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Introduction 

The measurement of water loss to determine the 
relative tightness of the bedrock is a test method 
which has long been used in geological and geo
physical site explorations for constructional work. 
In these measurements (Lugeon-tests), attention 
has been concentrared on obtaining a comparative 
value of the tightness, and the absolute hydraulic 
conductivity in standarized dimensions has not 
been determined. 

In the course of many years of constructional 
work, the Swedish State Power Board has worked 
out routines of testing and judgement which are 
directly adapted to specific problems. Some of 
these routines can be revised for use in other hydro
geological investigations, such as for determina
tions of the hydraulic conductivity. 

In some earlier publications (Carlsson & Olsson 
1976, 1977a, 1977b, and 1977c), we have tried to 
illustrare the variations of and the reasons for the 
hydraulic conductivity on the basis of the water
pressure test which have been carried out in some 
Swedish crystalline-rock types. 

Generally, the crystalline basernem is of little 
importance for water supply in Sweden. In all, only 
3 per cent of the water consurned in Sweden 
is supplied from wells drilled in rock (Knutsson 
& Fagerlind 1977). Regular pumping tests in 
connection with ground-water prospecting in rock 
are seldom carried out as the financial investment 
would be too !arge, campared with the quantity 
of water obtained. In these circumstances, it is 
easy to realize the difficulties in determining the 
hydrogeological properties of the bedrock by the 
usual methods of hydrogeological exploration. 

The water-pressure test 

The water-pressure test can be described as a 
reversed pumping test. In the pumping test (pump
ing out), the level of the ground water is lowered, 
which results in a potential gradient. In the water
pressure test (pumping in), however, water under 
a certain pressure is forced into the rock mass, 
which gives rise to a potential gradient. Both 
methods cause a controlied disturbance of the 
normal state of ground-water flow. In measuring 
the effect of a given disturbance, the hydraulic 
properties of the water-bearing medium can be 
determined. 

Field performance 

The method used at the Power Board is as follows. 
In a drill-hole, water is forced into the rock mass 
under a certain pressure. The pressure is increased 
stepwise up to a maximum of about SOD kPa, after 
which the pressure is gradually relieved. In each 
load increment, the pressure is eonstant for a 
certain period of time (normally 1-3 minutes, but 
some tests have been carried out with a duration 
of 10 minutes and the time can naturally be pro
longed for special purposes), and the quantity of 
water consurned is measured. Packers are normally 
used to demareare the drill-hole and to locate !arge 
water-bearing zones. In this connection, double 
packers at a dis.tance of 3 m are used. Single 
packers are used for tests in drill-holes which are 
partly blocked or in tests at greater depths. Single
packer measurements are also used as a check on 
tests with double-packers. In double-packer tests, 
the water is forced into a section of the rock mass 
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Fig. l. The principle of the flow conditions in a rock mass during a water-pressure test. In che 
vicinity of the test section, the flow is radial from the bore-hole outwards ( two-dimensional 
flow, visualized by the enlargement of the test section). At some distance from the test section, 
the flow has turned out to the three-dimensional and the effects of the directed hydraulic pressure 
have vanished. 

limited by the two packers, while the correspond
ing limitations for single-packer measurements will 
be the packer and the bottom of the drill-hole. 

As a result of the tests, the following parameters 
are obtained: numerical values of the quantity of 
water, measuring time and hydraulic pressure. 
These parameters and the geometrical data of the 
test seetian are the basis of an analytical calcula
tion of the hydraulic conductivity of the rock 
mass. 

Theory of the water-pressure test 

The use of the water-pressure test for determining 
the rock tightness was first described by Lugeon 

(1933) and has since been used worldwide for 
engineering purposes. 

The water flow around a test section during a 
water-pressure test is shown in Fig. l. The symbols 
used are explained in Table l. The flow partern 
in Fig. l is valid, provided that the water-bearing 
medium is homogeneous and isotropic. In a fractu
red medium, such as a crystalline rock, the water 
flow will be governed by the intetseeting joints. 

This condition will generally create hydraulic 
conducriv ity of the rock mass without an y allowance 
being made for the anisotropy. Hence, the flow 
conditions illustrared in Fig. l are in many cases 
false but can be used as a fairly good approxima
tion in hydraulic-conductivity determinations. If 
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Table l. Explanations of the symbols used in the equa- If PR- P 0 �-P 0 
tions and their dimensions. 

