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List of Symbols

P Pressure at the pressure gauge (MPa)

P.;  Effective water pressure in the centre of the test
interval (MPa)

P, Minimum test pressure (MPa)
P..x Maximum test pressure (MPa)
L Length of the test window (m)
H Length between surface pressure gauge and bottom

of (upper) packer (m)
H, Height of pressure gauge above ground level (m)
H,  Depth of the water table in borehole below ground

FL  IsYeli®osses in pipe (MPa)

0 Water injection flow rate (£/min)

T Transmissivity (m?/s)

K Hydraulic conductivity (m/s), often referred to as
permeability coefficient

D Borehole diameter (m)

r Radius of the borehole (m)

R Radius of influence (m)

e Hydraulic aperture of fractures (mm)

E Mechanical (or physical) aperture of fractures
(mm)

S Mean fracture spacing (mm)
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LU  Lugeon unit or Lugeon value
JRC Joint roughness coefficient

1 Introduction

The most commonly used in situ test to estimate permeabil-
ity in rock engineering works is the Lugeon test, which is
also known as the “packer test” or the “water pressure test”.
It has been designed as a means of assessment of rock mass
permeability and the need for grouting at dam sites.

encefolthgeoR teit |dsb  suah drrdused later B darsadest
characterising the water absorption in the rock mass.

A Lugeon unit (LU) is defined as the loss of one litre of
water per minute per metre of the borehole test section, at
an excess injection pressure of 1 MPa in the centre of the
test interval.

The estimation of equivalent rock mass permeability
values (hydraulic conductivity K in m/s) was not proposed
in the original publication by Maurice Lugeon (Lugeon
1933). However, converting Lugeon values into equivalent
rock permeability has become common practice all over the
world. Conversion formulae or factors are applied to esti-
mate the permeability coefficient derived from the constant
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cal approach presuming stationary pressure and flow, and
assuming steady-state transmission of water from the bore-
hole to the surrounding medium (Hvorslev 1951; Zeigler
1976; Rissler 1977a). Mathematically and physically more
rigorous approaches have been developed for the petroleum
exploration industry and for the design of waste reposito-
ries (summarised, for example, in Gringarten 2008). It is
important to note that the permeability values derived from
Lugeon tests provide only approximate results. However,
in the field of rock engineering works, they are sufficient in
many cases.

The Lugeon test can also provide useful information
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and also on the non-linearity of flow. Despite its ambiguity
from the viewpoint of quantification of permeability, the
Lugeon test yields important information about the variation
of the hydraulic properties with depth, at suitable scales of
interest for the engineering work.

In addition to the preliminary definition of hydrostrati-
graphic units for further characterisation, the variation of
the hydraulic properties with depth applies to two classical
themes in rock engineering: (i) the evaluation of the perme-

out curtain, (i1) the estimation and evolution o
meability and water seepage along a tunnel route and the
need to pre-grout.

Different aspects of the original Lugeon test have been
modified over the years, resulting in the present form (e.g.,
Houlsby 1976, 1990; Pearson and Money 1977). However,
even if the fundamental concepts proposed by Lugeon more
than 80 years ago have remained the same, several techno-
logical advances have been introduced.

Two of the most important are the use of straddle packers
and the introduction of automatic data acquisition systems,
accompanied by peripheral devices. Such electronic systems
allow accurate recording of flow and effective pressures in

g?itllilgy é%roﬁle of dam f(iundations and the subsequent d%splggl

rea] time during the tests, reducing the work in the field
and1 %amﬁtatmg %he Sata treatment a%cf interpretation otﬁ test

results.

Also, depending on the accuracy required for the results,
borehole imagery (acoustic televiewer and/or optical imag-
ing) may be used to survey the geometrical characteristics
of the fractures appearing in the borehole walls, and to assist
in detailed statistical analysis of the parameters such as ori-
entation, spacing and apparent aperture. Borehole imagery
may also contribute to the planning and selection of the test
intervals, if this is to be on a selective basis, rather than
continuous.

The Lugeon test is a constant head water injection packer
test, applied to civil, mining and subterraneous work in
YT g o ey e R A st
in porous media (e.g., the falling-head tests and pumping-
out tests used for hydrogeological characterisation). The
objectives associated with Lugeon tests differ from those
of hydrogeological studies, where the permeability/hydrau-
lic conductivity of large horizontal aquifers is generally the
subject of the investigations.

One of the advantages of the Lugeon test is its simplicity.
However, despite its apparent simplicity, it is recommended
that the test execution and interpretation of results be per-
formed by a trained professional in rock mass testing. Many
variations of the test have emerged over the years, leading to
distinct procedures to perform the test, sometimes causing

ifficulties en.comparing the results derived from, dif-
?erent 51tes.vﬂlr1ﬁ1ng cgmpe{%nes unaer consu‘ftantﬁr s advice
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sometimes use a “modified Lugeon test” to broaden the scale
of the test around the boreholes and allow more sophisti-
cated hydrogeological analyses and interpretations of the
test results. Those tests, however, lose the initial simplicity
of the method.

The use of the Lugeon test is more appropriate for rela-
tively well-defined geological conditions, where fractured
zones can be identified. The area where the tests will be per-
formed is adjusted to the scale of the engineering work and
o gs AP B als YA oy the tmmedi-

This suggested method is intended to cover only the
standard concept of the Lugeon test. The only modifications
relate to the use of modern equipment to perform the tests.

