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ABSTRACT 

The permeability of rock is often determined more by the 
joint fabric than by the porous material. The physical 
models for percolation through porous media can therefore 
in many cases not be transferred to fissured rock because 
the joints as main waterways do not permit a uniform and 
steady percolation through a s~ecific rock body due to the 
irregular geometry of the joint fabric. This means that 
there are several problems left unsolved by the determina
tion of rock permeability. When the model of fissure perco
lation is taken as a basis for determining of rock permeabi
lity, the difficulty is in the exact determination of the 
geometry of the joint fabric. The applicability of the 
fissure percolation model for determining the pPrmeability 
of fissured rock is examined and discussed on the basis of 
multiple borehole tests using the LUGEO"' test procedure. 

I:<TRODUCTION 

The Lugeon pumping-in test has been in use in civil engin
eering for over 50 years and can already be counted amongst 
the classical tests in engineering geology. It is still 
widely used to assess the need for injection and also to 
measure its success. Recently, since the introduction of the 
computer for hydrological calculations, ·this method has been 
increasingly used for the determination of permeability 
parameters (1). The Lugeon value, since it has no definite 
physical meaning, cannot be utilized directly as a starting 
point for these calculations. The concept of this classical 
test, therefore, has to be somewhat modified before it can 
be utilized to determine the permeabity coefficient (a value 
with a definite physical meaning). In spite of the extensive 
research which has been carried out in the last two decades, 
the state of our knowledge in the field of in-situ permeabi
lity tests is hardly satisfactory when compared with the 
vast capabilities of the electronic computer. The reason 
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lies chiefly in the complex nature of the nrrcolation oro
cesses in rocks which are determined by t~c water patiJwav 
preferentially following the joints. An exact geometric 
analysis of the joint ?attern of any site is associated 
with so many uncertainties that reproduceable mathematical 
solutions for any particular volume of rock are not alwavs 
attainable. It is essential, therefore, to find out more 
about the factors controlling the oermeability of rock by 
carrying out in-situ tests involving extensive series o~ 
measurements. The oresent oaoer describes the results of 
our investigations. on rock.oermeability and discusses the 
problems of accurate determination of the ~ermeability of 
jointed rock. 

EXPERIMENTAL METHODS 

The test set-up was based on the same ptincl9le as the l,u
geon pumping-in test (2) (Fig. 1). A central borehole was 
drilled in which a S m-long injection section was isolated 
with a combination of two packers at the too and two at the 
bottom, each packer consisting of 1,5 m of rubber pioe. 
The injection fluid used was water or a tracer Rolutlon 
containing a few parts per thousand of salt. Th~ flow rate 
of the injected water, as well as its tem?erature and the 
specific electrical resistivity of the tracer were all 
measured at the pump. The pressure in the inj~ction section 
was monitored directly by a measuring gauge situated about 
1 m from the end of the injection pipe. The pressure was 
also measured in the injection pipe above the oackers, at 
the pipe bend and at the pump. In order to be able to de
termine the amount of water by-massing the packers, the 
water pressure was monitored in the two observation sec
tions of the same borehole, i.e. between the first and 
second packers and between the third and fourth oackers 
(Fig. 2). Any direct by-pass between the ~ackers and the 
wall of the borehole can in all probabi:i~·· be i~nored, 
since the packers consist of rubber tubing.which is in
flated to a pressure of 20 -40 bars. Thus, any bv-oass is 
probably primarily determined by geological factors and 
takes place by way of the joints in the rock. The measuring 
element above the four packers was use~ not only for measur
ing the pressure in the injection pipe, but also for moni
toring the free head of water in the borehole. 