Symbol Explanation Dimension 

A Area L2 
c Constan t l 
d Diameter of drill-hole L 

Diameter af pipe L 
H Static ground-water leve! L 
h He�d loss L 
I Hydraulic gradient l 
k Coefficient of hydraulic conductivity LT-1 

L Length of test section L 
l Length of pipe L 

M Manning's coefficient l 
p Initial pumping pressure L 
P o True pressure in the test section L 

•PR Pressure in the rock at distance R L 

Q Flow rate LZT- l 
R Radius of the influence area L 

Hydraulic radius L 
r Radius of the drill-hole L 
t Duration of water-pressure test T 
v Volume of water L3 
v Velacity of the water flow LT-1 

the anisotropy is of vital importance, the method 
described by Louis ( 1967, 1974) may be used. 

Under the assumption that Darcy's Law is valid, 
the water flow in the water-pressure test can be 
represented by the equation 

v 
Q=- =vA=kiA. (l) 

t 

At the test hole, the potential gradient of the 
ground water in the rock mass (l) can be denoted 
by 

ap 
I=-- (2) 

ax 

The percolation area near the bore-hole can be 
assumed to be the same as the test-seetian con
centric cylinder, according to the equation: 

A= 2nxl. (3) 

If these definitions of I and A are inserted in 
equation ( 1),  we get the following result: 

ap 
Q=- k- 2nxl. 

ax 

After integration, 

Q R PR-Po= --- ln-. 
2nLk r 

(4) 

(5) 

Q R 
k=-- ln-. 

2nLP0 r 
(6) 

This equation applies in conditions of stationary, 
two-dimensional, ground-water flow. However, 
there are difficulties in determining the distance 
(R), where the result of the increase of the 
pressure in the drill-hole is hardly noticeable. For 
ordinary exploration purposes, the following ap
proximation is used: 

(7) 

which gives 

(8) 

This approximation is valid if the water-pressure 
test influences an area with a diameter of about 
535 times the diameter of the drill-hole; the dia
meter of the area influenced is about 30 m for 
a drill-hole with a diameter of 57 mm. 

In order to develop equation ( 6) further, Moye 
( 1967) has assumed that the water flow is spheri
cal at a great distance from the test section. In 
this case, the percolation area will be 

A= 4nx 2 . (9) 

After integration, this expression, in earobination 
with equations (l) and (2) , gives 

p _ _g_ R-
4n:kR

. (lO) 

Now, equations (5) and ( 10) can be combined in 
the form 

Po =_g_ (-
1

-+J._ ln �) . 
2n:k 2R L r 

( 1 1) 

An empirical relation, according to Moye, is that 
2R �L. This will give 

P0 =_g_ { l+ln �) . 
2nkL \ d 

( 12) 

After solution with regard to the value of the 
hydraulic conductivity, we have: 

k= _g_ (l+ln �) . 
2nLP0 d 

( 13) 

This equation is the standard equation normally 
used for determining the hydraulic conductivity 
of the basernem on the basis of water-pressure 
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tests (Carlsson & Olsson 1976, 1977a, 1977b, and 
1977c). 

The conditions of the test method, source 
of errors, and correction possibilities 

For the validity of this method, stationary condi
tians have to prevail. Usually, due to the very short 
measuring times, transient conditions prevail and 
this is the basic disadvantage of the water pressure 
test. With a more exact instrumentation it is 
possible to analyse the transient ground water flow, 
which will increase the application possibilities of 
the method. 

In equation ( 13), P 0 is the most difficult factor 
to determine exactly. In measuring the pressure 
at the ground leve!, the head losses in the pipe 
system of the test equipment may be of such 
a magnitude that the true pressure in the test 
seetian is considerably lower. Furthermore, if tur
bulent flow appears in the investigated rock mass, 
this will also influence the value of the potential 
gradient. 

In the following pages, we shall try to describe 
the reasons for disturbances and inaccuracies and 
also the available possibilities of correcting these 
types of errors in the measurement. 

Head loss 

The following parameters are part of the empiri
cally determined equation ( 13): 

l. Measuring time, 
2. Length of the test section, 
3. Diameter of the test section, 
4. Quantity of water forced into the rock mass 

(the water take of the rock mass), and 
5. Hydraulic pressure. 

Parameters ·( 1),  (2) and (3) have a eonstant value 
in each single test and only a direct measuring 
error can make the result incorrect. If there is 
a fault in the flow meter or if there are leakages, 
either in the pipe system or at the packers, this 
will lead to an incorrect value of the quantity of 
water. It is possible to diminish the risk of leakage 
at the packers by using four packers instead of 
two, which will give three separate test sections. 
Experimentally, Maini ( 197 1) shows that, by using 
four packers, the leakage is reduced to a minimum. 
However, the technical work is more complicated. 

