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ABSTRACT

The theory upon which conventicnal water pressure tests are
bused is critically examined and the differences between the
theory snd practical applicstions are identified. A series
of three-dimensjional water proessure tests sre initiamted
using egquipment design to minimise the errors in
interpretation of field dats, The tests are being carried
out at 2 site im the U.K., to determine the principel
permesbilities of « discontinuvous rock mass, A successful
interpretation of the tests relies on an accurate knowledge
of the contiasity, orieantationm, spacing and aperture of the
discontinuities inm addition to the imitial hydrologic
conditions. The Borehole Impression Packer Probe developed
at Imperial College 1g used to characterise the fractures,
A hydraulic probe is being developed to carry out pumping
tests and the paper shows how the combined use of the two
probes will lead to better estimates of permeability

INTRODUCTION

The prediction of groundwater flows in & fractured rock mass
end the assessment of their subsequent effect on mining
operatjone depends on adequate goohydrologic
characterisation of the rock mass,

The characteristics of a site in terms of its potential for
the transport of flnids requires an understanding of the
total geologic system as well as the determination of
initial piezometric conditions and the permeability,
effective porosity and storage coefficient of the rock mass.
For these purposes, quaiitative and guantitstive
descriptions are required of the rock mass through which
flow way occur. It is important to define and delinesste the
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mejor dimensions of the geologic units ssd to describe the
fracture systeme io terms of their spscings, orientations,
apertonres and coatinunities. Such studies lead to =2
qualitative understanding of whether or mot the system
behaves 2z & porous continuum or as # fractured discontinuum:
it also helps to guide the detailed determination of the
insite hydraulic parameters. In generai, flow is said to
occur in a porous medinm if the fluid transport occurs
predominantly io the rock matrizx or if, st the scale of the
problem considersd, the fractures are sufficiently numercns
and uniformly distributed as to lead to the same effect.

The geometrical ability of the medium to conduct fluids is
texmod its permeability. Hydrsulic condectivity refers
specificelly to water under certain conditions and relates
the water velocity to the existing pressuvre gradients. Thas
permesbility depends on the degree of hsterogeneity and
snisotropy of the geolcgic medium snd on the fluig
properties, It ie¢ therefore imperative that fracture
frequency, orientation, continunity end aperture be measured
end corrsctly used in the interpretation of permoability
tests im rock, This Paper describes the comcepts andg
equipment being wunsed by the suthors in the current
development of s nationsl approach tc the three-dimensional
water pressure tssting im fractured rock,

ROCE MASS PERMEABILITY

Fluid flow in gsologic media is generated by hydraulis
gradients. These are generally sssumed to obey the simpls
relationship given by Dsrcy’'s law:

vi ot kgl NS
where vy is the flow velocity vector,
kij is the permeability tensor,

and Ij is the hydrawlic gradient.

Several asttempts bave been made to provide a theoreticml
bansis for this linear relationship (see for example, Bear,
{1] buot its justification is mainly empirical, The law
cartzinly assumes lawminar flow end, im order to be
spplicable, it must be uvsed for volumes of rocck which
include & sufficiently lsrge number of fractures and/or
interconnected voids. A simple way of illustrating this
effect is to comngzlder the flow from a secticn of a borehols
between packers into am ideal fractvore systom (Fig., 1). Az
the length of the test gectiom is incressed, the flow per
unit longtk fluctuates and sventually stabilises beyon¢ a
certain length {2}, The implication is that, if the coantrol
volume is smasller thszp 2 criticsl value, a8 continuum
epproach will not hold and due account must be taken of tho
individual fracteres, Two different concepts of groundwater
fiow then arise: the comtinvum and the discrete models.
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Iin the discrete approach, the flow is comsidered to occur in
a series of intsrconnected channels betwoen parallel plates,
Under certain conditions, the flow between two parallel
platos has boen shown to approximate reasonably well that
oceurring in individoal fractures im rock (Louwis T3]},
However, in many cases flow will occur only partislly in
fractures and will follow a tortuous route (2, 4].

The permeability of am equivalent porouvs medium can be
related to the mperture and spacing of & psrallel set of
regulerly spaced fractures by the equation {3].
iﬂs
k P Rp——
12vA Lo (2

where % is the permeability of porous medium inm any
direction parallel to the fractures,
g is the scceleration dwe tc grevity,
¢ is thes fracture aperture,
is the kinemetic viscogsity of water 2zt ambient
temporature snd pressure,
and A is tha fracture spacing.