2 History

The Lugeon test is related to the name of its inventor, Mau-
rice Lugeon, a French geologist who made his career in
Switzerland. Maurice Lugeon proposed his test aiming at the
development of a simple tool to characterise and compare
pervious zones of dam foundations in different sites. Origi-
o R e R R A A N S
using cement-based slurries during the execution of a grout
curtain in dam foundations. However, the comparison of the
results ran into numerous difficulties due to the use of slur-
ries of different mixtures and different viscosities. Lugeon
identified this problem and required that the use of cement
slurry in the boreholes for grouting be preceded by the injec-
tion of water in the same holes under comparable conditions,
giving the origin to the Lugeon test.

Maurice Lugeon presented his method in a book entitled
“Barrage et Géologie”, published in Lausanne in 1933, fully
dedicated to dam construction. Maurice Lugeon’s objective
was clearly to differentiate pervious from impervious zones
e R S o A, SN Ry Shaaea e e
zones of low and high water absorption in dam foundations
and could be used to predict the amount of cement needed
to execute a grout curtain. In addition, the test could also
be performed to analyse the grouting efficiency during the
distinct grouting phases. According to Lugeon (1933), for
dams lower than 30-m height, absorptions within the foun-
dation should not exceed 3 LU, while for dams higher than
30 m, absorptions within the foundation should not exceed a
maximum value of 1 LU. In his book, several cross-sections
of dam foundations are presented as well as the use of circles
of various sizes to represent water absorption profiles along
the boreholes, emphasising the importance of the geological

featpres.versus the water ab tion measured through the
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When Maurice Lugeon proposed his test, drilling pro-
cesses were less developed than today. Core barrels were
relatively short (1-2 m in general) and only single mechani-
cal packers of small size made of leather or rubber discs
were available (inflatable packers started to be used after the
Second World War). With such relatively simple equipment,
the only feasible way to perform the Lugeon test would
be while drilling was progressing, i.e., immediately after
retrieving the core on a short, non-uniform test section. The
Bl 19 S S e PR o S S pidan
pumps at the ground surface were used. Such equipment
caused difficulties in maintaining the required stabilisation
of the pressures often leading to inaccurate pressure readings
during the tests.

With the course of time, several advances were intro-
duced in the original equipment proposed by Lugeon, such
as inflatable packers of varied sizes and the use of double
(straddle) packer systems. In the latter, a test “window” is
provided between the two packers used to isolate the test
interval, such that the water can flow out from this zone only.
The most recent progress includes improved pump designs
that deliver steadier pressure and subsequent flow (e.g.,

SRR S it 25 (e of oavahele RIssidte

during the tests, in parallel with automatic data acquisition
systems, able to monitor results in real time, during the test.
These advances allowed technical improvements regarding
both the acquisition and interpretation of tests, as well as the
possibility of performing the tests using the bottom-upwards
technique saving time using double (straddle) packers.

3 Objectives

The objective of this suggested method is to provide guid-
ance to contractors, engineers, engineering geologists and

PRI poaly Mehase ol Rerforming and mugEPrstng
described here with some adaptations to allow the use of
modern and efficient equipment, so that tests can be per-
formed without fundamentally modifying the initial concept
proposed by Maurice Lugeon.

Existing standards on the Lugeon test (ASTM D4630-96
2008 and ISO 22282-3 2012) describe terms, definitions,
symbols and units used in the test, as well as the test prepara-
tion and procedures. The use of systematic rules to carry out
the Lugeon test and for interpretation of the results allows a
valuable assessment of site conditions and a direct compari-
son between different sites.

Lugeon tests should never be a substitute for distinct

fdroaelesisal enth o i VS AT ngh RSt elte O

hydrostratigraphic units. The relative change of permeability
values in LU provides an important tool in hydrostratigraphi-
cal characterisation of the lithological units with depth. If
accurate hydrogeological characterisation is required, hydro-
geological tests adapted to each specific situation should be
planned and carried out (e.g., aquifer pumping and recovery
tests, falling-head tests, slug tests and others). These can be
in addition to the use of Lugeon tests.

The main applications of the Lugeon test as described
TGN A G IR S
lent isotropic coefficient of permeability/hydraulic conduc-
tivity of the rock mass around any given testing borehole.

This will be used to quantify the variable hydraulic
behaviour of the rock mass with depth and location to pre-
dict the variable amount of grouting to be used in dam foun-
dations and abutments or in other sub-surface excavations
in rock. It can also be used to estimate the optimal grouting
materials and injection pressures to be used for pre-grouting
ahead of tunnels.

4 Description of the Test
4.1 Principle of theTest

The Lugeon test can be defined as a stepwise constant head
permeability test performed in an isolated test zone of a
borehole. A series of distinct stages of pressures and water
injection are used to perform the test at different depths in
isolated intervals of the borehole, aiming to characterise the
hydraulic properties of the various zones along the borehole
and to produce a depth-permeability profile based on the
test results.

The first step when performing the test is to record
the static groundwater level in the borehole. This level is

feguired o calegate e sifective (58 Péegéégé”s(frf;f micsse
around the packers during the test.

The test consists in measuring the amount of water
injected under magnitudes of pressure in an isolated inter-
val of the borehole over a certain period. Inflatable packers
are used to isolate the selected test intervals. When the test
is made using a single packer, the effective test pressure
in the test section (P.y) can be recorded using a pressure
transducer located in the centre of the test interval. When
a straddle packer is used, the effective pressure in the test
section is registered using a pressure transducer placed
between the straddle packers. Independent of the way the test

is performed, the effective pressure in the centre of the test
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The effective pressure measured in the centre of the test
interval depends on the groundwater level and on other fac-
tors such as the depth of the test interval, the height of the
injection pipe above the ground surface and the head losses
associated with flow of fluid through the injection pipes.

The practice of calculating the effective pressure from the
readings of gauges placed at the ground surface can lead to
much uncertainty in the results. This is mainly due to the
lack of accuracy in the estimation of the head losses occur-
O R e R e B e e FaCa
due to, for instance, lack of calibration or insufficient gauge
sensitivity.

