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INTRODUCTION

QOfcentral ir:!mrmmmmnwalumlm of the suiiebility
of an unsaturated 4t for dizposal of ouclesr weste iy the
potential For transport through natucal fractures, Whils model
studies continue to be perfored to avalusts the importance of
fractures there remalns contiderabla uncertalnty regardiog the
aeiual cepillacy pressurs and relative lity properties
of naturn? fraciures. OF panlonlar I:r&umlm 1a the t of
ltess on bwvg-phase fow propectles. - Whita two-phass flow is
relalivedy insensilive to the shiess slals in porcus mediz, reauila
of this study show that both ¢upilfary pressure characteriztice
and relative permeabllity could be very dependent upon the in-
situ slress conditions. Model resulla fariher show that the
stress effecty can arise from elastle deformations in the frae-
e,

DESCRIFTION OF EXPERIMENTS

In thiz study marcury techniques were
used to study the effects of stess on the capll g:xsum
chargeleristics of a single nateral frachaze, In additlon, per-
P‘m_ahbiIilymnasurenwnlsmmmdaw]mnmmuynlhaﬂnwing

LLIL

The sample used in this exporiment was & gestlon of
granite core of diameter | 1.54-cin with a slngle natucal fracturs
ttirough 1L roughly normal to the core exls. To keep the
metcury from leeking out of the fracture, & nylon jacket was
glued around the semple and n meal was fitted aver the
nylon jackel to provide additional conflnsment, Two poris
were provided for entry end eait of the mercury.

The expetimantal eetup conslated of e reservair lo
hold the mezcury, an inletcaplilary tue Lo messure the volume
of mercury that Aowed Imto and out of the fraciure, end en exit
cupillary tube 1o measure the fHow rate of mercury acrass (he
fracture (Figure 1), The reservelr and the two capillary tubes
were contiected 1oeach other und tothe sample by means nf 3.2
nant diameler, bgh. pressure, clear plastic wbing, The mencury
it the reservoir, capillary whes, and high-pressure lhing was
kept under o vonslant injection pressure vging nitragen gas.
The capillury Wwiss veed to meamive mercury volume chenges

and flow rates had an ineide diameter of 0.5 mm, peemittin
recolation of volume changes as smell 23 2 x 10-10m3, ¢

Toets were cattied out over a range of lond conditions
and mercury injecHon, or capllingy, pressurss. The injection
pressures used were D.1, gg‘ 04, and 0.8 MPe. For sach
wjeciion presyors, the le was sobjected Lo & vertical
(nommnd tsthe fracturs plans) loading sequence, with measure-
mente of mm:urimlum change and flow belng eartled out al
axlal streszes of 2.8, 5.7, 11.4, 1.1, 22.8, and 47.8 MPs, The
sample was firal loaded to the maxinwm axial stress level, then
unluadedwai.:antiu]]ymthcnﬁnimumlmlaandﬁnallyluadnd
agali through the reverse sequence bank te maxlmum,

MERCURY VOLUMB CHANGE MEASUREMENTS

Figure 2 shows the mercury volume changes medsured
during the tests, Bach curve represents only the volumne change
due to the chenge in axial load at one value of mateury injécticn
pressurs, The injecton prossane was increased afler each cycle
while the sample wes unnder 4 7.6 MPz axial strexs,

The additions] mercury which entered the fraciwre
upan increasing the mercury pressucs st 476 MPa axial siress
waa small co d to subsequent changes durlng the Joading
cycle and coudd not necurately be distinguished from apparent
volomg changes dus to the complisnes of 1he wbing, ste.
Therefore the: inlial mercury volume at the beginning of a
Yoading cycle wt n new prossure wag sel equsl Lo the
valume st he end of the previcus toad cycle.

The data in Plgure 2 oo be used first of all to estimate
the slzes of the voide peesent in the fracture and the effect of
changing stress on the slza of tha volds, The relationship
belween mercury injeclion pressure, P, and pore mdios, r, is
given by Lepleces equation;
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Fgure | Schematlo ilastralion of experimenial spparetus,

where T iz surfage (ension, elphe is Lhe contact angle and itis
assumed that g pore is represented by 6 cylindrice! wbe of
ragius [ or a flat void with sides a distance 2r.
Lsing Equetion (1) lhe dita shown Lo Figure 2 lodicats chat the
process of unlunding the sample frem an mxial siress of
approximately 98 MPato 3 MPa rezolted in opening of volds
wilh apertures renging from at least | pmte 19 um. Hysteregis
la alse observed in the curves in Figure 2; that ls, when the axini
stress wag increased from 3 MPaback to 48 MPe, legs marcury
came oul of the fracture than bad gone in, The hysteresis is due
ta enlraprent of metcury by necks located aleng flow paths.
The amount of hysitresis exbiblted durtg the cycle at 0.5 WP
mercury pressure is suspeet becauss a Jak dmalag:gin the
experimental system during the permiiting of an
unknawn ampunt of mercury. Toag could accaunl for n
gignificant portion of the hystaresis et his mencury pressurs,