The head loss within the testing equipment 
eauses a decrease of the hydraulic pressure. At low 
flow rates, the head loss is comparatively small, 
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but it increases with increasing water flow. The 
difference between the initiared hydraulic pressure 
at the ground leve! and the true pressure down 
in the test section is eaused by the head loss. The 
relation can be described as: 

P0=P-h. ( 14) 

To make an accurate determination of the hydrau
lic conductivity of the water-bearing medium, it 
is necessary to know the magnitude of the real 
hydraulic pressure acting in the test section. The 
true acting pressure can be determined in two 
different ways, either by a direct measurement of 
the pressure down in the hole or by calculating 
the head loss of the measuring equipment. The 
first method gives the most correct result, but on 
the contrary, the technical work is much more 
complicated than in the seeond method. Which 
of the methods is to be ehosen is merely a question 
of accuracy, i.e. the purpose for which the water
pressure test is being made. 

By using a manometer in the test section, the 
true pressure can be given directly. In this case, 
the effects of the head loss are of no importance, 
since the pressure is measured after the reduction 
eaused by the frictional forces within the pipe 
system. 

Normally, for the usual site-exploration purpo
ses, the pressure measured is the pressure produ
ced by the pumping equipment at the ground 
level. In this case, the frictional forces wirhin the 
pipe system cause a decrease of the pressure head, 
so that the acting pressure down in the drill-hale 
is lower than the initial pressure. To get an 
accurate value of the true pressure down in the 
hole, a reduction according to equation ( 14) has 
to be made. According to Manning's Formula, the 
head loss in a hydraulic system is: 

h 

For a pipe with a circular cross-section, 
rrd2/4 and R= d/4. This gives: 

h 
Q21 16  

( 15) 

A= 

(16) 

Manning's coefficient for normal pipe material is 
in the range of 80-90. 

Besides the plain head loss according to equa
tion ( 16), losses will arise from changes of the 
cross-seetian (splices and changes of the pipe dia
meter, among other things) and also from bends 
in the pipe system. However, these types of addi
tional losses are difficult to estimate. H the splices 
are made in such a way that the loss is minimal, 
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ExQmples• 
l= 100 m p= 20 mm 
p= 8 kpjcm q = 30 l/min 
give Q heQd loss of 

4 metres. This resulls 

in 

Po = 80-( 10•4)=40m 

l = 50 m � = 50 mm 
p= 6 kpjc:m2 q = 400 t/min 
giv e Q heQd loss o f 

5 metres. This resulls 
in 

Po = 60- ( 5·5) = 35 m 

Fig. 2. Manning's fotmula diagrammatically shown. The formula may be used to determine 
the head loss wiehin the measuring equipment. The different Iines in the diagram give the 
head loss as a function of the flow rate in a l 0-metre-long, straight pipe with a certain diameter. 
In the examples, the use of the diagram is shown. 

this additional loss may be neglected. Generally, 
the additional loss from pipe bends is less than 
10 per cent of the head loss of a straight pipe 
10 m lang. These additional losses are calculated 
for each bend in the system. 

In Fig. 2, the head losses for straight pipes are 
shown. The diagrams are calculated for 10-metre
long pipes of varying diameters and the head loss 
is shown for varying flow rates. If we know the 
diameter of the pipe system and its length, the 
diagram may be used to determine the head loss 
for a certain testing equipment. The true pressure 
in the test section can be determined with a fairly 
good accuracy by using equation ( 14). 

Skin effect 

The skin effect is well known in pumping tests, 
both for petroleum productian and for water 
supply. This effect eauses a marked drop in the 
draw-down curves in the vicinity of the weiL With-

in the skin, the hydraulic conductivity is signific
antly lower than in the rest of the formation. 
This skin effect is generally thought to be a result 
of the drilling operation, the completion technique 
and the pumping practices used, which damage 
the aquifer (cf. van Everdinger 1953, Hurst 1953, 
and other s). 