Nowadays, the effective pressure is, in general, recorded
directly in the centre of the test interval using a pressure
transducer which provides highly accurate and rapid pres-
sure readings. The use of pressure transducers is highly rec-
ommended to maximise the accuracy of the test results.

When a pressure transducer is not used inside the test
interval, it is necessary to consider the static groundwater
level and the elevation of the surface pressure gauge to cal-
culate the effective pressure on the test section.

Classically, when the test window is located below the
Fosndwater whls s salsyiation o the elfective pressiy
for the difference of elevation between the gauge and the
groundwater level, decreased by the friction losses occurring
in the pipes (see also sketch in Table 3)

Pgy=P+H, +H,—FL. (1)
In Eqgs. 1 and 2, all units have to be converted into MPa.
In the specific situation where the test window is located
above the groundwater table (vadose zone), the calculation
of the effective pressure is done using a different formula
as follows:

P

€

f=P+H+L/2—-FL. 2)
For vertical boreholes, height (H,), depth (H,) and
lengths (H and L) are directly measured on the equipment
whereas vertical projections of these values must be used
for inclined boreholes.

Friction losses (or head losses) depend on the length,
diameter and type of pipe or hose, as well as the fittings
used in the test assemblage. In such cases, and even if infor-
mation can be obtained from pipe/tube/hose producers, the
friction losses shall be empirically measured at the site with
the same tubing used to perform the tests. Table 1 shows a
detailed list of equipment needed to perform a Lugeon test.

The use of a straddle packer system to perform the test
has increased in many countries in the last 30 years, being
nowadays almost a universal practice.

However, it may sometimes be difficult to run straddle

packers in unstable zones (fractured/faulted zones or in
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the case of joints having a low angle to the borehole axis).
Inclined boreholes can make the situation even worse. In
such cases, it may become necessary to perform a Lugeon
test in unstable zones immediately after drilling, then cement
the concerned zone to avoid stability issues, and resume
drilling.

One of the advantages of the system and method is that
multiple tests can be performed sequentially, without inter-
ruption after the borehole is drilled and using the same test
B A A 2 S R O O R s A S
tests, sequentially in multiple boreholes, ensuring a high
level of data quality, consistency and continuity in the
methodology.

4.2 Test Equipment

The list of equipment given in Table 1 is required to perform
the test. This list is suitable for testing with both single and
double (straddle) packer systems. While the procedure is
similar for the use of one or another type of equipment, the
number of devices is different as shown in Table 1.

Automatic data acquisition systems capable of measuring,
displaying and recording test data in real time have become
commercially available over the last decades. The use of an
electronic data acquisition system allows monitoring and
recording of the flow rate and pressure values over a speci-
fied time interval (for instance, each minute). The informa-
tion relative to the test performance can be displayed in real
time on a liquid—crystal display (LCD) or directly on the
screen of a portable computer.

Since this type of equipment can measure both pressure
and flow rate in real time, the results can be monitored as the
test proceeds. The analysis can be done in real time using the
plot of flow rate over the section length (Q/L) versus pres-
sure, which is automatically displayed on the screen during
the test. In this relation, Q is the total flow rate (Z/min) and
L (m) is the length of the test interval.

4.3 Single PackerTest Procedure

Single packer tests, typically, are performed during, not after
completion of drilling. A single packer test is performed
after each core run as the borehole is advanced progressively
deeper to minimise the length of the test interval. This pro-
cedure allows a better characterisation of fractures in fresh
rock and more accurate conductivity profile along the tested
borehole. On the other hand, it involves repeated insertion
and removal of drilling rods and packer testing apparatus.
Thus, time spent for manoeuvres becomes important in deep
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Table 1 Detailed list of equipment required to perform Lugeon tests

Location Type

Sp* DP*

Quantity Comments and recommendations

At surface Water tank

Filled with fresh water (min. 1 m> per test)
Manual valves (% in. and 1 in.) for flow regulation
Located before the flow regulation valve, measuring ranges: 0—12 #/min, 6150

Z/min, flowmeters

Valve 2 2
Water flowmeter 2 2
Injection pump 1 1

Higlh ressure hoses (min. 2.5 MPa)
Well head

Pressure-reduction valve
Nitrogen or compressed air
Enhanced

Data acquisition system 1 1

Downhole Inflatable packer 1 2
Slotted pipe or screen (interval access) 1 1
Test rods - -
Packer inflation line 1 2

Centrifugal pump (0-150 £/min)

Injection pipes, linking the ground surface equipment to the test zone
ounted at the top of

e test rods linking the injection lines to the test rods

Gas pressure regulation (nitrogen)
In bottles (approx. 20 1, 200 bar for 5 test intervals (DP))

Real-time data-recording system consisting of A/D converter PC and screen (or
laptop)

Spare packer sleeve recommended

Including interval-extension rods (not necessarily slotted)

Number and length to be adapted to the test depth

For individual packer control, two lines are needed when using double packer,

or single line with upper packer pass-through

Enhanced

Downbhole valve

Pressure transducers 2 3
Data cable

Optional

Pressure gauge - 1

Highly recommended for low permeability zones
For locations of pressure transducers, see Figs. 2 and 3

Used to detect any leak around the lower packer from the test interval down-

ward, if no real-time pressure transducer is located below the lower packer

(*) SP single packer; DP double packer

The basic equipment needed to perform the Lugeon test
using a single packer is shown schematically in Fig. 1. The
testis, in general, performed in boreholes with static water
level below the ground surface and above the test section
(in the saturated zone).

The test interval often varies from 1.5 to 3.0 m. Some-
Boetis2 O HRICTEAS Aeat s b Hohe LS naet:
The test interval is limited in the lower portion by the bot-
tom of the borehole and in the upper portion by the packer.
The packer is, in general, 1-1.5 m in length and should
never be less than 1 m long.