In many problems in crystalline rock, growndwater flow is
controlled primarily by a few fractures. Fer example, Maini
anéd Boecking [5) showed that the flow ip 100m of porous
modium with & permeability 16 'm/sec could be carried in 3z
single fracture with am sversge aperture of 0.0002m. 7The
difference in the velvsity of a fluid particle in & fracturxe
compared to that iz am equivalent porume medium iz alse
importasat. Particle velecities in per¢v: sad freaeter 4
media for the same flox are related by the equation:
VPﬂA
Vg = ———-

L] e 03)

where Vf is the veloscity ie the fracture,
¥ _is the velccity is the equivalent porcus medium,
and & e the offective poresity withk tespect to flow
through the percus mediuom,

Por sxsmple, fer = poroms medivm of perwmesbility 106 8%a/s0c
and saa offoctive flow poresity of 0.15, the npertures oi an
equivalest single fissure is found as 2x10 °m msisg the
above ogustions. Nemoe, the flow velcaeity in the fissured
modiwm ia 92490 times greater than thet i3 the oquivalont
porous aedinm if e effeetive fracture poewsity is cowpuied
on B0% of the fissure apertare.

The discrete flow approach is thecretically very attractivs
for fracturu-dominated flows becsuse it mcst resembles the
actunal situation im the field. PFowever, ssormsous practicel
difficulties are encountered im its spplication since it
requires site~-specific dats orm frecture spacimg,
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orientation, aperture, continwity and filling material. At
present such informatiom is very difficult to obtain,
particularly as regards the connectivity, persistence sand
apertures of fractures.

Theoretical and field studies are currently addressing this
problem. The obvious approach is to identify representative
volumes of the rock mass sand perform numerous groundwater
tests thus obtaining measured site~specific data on
groupdwater response. This sapproach is simple in that it
avoids the measurement of fracture spacing, orientation,
sperture, continmuity and comnectivity but it is time
consuming and e®xXpensivas. Another approach is to apply
statistics/probability theory to structural geological data
measured at rock exposures withia the rock mass aunder
considerstion and to vse the results to predict valuss for
the unknown parsmeters, {6, 7, 8]. Thess values can thern be
used 2o calculate the theoretical values of the hydranlic
characteristics of the rock mass. It is necessary to decide
on the relative merits of the results obtained using the
synthesised observation of geological structure as compared
with the direct meesurement spproach.

Mathematical squivalences of porous and discrete flows sare
#lso being studied [9 - 11]. A1l of these studies are
important for prediction calculations and for establishing
the correct framework for field testinmg.

Borehole or shaft tests for hydraulic parameters moasure the
fesponss of the groundwater system to a pressure
perturbation caused by the imjection or withdrawal of water,
Apsrt from the knowledge of the geometry of the rock, the
test must include measurements of the initial and induced
prossures, sz well as the flow rates, By use of suitable
scaling laws snd equaitions it is then possible to determine
diroctional vslues of permeability. Effective porosity,
being a geometrical property, iz very difficult to measure’
its measuremsnt can be attempted by tracer tests but, in
prectice, calculations try to svoid its explicit appesarance
by using formulstions whick invoive a response ‘constast
{permeabiiity) rather tham the gecmstrical properiy,

WATER PRESSURE TESTING

The three-dimensional water pressure test considered by the
suthors tc be most sppropriete for jointed zock is similar
to the widely vsed Lugeon test except that importart factors
relating to the structarse of the mediuvm are taken intoc

account when planning the test. As shown in Fig. 2, the
Lugeon tast relies om an inflateble packer system, A
horizon cen be isolated by lowering a tube to the desired
iavel and inflating the packer. Fluid is injected under

pregssuse and the flow rate is noted after 2 steady state is
reached. The prassure mc¢asured in an adjacent hole is then
related to the continuum permeability by the formula [4].
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G = —-e---- (., ~ Py
logy(ry/ry) .. (4)

Where Q iz the flow rate
1 is the test sectiom length,
K, is the contimuum pormeability,
£, s the radiuvas of the borehole,
ry 1% the distesce detwsoen the two holes,
Py ife the pressuze et & distsnce 1,
and P, is the presscre at borshols,
If thes borchole ts perpendicmlar to & fracture system with a
mean sperture of o and H fracturez are imcluoded in the test
section theu [2]

Q= —eeeemndooo (7, ~ ;)
i
log lry/ey) ° el (5)

where Kj ig the joint permeadbility or cosductivity.