It is probable that this effect also influences the 
results obtained in water-pressure tests in bore
holes. The hydraulic-conductivity value calculated 
from the test results may be the conductivity of 
the skin and not the conductivity of the natural 
rock mass. According to Carlsson & Carlstedt 
(1977), the additional draw-down due to the skin 
effect is usually less than 25 per cent for the 
normal types of Swedish rock. It seems reasonable 
to assume that the effect is about the s1me magni
tude in the water-pressure tests. If this assumption 
holds, the hydraulic conductivity of the natural 
rock material will generally be less than 30 per cent 
higher than the value obtained from the test 
results. 
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Fig. 3. The relation between vhe hydraulic pressure and 
the flow rate under laminar (L) and turbulent (T) flow 
conditions. In this linear relation between the two 
variables, the laminar-flow condition has a linear cor
respondence, while in the case of turbulent-How condi
tions, the correspondense is parabolic. 

Turbulent state of flow in the rock mass 

The calculation method is based on Darcy's Law 
and has therefore the same assumptions as regards 
validity. One of the most important of these 
assumptions is the demand that a laminar state 
of flow shall exist. 

The essential difference between laminar and 
turbulent flow is that the velocity of the laminar 
state is in proportion to the potential gradient, 
while the velocity of the turbulent state is in pro
portion to the square root of the gradient. Further
more, the velocity is influenced by the hydraulic 
radius (R). According to Chezy, the relation for 
a turbulent state of flow can be given by the 
following expression: 

v =CV1fi. ( 17) 

If the water flow can be assumed to take place 
in a number of capillaties with the diameter d, 
Chezy's formula will be: 

v=K\'df. (18) 
For the water-pressure test, this means that the 
pressure P 0 in equation ( 13) will be exchanged 
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for "fPo if there is a turbulent state of flow. 
However, the difficulty is to decide when the flow 
conditions change from the laminar to the turbu
lent state. Here, the gradual increase of the pressute 
is of great help. In Fig. 3, two P-Q curves are 
shown, representing turbulent and laminar flow. 
The same curves are insened in Fig. 4, but in this 
diagram proportionately to yP�. If the curves 
in Fig. 4 are compared with those of Fig. 3, it 
will be seen that the shape of the curves has 
changed_ The straight curve in Fig. 3 is curved 
in Fig. 4 and vice versa. 

Accordingly, on the basis of the gradual increase 
of the pressure, it is possible to decide if there is 
a turbulent state of flow and thus to compensate 
for this state. However, it is also possible that the 
normal linear course of the P-Q curves is influenced 
by other factors. Some of these factors are discussed 
in the next section. 

T est influence 

In connection with the water-pressure test, several 
effects are produced by the increase of the hydrau-
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Fig. 4. The same measurements as in Fig. 3, with lami
nar (L) and turbulent ( T) flow conditions. In this case, 
the flow rate is related to the square root of the 
hydraulic pressure. The turbulent condition shows a 
linear correspondence, while rhe laminar flow gives a 
parabolic relationship. 
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lic pressure. These effects cannot be attributed to 
losses or turbulence but possibly to changes in the 
water-bearing medium. Figs. S-7 show same of 
the relationships between the hydraulic pressure 
and the quantity of water which may orginate 
from such changes. 

An outline will now be given of the effects 
which arise during the course of the test and of 
the effects which disturb the normal linear relation 
between the flow rate and the hydraulic pressure. 

Rock-heaving 

From the petroleum industry, it is known that the 
hydraulic conductivity of the fractures in a fractu
red aquifer is stress-dependent. As Cooke ( 197 3) 
and Holditch & Morse (1976) have shown, the 
hydraulic conductivity in a fracture can be reduced 
by a factor of 10 at high closure pressures. This 
reduction is eaused by the significant redunion of 
the hydraulic pressure wirhin the fracture due to 
pumping in the well. Analogously, the hydraulic 
conductivity may be increased during a water
pressure test, as the pressure in the fracture in
creases. The possibilities of establishing this effect 
are naturally especially favourable at very high 
testing pressures. 

In Fig. 5, the curves describe a drastic increase 
of the flow rate at a fairly moderate increase of 
the pressure. The measurements were made at 
depths of 10m and 20m respectively in a granitic 
type of rock, which has a well-developed, horizon
tal-joint set. The effect is probably due to a wide
ning of the fissures and consequently an increase 
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Fig. 5. An example of a measurement in which the 
hydraulic pressure has eaused a movement within the 
rock mass (rock-heaving). 
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Fig. 6. An example of a measurement in a rock mass 
containing easily eroded joint fillings. The flow rate 
increases very rapidly as the hydraulic pressure increases. 
.Jn the stepwise unloading, the flow rate is still ver� 
high. 