Shorter test intervals are preferred to longer intervals
to ensure accuracy in the representativeness of the Lugeon
value. The effects of the water-conducting rock fractures
in the test interval (in general fractions of a millimetre
scale) that provide narrow pathways for the water flow into
the rock mass become less evident if the length (L) of the
test interval considered in the formulae is too great. Nar-
row fractured zones are also a key issue, because of their

RO ALADHY R o0 iyl untess they are clay flled

During the test, water is injected under a series of pres-
sure steps and the resulting pressure is recorded when the
flow has reached a steady or quasi-steady state condition.
Before starting the test, it is necessary to calculate the
maximum pressure (P,,,) and to programme the pressures
to be applied in each stage during the test.

abave SR SSERLS (A NSt AR S e RIS
the packer, and one in the centre of the test chamber to
record the test pressure. In most projects, the host rock is
not a uniform porous medium, but a fractured rock mass.
The test section is crossed by fractures having distinct
geometrical characteristics leading to different hydraulic
conductivities and even different pressures. A transducer
located at the centre of the test section will accurately
measure an averaged pressure that will be the basis for
the DP increments of 0.3, 0.5, 0.7 and 1.0 MPa excess
pressure. Both pressure transducers are linked to the data
acquisition system at the surface.

The test procedure for the single packer test is given

below:
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Pressure
Purge gauge
Valve 0 Water tank
Valve Flowmeter —
=
air battle -
Ground surface Filter
W == & Acquisition box Centrifugal
Eem;r:itscg:l s E: or laptop Wwater pump
Water Table 1 Water Table _L
Pressure transducer
Inflatable packer -
Test interval |
_I - Pressure transducer

R

Fig. 1 Typical assemblage of equipment to perform a single packer Lugeon test using an automatic data acquisition system

(a) Cleaning of the borehole. Circulation of the drilling
water should be continued (in general, for 10-15 min)
until the water appears clear and free of debris.

The initial water level in the borehole is measured for
a period of at least 5 min.

Selection of the test interval (if continuous zones are
not to be measured) is often based on the observation
of cores or use of borehole imaging techniques. The
test interval is bounded by the bottom of the borehole
and the single packer on the upper portion as shown in
Fig. 1.

(b)
(©)

(d) Before assembling the equipment, it is necessary to
1ofing S MBF YA PISRIS S0 e AR TetRsse
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(e)

increments which will depend on the maximum pres-
sure.
The packer is introduced and set into the borehole; one
pressure transducer is located below the single packer
to measure the effective pressure in the test section,
and another pressure transducer is located immediately
above the single packer to monitor water head varia-
tions during the test and detect potential water leakage
around the packer.

If above the water table, water must be injected until
a constant rate of water loss is achieved indicating that
the surrounding of the test section is saturated.

208 RA§ i AnaPd Bans e ROH L Bl
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with the objective to isolate the test section. The use of
water to inflate packers is not recommended for practi-
cal reasons, and in particular, to the difficulty of allow-
ing packer deflation in deep boreholes with high water
column.

(g) It is recommended to inflate the packer following the
manufacturer technical specifications to avoid any leak-
age. The pressure depends on the diameter of the bore-
hole and frequently reaches 2 MPa. The packer inflation
R A R SR R
account for the selected test pressure(s).

(h) After the packer is inflated, the static water level in the
borehole is measured for a period of at least 5 min.

(i) Water isinjected through the pipe into the isolated sec-
tion of the borehole (Fig. 1). The trapped air in the line
is purged through a valve located at the highest point
of the injection line and a flowmeter is used to record
the amount of flow into the test section during the test
(Fig. 1).

(G) When applying the first stage of pressure, the efficiency
of the packer can be evaluated by monitoring the water
level in the borehole. Generally, the water level in the

(o POIRRRls Heesil g Racker AR HEN DY 18tk oL is
registered, where Q is the total flow rate (#/min) and L
(m) is the length of the test interval. The pressure and
the flow rate could be recorded in intervals of seconds
or minutes depending on the planned test programme
(five to ten stages) and the software used in the data
acquisition system.

(I) Each pressure stage is continued for 10 min after the
pressure is stabilised. Recording of total flow is recom-
mended to be taken at least every minute during the
10 min used for each pressure step. Use of automated
instrumentation simplifies the process and allows a
higher frequency of data recording.

ressure are used, fol-
crease.

(m) Five &%gleﬂlste s of | creasirég

OWE €S CpS () pressur
4.4 Straddle Packer Test Procedure

Figure 2 presents a typical assemblage of equipment for
performing the Lugeon test using a straddle packer. This
is a system composed of a machined metal or PVC pipe
connecting two (or more) packers and instrumented with
electronic devices. The pipe (or the hose) connecting the
packers extends to the ground surface.

A slotted section (window) is provided between the two
packers in the test section, for exit and entrance of water.
This centrally located window allows the water to flow

th{ou h t(he test interval tg the surrounding rock mas&;. A
ni rog%n or a1rS) source and an inflation system are useéd for

inflating the packers (see remark in single test procedure,
sect. f).

Three pressure transducers are installed in the system:
one above the test interval, one within, and another below
the lower packer to monitor the pressure changes during the
test. Leakages can be monitored by means of pressure read-
ings during the test. The transducer installed in the test sec-
tion (window) is used to register the pressure during the test.
Increases in pressure measured by the transducers above the

R T U S AL A TR et
matrix, when these are permeable enough to ‘short-circuit’
the flow around the packers.