Louis and Maini [23) gave the deteils of testing and

permoability evalustivan for nom~cztkogonal joint sets. By
carxying ovt & sories of tests for different pressures, it
is possible to obtein'a P-Q curve: the meern £ _ and X

can
then s calcwlinted for 2 xone of infloence repr-suntgﬂ by
Ty

The Lugeon test has been used cxtensively for determiniag
rock mass permesbilitises for the last fifty years, its
svcecess depends very largely on the care with which the test
is planmed 2od sxscuted, Is carryimg out the teszt, the
followiag points should be carefally noted (2, 31:

(1) The test sectiem should be sufficliently lomg to
sccount correctly for scale effoets,

(ii) Ezcoss fluid prescsnrs should b¢ as low 28 possible
(certsinly lezs ithasz the overburdsa presscre) to avoid
propping open the frectures,

(ii) If poesible, ell pressure and fleow measmrements
should be tekem dowrholo: this mivgimiser erxoxrses ia
calculsting pressurs losses and leakege past packers.

(iv) The boreholos shouvlid ldeally be ortheogonal to the
main fracture system. Zhouid this be difficalt, then »

parallel test (scwreo and sink in » single borebole) becomes
essential,

The ma2in limitatien of this text s thst, ss the
permsabilicy decrsases, the problems of meescrimg flow end
the dwretiom of tost imcreese. Thie limits the

Spplicability of the teest to permenbilitice groater tham
sbout 10" ¥4cm/sac.
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It is equally possible to implement the philosophy of
comstant-pressure tests in openings other tham boreholes,
such as shafts, galileries or tumnels, The advantagos arise
from the lsrger dismeter and test lemgth of the cavity. The
rost common gallery-type of test is carried ouwt by sealing
seversl hundred metres of gallery and observimg the leskage
rates and plezometric conditions {14, 15). Such large scale
tests can load to valess of global permesbility [15] and can
provids indliostions of the important, coenfinimg effects of
faalts [4].

Often when Lugeon—type pressure tests are cerried out, scme
of the above msntioned guidelines atre ignored or simply
cannot be adhered to (e.g. downhole pressure amd flow
measuremasnt). This, together with the fact that plezometris
monitoring is uvusmnally only performed durimg lsrge ssale
aqeifer pumping tests, often give very misleeding values for
the imnsitw Bydremlic psrameters.

The series of tests boeing carried out by the auvthors have
sttempted to svercome these problems, The essential feature
of the approach being used is the concept of multiple packer
testing {2 ~ 4] which can overcome many of the difficultioes
sssociated with the Lugeon test. Tho equipment developsd
for this purpose is based on an originsl idea proposed by
Louis [3] for achievimg radial flow from a sectiom of
borehole undergoinmg a pumping test.

In simplified form, the tost equipment consists of thres
sections isclated by pneumstic packers (Fig. 3) through
which water is pumped. Xn this case, the hemispherical flow
that occurs at the ends of 2 normal single test sectioinm
(Fig. 2) will occur solely from the two sub-cavities on
¢ither side of the test section, Thus the flow from the
test soction, is measunred separately and will be pureliy
radial satisfying one of the assumptions made in the theory.
{2, 41, This concept was analysed by Sharp [4] and testod
in a limited way im the field by Mairei [2). Sharp found
that the minimum length of the sub-cavities for radial flow
in the test section should be half the test section longth
when all sections were pressurised to the ssme level, but
that this ieagth could dbs reduced by 50% by increasing ths
pressure in the sub-cavities to 1.5 times the pressure in
the test section.

As a8 consequence of this and the desire to be able to very
the length of the test section to investigate scale effocts,
the equipment was designed as gquick assembly units., This
enables the test section to be varied from C.5m to, in this
cage, 16m in length. Merely by the menuvfactaring of extra
components vizxtuslly any test configuration is possible with
sny length of isolating pneumatic packer. For most purposes
s single pneusmatic packer unit 1.52 Jong will suffice since
80% of the pressure is lost within a radial distance squal
to 4 times the radius of the borebhole {2].
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To complement this egquipment a similar system with a single
monitoring section instead of the pumping section haa been
designed to be used in sdjecent boreholes to monitor the
effects of the pumping tests. If necessary the whole length
of a borekole except for the section beirmg momitored cam be
isolated with pneumatic psckers thus preventing the
dlscomtinuity under test short cirocwitimg to other
discontinvities vis the borshole.