of the hydraulic conductivity. Depending on the 
hydraulic pressure, a movement of the rock appears. 
From a theoretical point of view, if no attention is 

paid to the development of shear stresses, a hydrau
lic pressure of 800 kPa ma y heave a rock mass about 
30 m. When the rock mass is subjected to this 

pressure, besides the vertical load, shear stresses 
will be produced, and the magnitude of these 
stresses will earrespond to the effect of the hydrau
lic pressure. Thus, on the assumption that the 
applied pressure overeames the weight of the rock 
mass and the shear stresses produced, a movement 
which relieves the water pressure will take place 
in the rock mass. These movements may be great 
if the rock mass has a well-developed, horizontal
joint system which admits of certain limited rnave
ments even within the rock mass without heaving 
the whole of the overburden. In this case, the 
whole applied rock load is not contributed and the 
resistant factor is lower than the true weight of 
the rock mass. Under these conditions, rock 
movements may appear at depths exceeding the 
theoretical maximum. 

During the release of the hydraulic pressure, 
the result of the rock-heaving may either remain 
or result in a re-tightening of the fissures. In the 
first case, the flow rate will have a higher value 
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Fig. 7. An example of a measurement in a rock mass 
containing easily eroded filling materials. By increasing 
the hydraulic pressure, the material is compressed, which 
eauses a decreased flow rate. The effect persists during 
the release of the hydraulic pressure. 

during the release than during the increase of the 
hydraulic pressure. If there is a re-tightening of 
the fissures, the flow rate at the release will, on the 
whole, follow the leading (either as a elastic de
formation of the rock mass or as a sudden tighte
ning which is the result of a breaking deforma
tion). 

Wash-out 

Fig. 6 describes a relation between the hydraulic 
pressure and the flow rate, where each load in
crement produces an increasing water flow which 
is not in proportion to the increase of the pressure. 
In contrast to the rock-heaving, where the increase 

of water flow was momentary, the increase here 
is continuous. This effect is obtained when the 
joint system in the rock mass includes easily eroded, 
infilling materials. To obtain this effect, besides the 
occurrence of the infilling material, there must be 
possibilities of redeposicing the eroded material. 
If there are no redeposicing possibilities, the result 

is samewhat different. An example of this is shown 
in Fig. 7, where the curve at the beginning shows 
a wash-out and an increasing flow rate and later 
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shows a stop-up and campaction of the material 
and thereby a decrease of the flow rate. This 
combined effect is obtained during the increase of 
the pressure, which first of all leads to an increase 
of the hydraulic conductivity. A further increase 
of the pressure, however, leads to a decrease of the 
hydraulic conductivity and the reduction will also 
remain during the release. 

Other effects 

Except rock-heaving and wash-out, other effects 
of the water-pressure test may arise, although 
these types of effects are less usual. Moreover, the 
connction between the cause and the effect is not 
clearly indicated. Generally, the effects tend to 
increase with increasing hydraulic pressure in the 
rock mass. 

Conclusions 

The effects earlier mentioned show that the possi
bilities of discurbances increase with increased 
measuring pressure, i.e. 

l. The condition for turbulence increases, 
2. The frietian loss increases, 
3. The conditions for rock-heaving increase, and 
4. The condition for wash-out increases. 

These conditions indicate that the hydraulic 
conductivity determined from the results of water
pressure tests tends to be larger than the true 
hydraulic conductivity of the rock. The difference 
depends on the amount of the hydraulic pressure 
used. Thus, the value of the hydraulic conductivity 
should be based on the results of the lowest 
pressure increment at the leading, in order to be 
as representative as possible of the true hydraulic 
conductivity of the bedrock. The other increments 
of the pressure are measures more of the deforma

tion and of the fissure characteristics than of the 
water-bearing properties. However, that is not to 
say that it is sufficient to use only the lowest 
increment at the leading; on the contrary, the 
results obtained during the gradual increase of 
the pressure are essential, among other things, for 
determining the state of flow. 

In the introduction, we discussed the difficulty 
of determining the hydrogeolo gical properties of 
the bedrock by accurate methods. The reason for 
this is, as we mentioned, that the crystalline base
ment is hardly of any importance for the water 
supply in Sweden, since the financial investment 
would be to !arge, campared with the quantity of 
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wa ter ob tained. Therefore, from this poin t of view, 
the wa ter-pressure test is no t only a method of 
importance in site exploration for en gineerin g and 
geolo gical purposes but also an impor tant method 

of increasin g our knowled ge of the hydro geolo gical 
proper ties of the bedrock. 
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