Observation boreholes were drilled around the injection hole. 
These were also divided up by means of packers into sep~rate 
sections for the monitoring of pressure, temperature and ex
tent of dispersion of the tracer. The injection ?Urn? consis
ted of an infinitely variable triple piston pump with a 
pumping capacity of 1.5- 300 1/min at a pressure of 1.5-
50 bars. 
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THE TEST FIELD 

The tests were carried out in a sparsely-jointed, compacl 
granite at Falkenberg in the Upper Palatinate, Bavaria (Fiq. 
3). The central operational injection borehole has a dia
meter of 146 mm and was cored throuqhout its whole lPnqth. 
Observation boreholes nos. 5 and 6 were sunk al a dislance 
of 16 m from the central borehole diametrically ooposite 
each other. Three other observation holes (nos. 2,3 and 4) 
were sited 50-60 m from the central borehole, approximately 
at the corners of an equilateral triangle. The arrangement 
of the injection section and observation sections in the 
various boreholes are shown diagrammatically in Fig. 4. The 
injection section was situated at a depth of 43 - 48 m. Two 
2 m observation sections were arranged, one immediately 
above the injection section and one below it. Monitoring of 
the free head of water was carried out at a depth of 25 m. 
Borehole no. 2 contained 5 observation sections each 8 m 
long and equipped with a measuring element. Boreholes 3 
and 4 contained three measuring elements each and boreholes 
5 and 6 one each. In Fig. 4 the jointing, as recorded with 
a borehole camera, is represented diagrammatically on the 
right hand side of the borehole. It can be seen from the 
figure that the horizontal joints predominate over the ver
tical ones; however, only one horizontal joint occurs in the 
injection section. 

RESULTS 

Following conventional practice in pumping-in tests, a multi
step test was carried out in which the pressure was increased 
stepwise at intervals of 10 minutes, and then decreased in 
the same manner. Other tests were carried out over periods 
of one or several hours at constant pressure. A certain pe
riod was left between the various tests so that the pressure 
decay in the rock could be monitored. 

The tests were carried out as in the Lugeon test, either at 
constant pressure or at constant flow rate. In the multi
step test, the pressure at the pump was increased at inter
vals of 10 minutes and then decreased in the same way. The 
flow rate was measured between the pump outlet and the pipe 
bend and showed a similar stepped linear variation as lhe 
pumping pressure through which the experiment was controlled 
(Fig. 5). 

If this is compared with the behaviour of the pressure in 
the injection pipe at a depth of 25 m, it can be seen that 
for increasing pressure the curve is no longer linear, and 
only approximately linear for decreasing pressure. The pul
ses caused by the piston can still, however, be recognized. 
The same pulses can only just be made out in the injection 
section, at a distance of 1 m from the outlet, although the 
initial pulse is clear. A linear relationship, as is given 
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by the classical Lugeon test, cannot be saict to be f'resent 
hf'r(~. The bf'h,,viour of thP nrl'~;:,ur" in t hf' UPIH'J~ l)h~;f'rv.-.
tion section above the inje~tion section shows that a hv
draulic connection did exist between these two borehole 
sections, although the rise and fall of pressure are not 
so pronounced here as in the injection section itself. In 
the lower observation section, beneath the injection sect ion, 
only a gradual rise and fall of the groundwater level can 
be made out. Thus, by-passing clearly did not take place. 
This confirms our previous conclusion that the contact bet
ween the packers and the wall of the borehole was water
tight. The free head of water in the injection borehole 
above the 4 packers rose above the top of the borehole in a 
few seconds. The effects of injection on the general sur
roundinqs of the central borf>hole can be ass<'sse<l by ""'ans 
of measurements taken in the observation boreholes. Thf> 
initial mo~ent of injection was detected almost simultane
ously in observation borehole no. '), alt.hou'} 11 it is 16 m 
away from the central hole. 

In the same way the pressure then rose to a maximum con
currently with that in the injection section. Thc maxil'lu~ 

pressure was 13.7 bars (allowing for the difFerence in hy
drostatic head) which is 1. 7 bars i•'ss th.1n in t l1e in i<'<"l i"n 
section. The drop in pressure is thus remarkablv small. Tn 
observation borehole no. 6, also 16 m from the injection 
hole, a rise in water level was observed but no direct hy
draulic connection with the injection section. Observatinn 
borehole no. 2 is 52 m away from the central hole; the 
uppermost two of its five observation sections (nos. 1 and 
21 showed no change, but nos. 3, 4, and 5 (at deoths of lS, 
43, and 51 m, respectively) at first showed a fall in 
pressure which only turned into a rise as the hi•Jhest in
jection pressure was reached. While the pressure was being 
increased in the first ohase of the test, the individual 
pressure steps were not.detectable in these three observa
tion sections; however, with falling pressure, the steps 
could be observed to be almost synchronous with those of the 
injection section. No variation in water oressure was seen 
to take place in ohservation boreholes nos. 3 and 4. 