Bach of the curves in Flgure 1 aleo shows that, al any
caplllary pressure, the volurse injected locreases tonlinesny
with decrensing axial ptreas. meank that the numbar of
voids cmoe.dinﬁ a certaln mperture increased ag the stros
deereaged, The implication ?ﬂb&amﬂmsnf changing vold
size and nuimbecs af volds Is that not oo, ot e famity of corves
is reqquired to t the ¢ preasiares charactarstics
of a fraciure. & capill required for model
sludies need (0 be functlonsof stress ny well as sntormtion state.

Modelling Volune Change

Resulls of the megsurements were mod-
eled to help understand the sma reapensible for the
observed behavior, The model essumes the rock is linenrty
etasile. Therefore, under changing normal strese, lhe pvemge
mechanieal dieplecement, domechy. of the fmeiure inte
over the plan area of the fraciune muat be equal 1o the change
n vold volume of the fracture. Avecage mechanics] dis-
placement i& thet which wonld be measred by & gauge
spanning a fracture minus the displacement with
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olastic deformation of the infect meck. As a first order
assumplionihe yolummetzio oh isdisiributed equallyamong
all aperures. Thus changes 1o mechenical neerment,
&(dmecn], may be relaled tochanges in vold apactios, Sidyega),
through the ratlo of void space area ta L crods-sectional Erea
of the fraclure plans;

B{dmech) = Avoirh S{dvor). (2)

Where Ayaid it the vold space cross-secticnal ansa and thus
varnizs with dyg g, and A lo the nomloal eross-sectionel area of
the Mraciure plane. Summing the void eren for all eperiures
ghows that 1he maximum far-field fracore displacement dy
iasimply the raticof void volume Yy toeross-secthonal ance:

dran = mech(+2) = VvoldiA 3

Olobal accassibility way asspmed, 5¢ the volume of
“mercury” in the medel at eny infection pressure wea calen-
lated from the pumber of nporiures 1 ihan the minimum
glu;ézfel&ng r&ertuﬁp for m applied \IFIIM Tlin

accepled ax snput ure diztribution pressst in
the Fracture &t the luwmm.gle:‘um leval used ln the teste.
Additional assumplions weare that all vobds wers filled at a

caplilary prasaute of 0.9 MPa and all volds were clossd af the
higheat axial atrese of 47.6 MPa;
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Two comecilons were led to the data 1o ke it
mire compatlble with the Arst rmodal. As noted above,
mercury was rapped during uluudlnﬂunludlnr cyele. Thus,
upon subsequent cycles, some mercury wes already pressnt
from the previpus cycle, For compariscn with the 1, thiz
means thatthe veid volume meesurements were (oo gmall. This
affecl waa comected for by vsing the following relation;

Voo Vol & Vil (1-dfdygy) {d)

whar Vol is the comecizd volums st normal load 4, Vol is the
mensured volume rt normal lond 3, and Vi ia the volumes of Hg
trapped in voide (ra given by the magnitude of the hysteresis
loop al 47 MPa.J, and dfdmey I8 the normalized closure.

The escond comrection conelsted of displacing all dain
curves downward s0 that firet pelot on the unloadiog curve at
47,6 MPa was at zoro. This was dots to be consiktant with the
model agsumplion thal all velds wers closed &t this highest
enxfalsirass, The cormected deta re replotied in Figore 3. Ia pan
b of the figore the dete have besn normalized divldag lhe
meesured volumes by the volume of mercory (387 x 109 m¥)
&t the highest cn?im preseore and loweat axlal atress, Uslng
equetiony 2 end 3, and nssurming all voddy were filled nt 0.8 WIPa
mereury pressure, The fracture displacament corregpending to
eachalress level was determined, so that the rmeasured mercury
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Figure 3 Meatured mereury volume change sfier corrections to dma presanted ax 2 fanction of stress on the fracturs in a, and, in pant b, normakzed and

preaanted e 8 fumctlom of rarmelized faciom closore, A4dmex.



volume changes could be plotied ay & fuiction of fractor
displacemant,

n the resu 1hat all vodd space within the Frae-
ture accessed at the eapillory pressure, the deta for
caplllaty presaurs of 0.6 MPa dofloe a 3 line when
plotied 28 normalized vold volume v cormalized frechure
elogure, Davintions ﬁnmﬂﬂ:ﬂmuluw%ﬂ:w presaures
reflect ineoinplats flling of the fracture by the nen-
witling futd.