Quinn et al. (2012) define three generic types of leakage
that may occur during a test between packers (see Fig. 3):

(1) Between the packers and the borehole wall (case A).
(1)) Through the existing fracture network in the sur-
roundings of the test window (case B).
(iii)) Around the packers if the rock mass is pervious
(case C).

Sources of leakage can be monitored in the straddle

RRPKETSYAEPURY (R Reshut AR iHgeEs located above the

When it is not possible to control the leakage, one solution
is to increase the length of the packers. Due to the flexibility
of the straddle packer system, this could be done through the
assemblage of packers using an extended length. Another
solution could be to move the equipment to a new position
in the borehole where the sealing could be improved. In this
case, a new test section should be programmed.

The test procedure using a straddle packer system is simi-
lar to the one using a single packer, except for the number of
packers and the instrumentation required:

(a) Cleaning of the borehole: the cleaning should continue

Hﬁtlilliﬁ%f’d%’@ffsr. of circulation appears clear and free of

(b) The initial water level in the borehole is measured for
a period of at least 5 min.

(c) The second step is to select the test section into the
borehole based on core observations and/or borehole
imaging.

(d) Before assembling the equipment, it is necessary to
define the maximum pressure to be used in the respec-
tive interval of testing and to programme the pressure
stages which will depend on the maximum pressure as
described in Sect. 4.5 and Table 2.

(e) The three pressure transducers are installed before the
system is set into the borehole: one in the centre of the

test windenn R ipgitispihe sliesteeasteWaringdha
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Prassure
Purge gauge
Valve
— o Water tank
¥ Valve Flowmeter ——
=
alr bottle - —f
Ground surface Fil et
|
Wtﬁmmted Acq:rIT:ln;h}x i::'let:lltgr::
casing prop pump
Water Table =1 Water Table =3
Prassure transducer
Inflatable packer
% L
Test Interval %
I *% Pressure transducer
' | | %
L
Inflatable packer
l e Pressure transducer
..-—~'! _...-_—

Fig. 2 Typical assemblage of equipment to perform the Lugeon test using the straddle packer and an automatic data acquisition system

®

(2)

variations and to detect potential leakage between the
packer and the borehole walls; and one below the lower
packer to monitor potential pressure changes and leak-
ages during the test. All the pressure transducers are
linked to the data acquisition system set on the surface.
The straddle packer is introduced into the borehole
(Fig. 2). The window is adjusted to the test section.
After the straddle packer is set and the packers are
inflated, the water level in the borehole is measured for
a period of at least 5 min.

@ Springer

(h) The testis started using consecutive increasing and

®

@

decreasing pressure steps according to the pre-deter-
mined pressure programme.

When applying the first stage of pressure, the efficiency
of the packer seal should be evaluated by observing the
water level in the borehole. Generally, the water level
rises when the packer is not tightly sealed.

For each pressure stage, the flow rate per length, Q/L
is registered. The pressure and the flow rate per length
(Q/L) should be recorded in intervals of seconds or
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.;uliﬂl-ﬂ

ey

Fig. 3 Straddle packer showing three types of potential leakage
within the borehole which can be monitored by pressure transducers
located above the upper packer and below the lower packer. A: small
dashed lines around packers; B: continuous arrows along fractures
and C: large dashed lines around packers (after Quinn et al. 2012)

minutes, depending on the test programme (5 or 10
stages) and the software used in the data acquisition

(k) @ﬁ%tﬁr%ressure step is continued for 10 min after pres-
sure stabilisation. Recording of data is made automati-
cally using the same time interval for each step.

(1) Five to ten steps of increasing pressure are used, fol-
lowed by the steps of pressure decrease.

4.5 Pressure Stages

The pressure stages applied in the Lugeon test depend on tech-
nical, practical and empirical factors, including the density of
the rock mass, the depth of the test interval and the regional
practice as well. The estimation of the maximum effective
pressure is one of the first steps required when performing

Hsid-HRS Lo A FRIBS RUUPIRSRLS ARETIP R 29 s

calculate the pressures to be used in the test (Table 2). In gen-
eral, these pressures are recorded in MPa.

The maximum effective pressure can be based on several
parameters: the average unit weight for the rock mass (around
2700 kg/m? or less in case of sedimentary rocks), the depth of
the test interval, the water level above the test interval and the
pressure losses in the drill rods. The use of electronic devices
and pressure transducers recommended allowing the effective
pressures to be automatically measured and recorded when the
equipment is assembled. The pressure stages in the incregs-
ngg ind cPecreasmg cycles are Brogrammedgaepen ing on the
maximum effective pressure.

In many countries, the common practice is to use nine effec-
tive pressure stages (ten pressure stages, including the initial
stabilisation phase of zero pressure) with four increasing steps,
one maximum pressure step and four decreasing steps. How-
ever, depending on the accuracy and the objective of the test,
a higher number of increasing and decreasing pressure stages
can be used. The use of five effective pressure stages (six
stages including the initial stabilisation phase of zero pressure)
is considered as a minimum and a three-step procedure shall be
avoided. Some suggestions and examples for the effective pres-
sure to be applied in Lugeon tests are shown in Table 2, based

ggcgb(% ;ﬁﬁgeﬁﬁl n%%?% € e%gl'e pressure stages is the minimum

In dam engineering, the criterion to define the maximum
test pressure (P,,,,) in the testis generally based on the depth
of the test interval (0.023 MPa to 0.025 MPa per metre of
depth) or 3% of the overburden pressure, with use of the den-
sity of the overburden (Oliveira et al. 1975; Banks 1972).
These two ways are valid (results are rather similar when
using a density of 2.7) whereas the first one is generally
used for boreholes and dam engineering practice at shal-
low depth (less than 200 m), and the second one in tunnels,
caverns and at much greater depth in underground research

laboratories (URL).
In such cases, the maximum pressure should be calculated

sonsiigrnsdhe punimum ARG Rl Ioak Sess A s R R
not the pressure to be applied at the ground surface, but the
effective pressure recorded by the pressure transducer at the
test interval, which should not exceed 1.0 MPa greater than
the static hydraulic head of water. Nowadays and especially
in dam engineering, due to the increasing height of dams and
the subsequent deepening of the investigations, the influence
of stresses at the site should also be considered.