For the 1-hour ~umping-in test, the flow rate was held con
stant at 93 1/min. The pressure at the oumo rose continu
ously from 12 to 14.6 bars (Fig. 61. The [lressure in the 
injection section showed the same linear increase at approxi· 
mately analogous values, although a hydraulic pressure dif
ference of over 5 bars existed between the two gauges. This 
gives an idea of the enormous pressure losses inherent in 
this system. As for the multi-stage test, the upper obser
vation section (above the injection section) recorded an 
increase of pressure from 5 to 8.4 bars; these values are 
4 bars lower than those measured in the injection section. 
Observation borehole no. 5, 16 m from the injection hole, 
showed a simultane)US rise in pressure from 1.7 to 8.1 bars. 
a rather gentle rise in comparison with that in the injea-
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tjon section. The relative prpr;sur:r' d i ffcrrnc" w.1,; 7.1 h.1r,; 
compared with 8.4 bars in the injection section. The pressure 
loss here is therefore also very small. In the observation 
borehole 50 m from the injection hole, there was an initial 
pressure drop. In observation section 3, this oressure de
cay continued throughout the duration of the test, whereas 
in sections 4 and 5, a rise began after about 20 minutes 
and the initial pressure was reached towards the end of the 
test. No real departure from the initial value was detected 
in observation boreholes 3,4, and 6, as was the case in the 
previous tests. 

The process of percolation through rock can be demonstrated 
by means of the results of long duration tests which were 
run over periods of several hours. The following examole 
is a 13-hour tracer test (Fig. 7): The pumping-in test con
sisted of injection at a constant pumping pressure of 5.5 
bars. During the first 4 hours, the flow rate fell contin
uously and then, for the remainder of the test, stayed 
constant, thus approximating a stationary flow regime. The 
pressures at the pump and in the injection section remained 
constant. 

A -steady rise in water pressure from 1. 8 to 2. 3 bars took 
place in observation borehole no. 6, 16 m from the injection 
hole. At a distance of 50 m from the central hole, in obser
vation borehole no. 2, the pressure fell initially in obser
vation sections 3, 4, and 5 and then, after between 30 and 
60 minutes, returned to its original level. As the test was 
continued, the pressure showed a further steady rise in these 
three sections, while in the two upper sections there was 
no pressure change. It is most likely that artesian water 
was present at the level of observation sections 3, 4, and 5. 
A dilute salt solution was emoloyed as an injection fluid 
for this test, although the last fifth of the total amount 
pumped in consisted of fresh water. This can be clearly 
seen from the specific electrical resistances measured at the 
pump supply. The tracer began to appear at observation bore
hole no. 6, 16 m away, after 10 minutes, as recorded by a 
distinct fall in the specific electrical resistance. This 
represents an apparent horizontal flow velocity of 0.029 m/sec. 
The individual measuring elements in observation borehole 
no. 4 registered very varied arrival times. The tracer took 
28 minutes to reach observation section 3, corresponding to 
a velocity of 0.03 m/sec, section 4 took 1.5 hours, a veloci
ty of 0.009 m/sec, and for section 5, four hours were re
quired, a velocity of 0.003 m/sec. The apparent flow velocity 
varies, therefore, by a factor of 10, even for one borehole. 
It is most probable that, in these long-duration tests, we 
are dealing with the conditions of a stationary flow regime, 
at least in the immediate vicinity of the injection section. 
~he large "mountain" of water which built up around the in
Jection site gradually spread out laterafly. This process can 
be clearly recognized from measurements taken during the 
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intervals between injection phases. A slide valve was in
stalled to close the pipe connecting the injection section 
and the pump; this ensured that any pressure release could 
only take place by way of the rock. The pressure, in fact, 
decayed rapidly during the first 2 112 hours, then decreased 
into a slow escape of fluid which, even after 11 hours, had 
not completetly stopped. 