Thepreticel curves of fractore clogure {nomoalized
frociure volume vs, dilngy) were caleulated from aperture-
frequency distribulions veing vumm . We celeulale Lhe
normallzed fracture volame, V. end clesure, d, by simply
incremenlng dygd Erom 010 the maxlmum aperiuee rssumin
unit crose-sectlonal anea for valds of all aperture, Thas, ¥ :I
A and AygiafA ave obteined from the eperture dlaribulion
gccarding bo:

Vyorafh = T8U (imduntd, ivwe,  2EHDY (5

AvortAs = ISUT (lmdyotd, ime, £1) {a)

where (i) iz the uency of yokie of | and dygid
dnnnle:(a e ?qlomm oth aquaﬁnnm Bunciion of
fractore closwe dypq. Thus K0) dsnotes the cottact aren when
the fracture surfaces just come late contact and Himge) is the
normalizad nurabsr of aportanas of heightl. The value dqpy i3
glven by Hquation (3) wilh dygipl.

Equatlons 2-6 are used together to produce closure
curves af normalized fracture volume ya, nermalized displace-
ment, The thepretically caloulated volurme of at each
injection prepsure end axial shrass stabe is found by su ing
the volume of voids smaller than 1he minimum non-weking
aperture from the tolal vold valume. Values of reainthe
model sreunitless. However, to be consistant with the principal
exprassed by Laplace's equaton, the minlmum non-wetling
aperture assumed in the modsl decreasen by a factoraf two for
erch factor of two increass in mercucy prossure,

The aperture diatribution inpul tothe model wag derived
from the sxperiménial matcory voluina dats at each value of
fractureclosam. For . aminlsmm nonweiting
aperiure of 2 at a capillery pressore of 0.8 MPa, the four data
polats at a closure of didmax=d i that 33% «f the valums
1 contalned in aperiures of sizes 3-1, 13% batween 4 and 8,
28% between 8 and 16, and 26% between 16 and 32, An
aperture distribution mey be deflned for the set of data points
at each didmey using the following relation:

£1) = F"“‘*‘”;}‘;’f‘}wm (for k=010 3 and =0 to 4}

M

Whete k6 an index for capillary pressure, unning from ar{).8
MPa e 0 an 0. MPa, N(J) is the range of speriures belween the
points al each capillery presyure (asin ihe above exemple), and
the ather parameters have the 3eme merning ee sbove. In this
case, an aperinre distributlon |y detived for esch . Thus Ave
distributions are [ggzaiblc {we noglect the points Bt dfdgy 1)
They are normallzed o give unil volume, s discussed
shove. Asshown inFigare4, the distributions are quite similer,

each showing a large percentage of ymali nperiures. Using
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dAdonax; the Elve dstributions we alron inddninguishabie,

thexe aperiure diettlbuidon the Fracturs was “closed” and
trvoreury volomes were calculeted s disciesed above for
comparison with experimentel velucy,

Rasults uslig the fequancy disicibulion derved from
the data at the lowsst axial strean are compared with experi-
mental msasuvaments it 5. Becauss ng 1 not
included in the model, model Ietiona would be the sams
For both the loading nod nnloating of the fracture. The model
is a beltar fit 10 tha experimental data obtained during the
loading pottion of the test for mercury pressures tess than 0.3
iPa, and itis this deta which ia presented Inthe figure. Results
are in repsonable agreement with the model predictions in that
&nﬂmminmzﬁum @8 mercury pressure is reduced, and
the spacing curves at the vartous values of [raciore
closure are represented by the model.

