times. The pressure response in GT-2 is plotted in Fig. 2. The

calculated fit to the GT-2 pressure is for C3 = I/l.@ x 107Pa (1./1025ars)

and C2 = 1/5.0 x 107Pa. In Fig. 3 the pressure history ofEE-l is reploted

during the short constant flow periods. In

at the beginr,ingof the constant flow phase

established by the constant pressure phase -

each case the tim is zero

and the initial pressure P.

s subtracted out. A good f.t

is obtained for the previously mentioned values of C2 and C3.

During the initial pumping at a constdnt flow rate in either wellbore

the pressure generally increases approximately linearly with the square

i

\
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root of time. The departure from Ilneartty becomes pronounced when the

pressure nears 6.0 MPa (60 bars). This behavior is typified by the data

for exp llG in EE-1 plotted in Fig4. TheAYER results for the one-

dimensional nmdel are also plotted. A good fit is obtaiwd for the same

values of C2 and C3 that fit exp 111.

The relationship of fracture areas and separation to the permeability

and compressibility can be determined frun some of the experiments at

pressures near zero (hydrostatic). In addition to theEq. (19 ) and

(20), steady f“,~w(~) between the fracture systems at a pressure difference

af P gives

or

AKO

$T= ‘c

where A is the connecting area, sm

it is assured that A = (Al + A2)/2.

not Independent, so A and k! must be

(22)

(23)

weighted average of Al and A2. Here

Equations (19), (20), and (21) are

specified to obtain k. and 6.. For

the duration of these experiments the product A2~of the GT-2 fracture

remained constant so the area probably remained constant. Th?s ~rea and

approximate separation of the fractures can be inferred from the micro-

seismic data (Blair, et al.. 1975). Uhile GT-2 was being pressurized,——

the locus of resulting microselsmlc events was recorded with geophones

located at various levels in the EE-1 wellbore. The events lie roughly in
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Similar

was E:

-13-

42ar+ an eve,tiope drawn around them has an area of A2=2.O x 1.0m .

data Indicated that the transverse extent of the fracture system

30M. These values will be used in the present characterization “

of the system with Al determined from the ratic of the Am products.

EE-1 has received nmre high pressure pumping than GT-2 and the area (or

AlA70) has increased during some experiments. Figure 5 is a plot of k.

versus f30for A2 = 2.0 x 104M2 and E equal 10 and 30 M. Curve A is for a

constant ko~o fromEq. (21). Band C-are from the fits to the-data of

exp Ill that determine a constant ko/f30with Eq. (19). In exp 119 steady

state flow from EE-1 to GT-2 was achieved “witha pressure of 4.8 MPa

(48 bars). FromEq. (15) k was within 20 percent of k. In ther~glon

between the fractures. The values of kodetermiwi byEq. (23) for this

experiment and the canonical values of A and Lare indicated hyD and E

in Fig 5. Nominal values of the permeability and ccxnpressibilityat

hydrostatic pressure are k. = 2.0 x 10-172 and B. = 2.0 x 10-6MPa-1. .

Equations (14) and (16) give for the porosity

5 * 3.0 x 10-5 .‘o= ~3 (24)

The

and

pore

sffective compressibility of the water inEq. (4) is eo~l.5 x 10-%Pa-l

neglecting this effect was justified.

The Kozeny-Cannen equation (Bear, 1972) wrtichrelates porosity and

geometry to permeability qfv~s

~~ 1/2

()
dm>

e3o

(25)
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for the spacing of the cracks for e. << 1. The coefficient B% 180

depends to some degree on the pore geometry. Since all of the porusl+ty

need not contribute to ko, the porosity determined above should give a

lower limit ted; it lsd%o.63m.

The time required to establish steady flaw between the fractures

varies because of the pressurt!dependence of k and B. However it will

of the order
.

R%la

~k=~ (26?

which for I = 30 m is Tg = 3.5 hours. This condition occurs In a number

of experiments near the calculated tlm and permits the determination of

the steady state specific Impedance P/~ of Eq. (22).

A condition of constant flow at constant pressure can be established

for the flow from the fractures Into the infinitcmedfum. This can be

established in a ffnfte tfme even though the pore pressure In the far field

may be changfng wlt.htfme. The time required toestabllsh thfs steady

state depends on B and all three components of h. An estfmate can be

obtafned from the case of a circular fracture of area A in a homgelteous

medium (Carslaw and Jaeger, 1959),

For

has

M.

‘=~”
(27)

the canonfcal values of the parameters Tm%25 hours, This condition

also been observed In some experiments near 25 hours of pumping time.
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DISCUSSION

Only a small part of the pressure and flow data available fran the

Fenton Hill HDR site has been analyzed. To date the results of the

analysis of this data Is consistent with the assuwd geonetry of the

fracture system: two roughly planar, parallel and overla~plng fractures,

each connected by a low Impedance path to one of two wellbores. The use

of the dimenslom of the fracture system Implled by microseismlc studies

results ~n pernwabilltlesand pore spacings that are large r.cmparedto

those of the microstructure. This implies that the permeation in the

fonnatlon occurs In large widely spaced and, perhaps, natural fractures.

The permeability near GT-2 has also been measured by pressurization of

short sections of the wellbore (West, et al, 1975). The values obtained——

are shown to the left In F~gure 5. They rang? from the large values

obtained from the analysls d~wn close to tfiatof the microstructure at

slmllar confining pressures.

The model for porosity, based on very general principles, provides

fits to the data thus far. Further development of this model will be

required to detennlne che significance of the consti!ntsinvolved and to

justify Independently the assumptions. Measurements ofS3at depth Indl:ate

-1that S3 1s8,0 MPa above hydrostatic or C3 - ‘3 % 2“’ ‘pa’ ‘Ven “th

C3 assured to be a constant, S3 cannot be determined, The in-situ—.

value of the ratio K/H is not known and the other stresses can con-

tribute to some extent,



-16- “

The value of the adiabatic constant y which fits the data, was

chosen on the basis of arguments which could only give an approximate

value. This is somewhat higher than that given by the ratio of specific

at constant value to the specific heat at coristantpressure or the ratio

of the adiabatic and isothermal compressibilities of most solid. Why

this should be is also presently under investigation,

The range of validity of the non-linear theory is limited.

If the compressive stress comes large, all the pores close and the stiff-

ening constant will become large. Small volume changes result and Eq. (7)

reduces to Eq. (6). Al:;o,under most circumstances, the singularity in

e does not exist since the theory cannot apply when the pore pressure

becomes large enough to produce irreversible changes in the rock. A

more cmplete model would Include a simultaneous solution of ttieap-

propriate stress-strain relationships for the three stress components as

dete~ified by S1, 52, S3 and the pore pressure. The stress would be used

in turn in the expressions for permeability and porosity.

Extensive calculation of long-term flows are In progress. These

examfne the transition to mu?ti-dimensional flow and to steady state

condlttons. Early indtcatfons are that, with the inclusion of an

anisotropic permeability, the assumed fracture geometry and porGslty

model will be consistent with the experimental data.
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