DETERMINJ>.T ION OF PER~IEABILITY 

The pressure-flow diagram (Fig. 8) served as the basis for 
determination of the permeability. The exoerimental results 
were subjected to statistical processing and the mean values 
and standard deviations were calculated. In the multi-nhase 
test, the mean injection flow rate and the mean injection 
pressure were determined for each stage from about 100 in
dividual readings; in the long duration test, between 2000 
and 6000 readings per measuring element were utilized for 
the determination. It is clear that these experimental results 
are statistically more reliable than those obtained by con
ventional methods. 

In the diagram for the short duration test, the individual 
pressure steps, desi9nated by capital letters, are ?lotted 
by means of the relevant injection pressure and mea~ flow 
rate. The injection pressure shows a linear increase in 
steps A, B, and c. At higher pressures, the flow rate in
creased more rapidly since the hydrostatic overburden 
pressure was overcome at 11 - 12 bars and expansion of the 
joint aperture began. In addition, turbulance became notice
able in the system at this stage. Under con~itions of step
wise reduction of pressure, the same pressure was recorded 
for step F as for step E, although the former has a dis
tinctly lower flow rate. This is due to the raising of the 
water table in the vicinity of the injection site. The same 
phenomenon can be recognized in step G, H, and I. 

The Lugeon values or permeability coefficients can now be 
derived from the pressure I flow-rate diagrams. Apnlication 
of the formula normally used by the US Bureau of Reclamation 
(31 -- which is only valid for a permeable continuum of infi
nite extent under homogeneous and isotropic conditions with 
a constant flow rate and a linear pressure I flow-rate re
lationship_6- yields permeability coefficients around 
1 - 3 x 10 mlsec (Fig. 9). The permeability is more or 
less dependent on the injection pressure. These permeabili
ties are clearly not realistic, simply because the continuum 
conditions mentioned above are not fulfilled in this case. 
In addition, this particular formula is intended for use 
with a single borehole test and thus is only valid in the 
immediate vicinity of the injection section. If the pressure 
in the adjacent borehole no. 5 is taken into account and 
continuum conditions are assumed, then the permeability 
shows a mar~ed increase with the injection pressure from 6 
to 20 x 10 mlsec, namely from 6 to 20 times larger than 
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the per~eability coefficient determined in a single-~ore
hole test. 

At this particular site, the injection section was surroun
ded by rock with a highly compact fabric in which only one 
joint was present -- without doubt, a discontinuum. It 
was therefore decided to use the formula devised by 
MAINI (4) for calculation of the permeability coefficient 
of a discontinuum. The calculation is valid in the case of 
joints of infinite radial extent around the borehole, for 
laminar and radial flow regime, but the effects of inertia 
during acceleration of the fluid are neg~ecteo. This gives 
permeability coefficients of 1 - S x 10 m/sec (Fig. 9 III. 

SUMMARY 

rhe permeability calculated utilizing the discontinuum 
,~dPl is larger than that for the continuum by a power of 
3. It is therefore essential to use discontinuum-based 
data for any numerical analysis where the flow rate, as 
well as time-dependent flow processes are to be investiga
ted. However, even these permeability coefficients are 
associated with some degree of unvertainty since the spatial 
extent of the joint is not fully known. As can be seen from 
our results, the joint does not 9ossess rotational symmetry. 
Moreover, the width of the joint could only be measured in 
the borehole, but it is not known how close this value is 
to its average width. A further source of uncertainty is 
that, in this model, possible joint intersections have not 
been allowed for. 

The fact that the water pathway makes use of joints means 
that consideration of the permeability and percolation is 
a very complicated matter. A detailed analysis of the joint 
fabric should therefore be made before any ?ermeability 
test is carried out. Single borehole tests yield insuffi
cient data. More information about the actual flow oattern, 
especially its anisotropy, can be obtained from tests in
volving several boreholes and comprehensive series of 
measurements. 

For this purpose, the distance between the observation 
boreholes and the central injection borehole should not ~e 
too great, ideally between Sand 20m. Permea~i1ity co
efficients can be determined just as readily from short
period tests as from long-period tests. However, in the 
short-period, multi-step tests, the changes in the hydrau
lic condition which takes place between the individual 
steps should be allowed for. One of the tasks of future re
search in engineering geology will be to discover a means 
of accurately determining the joint fabric, which is the 
strongest influencing factor on the behaviour of water in 
rock, as well as on the permeability and the water ?ath
way. 
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