The egreement between reaulis of the modelling and
exparimental observaiions showed that the effzcis of stress on
capiliary preasure chasacteristics of the natwrsl graeite fracture
were due to elaatic deformation and subsequent changes in
void tlze and disidballon. Anelyses also showed (hal the
model regults wers vary sangitlve to the shape of the void
frequency distbution funstion. By atrial and ¢rmorprocedure
a momber of different distributions ware irisd, all of whick
ceauited In poor agreement with obearvations. Having data at
different mmq%n?oﬂimpmsmmﬂdiﬁamam lavals
placed significant constralnits on the form of the distribution
required te Gt the data.

Mercury Flow Measuremenis

The portaenbility of the fraciure to mercury was mea-
stred as afunction af stross st each mm:uglnjmﬂnrn pressure.
The fiaw measurements were performed aftaragqullthtium was
utteinad et 1he axlal stressfeaplilary pressare state. A small
addittonel head of mercury (20 or 75 em) was then eoptled ot
the injection port and the velume Aow perunittims measured
in the exit caplilary tube alter stoady state flow conditions wers
obtained. volome data were plotted against ime for alf
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Figure 5 Comparison of measured mercury volume change with
predictions based on elastic deformations in fracoare and no
trapping-

lpads in the unloading and loading sequences and at all
injection pressures. The slope for each curve was divided by
the pressure gradient to normalize the flow rates. These
normalized flow rates, G, were plotted against load to evaluare
the effects of normal stress and injection pressure. Results
plotted in Figure 6 show that there is a considerable difference
between Aow behavior at a mercury pressure of 0.8 MPa and
thal at lower pressure. The rapid reduction in flow with stress
at the (.8 MPa mercury pressure is similar to what would be
expected if a wening fluid were flowing under saturated
condirions. 2 However, at lower mercury pressures the change
in flovw with stress was much less pronounced. The resemblance
of the results at 0.8 MPa mercury pressume to saturated wetting
phase flow is understandable since the fracture was nearly
100% saturated at this mercury pressure. Al lower mercury
pressures the small apertures, which also rapidly close with
incredsing stress, are eliminated by capillary pressure re-
stction, from the connected flow path.

In Figure 7 the flow data are combined with the
volume-change data to produce plots of permeability as a
functicn of percent saturation in the fracture, Vialues of
percent saturation were obtained by assuming, as was done
abowve, that the valume of mercury in the fracture at each axial
stress level during unloading at an injection pressure of (1.5
MPz represented 100% saturation of the fracture. Saturation
levels at each axial stress level were determined by dividing
the volume measurements by the mercury volume at P = 0.8
MPa. Becauze mercury is nonwetling, these curves represent
[gm _n;l:!l:i'v’t permeability of the fracture to the nonwetling
1.
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The genaral shape nfthnmwulﬁcmainﬂlu to the
relative permeability curves often obiained for porcus media,
however, there are slgniflcant differences between the corves
at differant stregs Jevels, Thin shows tbat, o general, there is
not 4 uniqus relattanship between the releilve permeability of
fracturss andd saturation davelx 1f streas conditlons ane cheng-
ing. Ineddidon, st Iow noemal strasses ths reducon In nes-
walting phess permenbiilty with eaturation oceors
much more rapidly than at siress Jovels, Tt ia alio
significanl thet et & saturation of about 20-35% there was no
flow, Even thiagh saitesed the frachure, a connecled
path betwesn inlet and outlet wey oot pregaat.

Thesze razults furiher Lhat the changes In geom-
eiry of fraturs voide, and, Ls ular, the prexanceof critical
necks along the flaw have a dominant effect on the lwo
phase flow behavler in a slngle frazturs,

CONCLUBIONS

The voidsof a fractuce fmmminumnnmdnﬂmk
through which fluid mast flow. Memury Lty -
nigues can be used tocxplore the twu-ph_aumpmpﬂﬁﬂs of
this network in much the same way Bs in commonly dons in
porous rocks. However, freeture voids tend bo be more crack-
like {n shape eompered to the mpre equant-chaped pores 1na
porgug rock. Siner crack-like shaped voids deform more
casily under gpplied stresy, the two phiass flow properties of
fractures are subject bo n moch higher degree of stresa sensl-
li;i;y tgdmiw purq'ﬁs medin, mu:d s ] mﬁl.h:hl}r ban bean
observed in capillary pressure and non-wetting phase
ability measurements on w netural granitic frecture. m
show that capitlary pressure pmd relative permesbility ex-
pressions for fractures are functlons of stresa staie as well as
saluralom stats, and could dﬁlﬁunﬂy influence reaults of
flow and ransport modelling in uneaturated fraclured rock,
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