Following Maini {2) a1l pressure messurements sre made uvsing
electronic pressure transducers im the ecach of the sectionms.
Flov messaremonts are made using electrical flow-meters aand
a1l d2ta i» stored on magnetic tape using a dats acquisition
systom.

A contzel feature of the approsch being nsed is that tests
are oarried out in multiple boreholes drilled perpendicular
to each of the major discontinuity sets im the area beoing
studied (Fig. 4), This permits the theory based omn radial
flow to be applied to esch borehols amd the hydreulic
characteristics of esch set of discontinuities to be studied
indepsndontly., Thus, the permeabdility tensor of the rock
mass whichk osn ba genorally expected to ke anisotropic, can
be determined with greator accurscy than in the standard
Lugeon test. '

DISCONTINUITY ORIENTATION SPACING
AND APERTURE MEASUREMENT

A wide number of techniques have boen developod im the civil
enginsering site investigation and petrolevm industriss for
the doetection of discontinnities intersected by boreholes
and their measuremont [16, 17]. The borfshole impression
packsr prodbs (B.I.,P.P.) Developed by Einds (17, 18] at
Imperial Coilege, Lomndon, and laster adapted by others,
provides & simple and cheap way of obtaining am accurate angd
permanent record of discontinuity geometry.

The constrectiom of the B, I.P.P, is showsa inm Fig, S. An
inflatable rubber packer is mouonted on & ceatral support
tudbe via plugs at esch ¢nd.Twvo metal side plates are mounted
either side of the pneumatic packer and arranged to freely
move against the borekole wall upon inflatiom of the
poneumatic packer. A resiliont plaatic foum iz attached to
the outer faces of these side plates, on which fresh
impression film is mounted for each run into the borehola.
At each end of the packer assembly there are skids which
centralise the probe in the hole and prevemt scoffing of the
impression film. The top end mounting serves as a
termination point for the wire line for retrieving the
B.I.P.P, snd the air line to the pmeumatic packer. The
lower mounting has an sttachment for a clockwork self-
locking fally gimballed compass.

WYhen the packer is used in a horizontal borehole its
orientatior must be krown snd it must be pulled or pushsd
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down the hois, Thie is achieved by mounting the packer on
two tensionsd guide wires which are attachbed to a preuvmatic
anchor at the bottom of the hole. The packer is then pulled
down the Borehols by means of another cable which is
atteched to the bottom mounting on the probe, passes through
a pulley on the pneumatic anchored and bsck up to the
'surface’, By this method the orientatiom of B.I,P.P,. {s
known from the orieststion of the tensioned gnide wires and
it is simply pulled down to the required ‘depth’.

Each pair of impressions record spproximately 70% of the
section of borehole under examinstion, 100% coverage may be
cbtained by rotsting the pnsumatic amchor and tensioned
guide wires throumgh 90° and taking anotber psir of
impressiona st the same despth. The orientation i
periodically checked by attaching & fully gimballed maganetic
compass with 2 closkvork locking mochanism to the bottom of
the probe.

Interpretation of the orienmtated impressions is facilitated
by laying them out inm s continuvovs overlappiang sequencs.
The dip of e discoatinuity is obtained from the
relationship.

tan a = [
4
whore a = dip with respect to the borehole,
8 = gmplitude of sinusoidal impression
and [} = borehole diameter

By combinsing this dip with the dip of the boreshole the
actual dip of the disconmtisuity is obtained. The dip
direction is found uvsing a strip compess and the kaoow
position of north on the orientated impressions.

At prosent throes methodz sare used to measure the apertures
of the discontinvities, For lasrge apertures (greater thas
3mm) the film is placed on an overhesd projector and the
sperture measured with & transparent scale, For smwaller
apertures either a magnifyisg gless or a low powered
microscope is ussd with a graticnle., Leboratory tests bdy
the avthors and by Hinds [17] have shown that the impressed
widths of discontinuities are in good agreemant witk the
actual widths.

h more permanent roecord of the impressions is obtained by
tracing the outlines of discontinuity impressions oa to
dravghting paper. The tracings are shaded where the
impressions show voids (Fig. 6). As a result of this method
of reprodmction the accurscy of frscture sperture data
obtained on the impression film is largely lost aad a
certain asmount of subjectivity of interpretation is
necessarily iatroduced,

The impressioms cenm also be reproduced photographically by
using the impression fils as a nmegative. This may be
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proferabie for important sections withism boreholes simce it
acourstely reproduces the impression width but the incrsased
cost is obviously prohibitive,

It is ofter more convenlent to measuye the spacings of thse
discontinuities oo the core obtsined from diamond driliecd
boresholes but this may give folse values beceuse breasks in
the core and discontinvities szs often indistinguisbhable.
S§inoe the B, I.P, P, takes impressions of the wall of the
borekole 1t will only detect the pre—sxisting
discontinuities, This aisoe mesns that the B.I.P. P, can be
gsed in percussion drilied horeholes slthough some detail
will e 103t becasunse of the rougher wall surface.