5 Calculations
A single Lugeon value (Lugeon unit or LU, expressed in £/

DI BALIMER ORI ths SRz gl diglevated for
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Table 2 Suggestions for pressure stages based on general practice

Pressure stages

Comments (pressures are in MPa)

Number Phase Stages
10 Increasing phase P, P, =0 (initial conditions)*
Initial conditions for checking the pressure of the water column and stabilisation after packer
P —p inflation (zero flow)
177 min P, =minimum effective pressure
Py P, .x =maximum effective pressure
P (generally P_;,=0.10-04 P_,.)
Py The maximum pressure Pmax shall be
P.. Ps=P,. adapted to the site and work conditions, limited to 1.0 MPa of excess pressure
Decreasing phase P, Example 1 (ten stages)
P, Increasing phase: O (static level)/0.2/0.4/0.6/0.8 MPa of excess pressure
P P_..=1MPa (excess pressure)
8 Decreasing phase: 0.8/0.6/0.4/0.2 MPa of excess pressure
P, Example 2 (ten stages)
6 Increasing phase P, Increasing phase: O (static level)/0.2/0.4/0.6/0.8 MPa of excess pressure
Initial conditions P =1MPa (excess pressure)
p.=p Decreasing phase: 0.7/0.5/0.3/0.1 MPa of excess pressure
1= min
Py
Poox P =P Example 3 (six stages)
Decreasing phase P, Increasing phase: O (static level)/0.4/0.7 of excess pressure
P, P_..=1MPa (excess pressure)

Decreasing phase: 0.7/0.4 MPa of excess pressure

(*) The initial zero pressure corresponds to the existing hydrostatic pressure at the centre of the test interval. The test pressures (the effective
pressures) are pressures in excess to the hydrostatic pressure, which are limited to 1 MPa of excess pressure

LU=2,
L

inZ/min/m, at 1 MPa effective pressure. 3)

The analysis of the test results is made considering the
relationship between the flow rate per length in the test sec-
tion (Q/L) and the corresponding effective pressure (P.g).
Both parameters are automatically recorded by the electronic
data acquisition system.

The Lugeon unit, in litre per minute and per metre, is
considered at 1 MPa for comparison purpose, but in practice,
e T SR (e A L A

The practice to express the result in Lugeon units is to
correct the result to the equivalent at 1 MPa using a correc-
tion factor as expressed in the following equation:
if Py # 1 MPa, LU = Q X 1MPa in Z /min/m. 4)

L P

Therefore, the water absorption is expressed in Lugeon
units, corrected to 1 MPa, although it has been tested under
other pressures.

It has to be noted that the correction factor (1 MPa/P )
considers a linear relationship between the flow rate (Q)
and the pressure (P) which may be a valid assumption at

quite low-pressure ranges, but may be invalid at higher

@ Springer

pressures (due to variation in the aperture of the fractures
induced by hydrojacking, resulting in changes in the flow
regime). To validate this assumption or have a better eval-
uation of the flow behaviour during the test, the test results
(Table 4) should be graphed as shown in Table 5.

6 Reporting of Results

Reaifshardd s Porssaetior cachhorhals Using ahiss
of equipment, test results in terms of Lugeon and perme-
ability/hydraulic conductivity, histograms and diagrams
as shown in Tables 3, 4 and 5. Photographs of the test
apparatus and instrumentation are useful to document con-
ditions and for reference if questions arise during analysis
of test results.

The following three tables present examples of Lugeon
tests performed using a single packer and a pressure gauge
located at the ground surface. Thus, the data sheets refer
to the most complicated case and several parameters must
be measured to calculate the effective pressure. Simplified
data sheets can be adopted when the effective pressure is

ilﬁl%?lren?éls(t‘ai}vl% g(l)(%slg}lred using digital pressure gauges set
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Table 3 Identification of the test

PROJECT NAME Borehole
LOGO No
Constant Pressure Step Injection Test
(Lugeon Test)
TEST CONDUCTED BY: DATE: TEST No:
TECHNICAL DATA & CHARACTERISTICS
Test Interval From: m/drilled Length of test interval: m
To: m/drilled Borehole inclination: ° / Vertical
Ref. Point Elevation: m/ground level Borehole diameter: mm
Initial Hydrostatic Level: m/Ref. Point Ground Surface Elevation: m / Sea Level
Final Hydrostatic Level: m/Ref. Point Injection Pipe
Pressure Gauge Level: m/Ref. Point Diameter: mm
Packer Type: Length: m
Packer Length: m Pump Type:
Packer Pressure: MPa
EQUIPMENT LAYOUT
2 @ 3 1: Pump
W : 2: Flowmeter
1 [ H 3: Surface pressure gauge
- 4: Ground surface
iC ot 5: Drillhole
ks H 6: Water injection pipe
v = 7: Inflatable packer
8: Groundwater level
L,_,.z [ Q: Water flowrate (€/min)
i L L: Length of test intervals (m)
D: Diameter of test intervals (m)

Pes: Effective pressure Peg=P +H1+H2-FL

(all units in MPa)
P: Pressure at gauge (MPa)

H: Lengthbetween surface pressure gauge and bottom

of (upper) packer (m)

H,: Height of pressure gauge above ground level (m)
H,: Depth of groundwater levelin borehole (m)

FL: Friction losses (in MPa)

Lu=qQ/L

at P.s=1 MPa
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Table 4 Data sheet showing the field test results

DATA SHEET (Example for 5 pressure stages)
Initial Step (P, = 0): Initial conditions-static Step 2 (increasing Pressure)
level

Maximum Target Test starts | Pressure | Flowmeter | Water
Pressure of Test (Pmax): MPa at at gauge readings Intake
hour: min (MPa) () (£/min)

Test Interval from: m 0:00

Test Interval to: m 1 min

Packer Pressure: 2 min

Initial Hydrostatic Level: m 3 min

Hydrostatic level after 10 min: 4 min

5 min

6 min

7 min

8 min

Hydrostatic level at the end m 9 min

of test: 10 min

Step 1 (increasing Pressure) Step 3 (Pmax)

Test Pressure | Flowmeter Water Test starts | Pressure | Flowmeter | Water
startsat: | atgauge | readings Intake at at gauge readings Intake
hour: min (MPa) ) (&/min) hour: min (MPa) () (£/min)

0:00 0:00

1 min 1 min

2 min 2 min

3 min 3 min

4 min 4 min

5 min 5 min

6 min 6 min

7 min 7 min

8 min 8 min

9 min 9 min

10 min 10 min
Step 4 (decreasing Pressure) Step 5 (decreasing Pressure)

Test Pressure | Flowmeter Water Test starts | Pressure | Flowmeter | Water
starts at | atgauge | readings Intake at at gauge readings Intake
hour: min (MPa) (4] (#/min) hour: min (MPa) (£) (&/min)

0:00 0:00 0:00

1 min 1 min 1 min

min min min

4 min 4 min 4 min

5 min 5 min 5 min

6 min 6 min 6 min

7 min 7 min 7 min

8 min 8 min 8 min

9 min 9 min 9 min

10 min 10 min 10 min
OBSERVATIONS & COMMENTS DURING THE TESTS:

@ Springer
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Table 5 Interpretation of test results

LUGEON - Graphical Analysis
P H, H, FL Pet Q LU
(MPa) (MPa) (MPa) (MPa) (MPa) (&min) (¥min/m)
LUGEON TEST - Graphical Analysis
8
7
6
5
C
£,
S 3
2
1
0
0 0.2 0.4 0.6 0.8 1.2
MPa

7 Interpretation of Lugeon Test Results

7.1 Characteristics of the Relationship Between
Flow Rate Per Length Versus Pressure

Interpretation of Lugeon test results is made through the
analysis of the relationship between the flow rate (Q) and
pressure (P) corresponding to each stage of the test and
considering the flow regime, according to the diagrams
presented in Table 6. Such diagrams are generic. However,

th, b h th f the testi
bR LA A S
analysis of the grouting efficiency).

Table 6 shows some typical diagrams derived from the

test results:

is (e.g.,
rou(tlngg,

(a) Laminar flow: this flow is assumed to occur when the
relationship between the specific flow versus pressure
“Q/P” is approaching a straight line. In this case, the
representative Lugeon value and the associated perme-
ability coefficient, K (see “Appendix”) can be estimated
using the average of the five values.

Turbulent or transitory flow: occurs when the graph of
specific flow versus pressure is non-linear. If the rock

(b)

is soulnd in the test, section, thif1 c%uld be the result of
ead losses occurring during the flow processes. The

(c)

(d)

representative Lugeon value for the maximum pres-
sure (P,,,,) could be of smaller magnitude than those
derived from the intermediate pressures and represents
the value for the turbulent flow regime. This value of
Lugeon is recommended for grouting absorption evalu-
ation. To estimate the permeability coefficient, the use
of the geometric average of the lower range of pres-
sures (minimum or intermediate pressures) is the most
appropriate.

Deformation (dilation ). when the Lugeon values cal-

G AT R G NG4S RIS SIS SA8SS A smellcy
the two minimum values corresponding to the first and
the last pressures are approximately equal, temporary
deformation of the rock mass maybe taking place. If
ideal elastic behaviour occurs, the Lugeon values of
increasing and decreasing pressure stages are equal.
To evaluate grouting absorption, the representative
Lugeon value obtained at the maximum pressure stage
is recommended. The permeability coefficient, K, can
be estimated from the lowest pressure stage or, in case
of the linearity of flow versus pressure, from the geo-
metric average of increasing pressure stages.

Wash-out of joint-filling materials or permanent defor-

mation. 4 inc the. Lu%e

¢ : 0gressiv rease in n value
without & FOATO Valdes 1eestded priot i3

€ usc O
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maximum pressure suggests a permanent wash-out of
the joint-filling material or a permanent deformation
of the rock, caused by excessive pressures during the
test. For grouting estimations, the highest Lugeon value
derived from the last injection/pressure stage can be
used. To estimate the permeability coefficient K, the
first pressure stage is recommended.

(e) Void or joint filling: a progressive decrease in the
Lugeon value could suggest that some materials filling

SR I T RS ARy
the zone of the test, or that the joints distant from the
test interval are of limited extent. The highest Lugeon
value is recommended for grouting absorption estima-
tion. For permeability estimations, the first pressure
stage would provide the most appropriate and repre-
sentative values.

As arule of thumb, estimations for the permeability coef-
ficient should use the results obtained from the lowest pres-
sure stages. For grouting predictions, the results from the
highest stages of pressure are the most appropriate.

Some of the most commonly used techniques to esti-

A GG AV 8L FQERBIS Myl Condup WSO
“Appendix”.