FIELD WORK

A programme of work is curremtiy underway to apply the
comcepts and squipment described above te the hydraulic
characterisection of ths grenite rock mass at 2 site inm the
tin mining diztrict of Cormwall, Eagland, The test site is
located neazr the mergin of the Carmmemeliis granite
batholith [19, 20J. The primcipal rock type is a coarse
greined (Smm) feldspar porphyritic, biotite-muscovite
granite., The gramite exhibviis hydrothermal slteration which
has resulisd 4ia pextiazl to complets shloritisstion of
biotite end kaolipisation of feldspars., Granmite porphyry
dykes varying ia thickuess between 10mm und soversl metresy
are knows from surface suterops und exploretory borsholss,

Stroecturail maeppiag in sm adjscent gquzrry and in shailow
workings has reverliad two major setez of steeply dipping
fractures atrikimg 103° apd 1949, They Rave spacings of the
order of 1 =astre. Some aze lined with varisble thickaszses
of sscondary minezels euch ee chalcedony snd haemstite and
&re bordered by zones o0f kacolinlised or bheemstised granites,
Sub~horizomtal freactasres have spacimgs of lecgs thanm ome
setro immediately below the present land zurface but ths
specing increasce with depth, Rere minercliceod veinsz 2n4d
most of the porphyrcy dykes strike st approximately a3a®,
parailel with the regiosnal trend while fractures with
moderate dipe (43° - 70%) have varisbis stsike directions
bot are less fveguent., Like the stseply dipping fractures
they may have cloeoaly matohing wselis or bde more or lesas
opon, lised with soft sescondary minmsvele and bordered by
iones of sltered grunite,

Thres 3100em &#i:, 30m lomg voreholes hsve bazem drilled
orthogonal to ihe wmajoxr disc tinuity sels esd ssck mapped
using the borshkole iapression prcksz probde. Fig. & shows a
so0ction of the tzacimg of ths iwprezsione.

At the tims of vrdtinag, the tect sguipeent dssigned by ths
8vthors is sudsz zomstruction, The firsi wse of ihy
monitorimg systom will be to messwes the existinmg
Piezomstric profile along the lengths of sach of ths test
borehotes. Eack disccmtimuity identifisd awsing the B,1.P.P,
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will thes be subjected to a steady-state pressure test
followed by a tramsient pressure test, The hydraulic
conductivities calcuisted from the results of these testy
will then be compared with the hydravlic conductivities
determined from the disconmtinuity sapertures messuvred frowm
the imapressiom packer. Once this 1is completed lergesr
lengths of the borehole will be subjected to the same tests.
The lemgth of the test sections will be increased
incremontally to imclude¢ sdditiomal discontineities Fig. 7
(a - d) im an attempt to find the test section length sbhove
which there is no increase in equivalent permsability for
incressed test section length. The results of sll thess
tests will define the minimum volume of this rock mass which
car be treated as a continuons medium and the permesbilities
whichk can be applied when calculating groundwsater flow
volumes,

Further tests will bDe carrisd oat to assess ths
effectiveness of the sub-cavities for linesrizing the flow
in the test section.

CONCLUSJIONS

It has been shown how conveniional water pressure tests mey
leasd to srroneows results in frectured rock. In order to
correctly ssssss the permeasbility of a rock mass,
measurements have to be made with due care and regard to the
rock mass charscteristics and imsitu hydraulic comditions.
Rock mss characteristios, i.e. frecture spacing, conmntinuity
ard aperture are¢ showa to be adeguately ostimated by using
tke borekole impressionm packer. Hydreaunliic characteristics
will be nssessod with dus regsrd to scale, anisotropy snd
homogeniety inm three~-dimensions uvsing a prodbe that iz
curreatly beinmg built at Imperial College. ¥ith the
combined use of these two probes pormeadility of @
discontinmous rock mass cam be measwred with scme
confidencs,
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