7.2 Factors Influencing the Execution of the Test
and Interpretation of the Results

Planning of the Lugeon test should be based on geological
surveys at the scale of the engineering work. The test inter-
vals should be designed taking into consideration the infor-
mation surveyed from the borehole logging or imagery, so
that the interpretation of the test results can be made accord-
ing to the characteristics of the joints appearing in each test

mte[rl‘{glfange of pressures to be applied should be planned
according to the engineering structure to be built. Hydro-
electric projects and tunnels are the most common type of
engineering structures where the Lugeon test is performed.
In these types of works, the depths of investigations are in
general smaller than 100-200 m.

The selection of the maximum effective pressure may
need to be directly related to the rock mass unit weight and
to the depth of the structure.

If high accuracy is needed in the test results, smaller test
intervals are recommended when trying to isolate a trans-
missive geological feature/joint in the test section to esti-
mate the hydraulic conductivity of the isolated feature. This

aOWS By e4Sy S8R S RS PSR SReTIc g

Geometrical parameters of the joints, such as orienta-
tion, spacing, aperture, roughness of the joint walls and
length, have great influence on the test results. Nowadays,
with the sophisticated imaging instrumentation able to sur-
vey the parameters of the joints inside boreholes, some of
these parameters, such as orientation and spacing, can be
statistically estimated with acceptable precision by means
of dedicated software.

Aperture and roughness are the main governing param-
A R e P S O R
pret the graphs shown in Table 5. Many authors have dem-
onstrated the influence of aperture and roughness based on
laboratory experiments (Lomize 1951; Louis 1967; Rissler
1977b; Barton and Quadros 1997; Esaki et al. 1999). The
first two authors listed above have used artificial non-mat-
ing fractures in glass and concrete. Parameters of influence
in flow in rock joints and rock masses are also thoroughly
described in Wittke (2014).

Interpretation of Lugeon test results using an isotropic
permeability coefficient K, based on Darcy’s law can be
challenging, because the calculations are based on the length
of the test interval which in general varies from 1.5 to 3 m,
T ARt 8 S M P YT TG ST s
accurate results. When the rock matrix is almost imper vious
(e.g., granite, gneiss), it can lead to unrealistic permeability
results unless the joints can be properly isolated in the test
section (Sect. 4.4). Also, the calculation of the permeability
coefficient is based on many simplified assumptions; one
being that the flow obeys the Darcy’s law, which presup-
poses a linearity between flow and pressure, which may not
hold true.

Non-linearity has been proved by many researchers and
the linearity assumed in the Darcy law is only valid in the
lowest range of pressures (Sharp and Maini 1972; Maini
et al. 1972; Zeigler 1976; Cruz and Quadros 1983; Raven

andrﬁea II%elt%%%l; %15';%%%8 %I}}dSQg\;cv ](?ég%) could be used to
estimate the isotropic coefficient of permeability considering
the statistics of the conductive and non-conductive joints in
the test section. However, this method has been more applied
in research projects than in the current practice of dam engi-
neering. Much research in this area has been conducted in
the underground research laboratories due to the need for
high accuracy in the execution and interpretation of the test
results.

Evaluation of groutability is one of the reasons to perform
Lugeon tests. Therefore, it is worth noting that permeability
and groutability are not always related. Groutability depends
on the number and aperture of the rock joints and to a lesser

R SO A W LRt R R e e
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the grout in most cases, except in zones of very high perme-
ability. Head losses are high when the cement grout travels
into the rock joints, contributing also to reduce the extension
of the grouting, which is one of the reasons for using high
pressures when pre-grouting is applied ahead of tunnels.
Barton et al. (1985) and Barton (2004, 2006) proposed a
useful diagram based on Lugeon test results, using a modi-
fication of the Snow (1968) proposal. The purpose was
to predict the necessary fineness of the grout (industrial

S R R R R S N SRR R
hydraulic apertures converted to physical apertures using
the joint roughness coefficient (JRC), is rather easy to apply
in the field. The approximations used in this case assume
that the physical apertures are larger than the conducting
apertures due to roughness of fractures and rock contacts.

One of the main limitations of the Lugeon test is linked
to the fact that the test results are valid only for a limited
volume of the rock mass around the borehole. According
to Bliss and Rushton (1984), the effect of a test performed
in an interval of 3-m length is restricted to an approximate
radius of 10 m around the borehole, which suggests that the
permeability estimated from the Lugeon test is valid for a
ﬁ%i%lg(ﬁ{l gfg rlg)/celfl lg oi\t/%‘.i by the length of the test interval and

Based on laboratory experiments reported by Quadros
and Cruz (1995), the analysis of the effective hydraulic head
versus the distance from the borehole walls also showed that
the water pressures are quickly dissipated at small distances
from the borehole walls. The experience has shown that this
distance depends on the amount of flow, the flow regime and
the Reynolds number (Rissler 1977a, b; Quadros and Cruz
1995). Only about 50% of the injection pressure may remain
at 1.0 m of radius.

Guerra et al. (1968), Arhippainen (1970), Lancaster-Jones
(1975) and Cruz et al. (1982) have discussed the existence
of turbulent or transitory flow when performing the constant
hisad vesty apdthg diffgrenges Hy e Ratonshin eEse
These authors also agree that the geometrical parameters of
the joints have an important influence on the flow during
the tests.

Due to the relatively small volume of the rock mass
reached by Lugeon tests, extrapolations of results when
desirable must be carefully made and based on a sound
knowledge of the structural geology. Analytical solutions
that rely on the assumption that a large portion of the rock
mass is involved in the test should not be used. Therefore,
the recommended practice is for an accurate planning of the
borehole locations and selection of the intervals of testing,
such that the results are representative of the geology at the

site1 an (flf the hxdraulic beflélviour ﬁf the rock mass at the
scale of the engineering work as well.

@ Springer

8 Notes and Recommendations

The following notes and recommendations are essen-
tially practical and mostly deal with field activities and
procedures:

1. It is highly recommended to perform Lugeon tests
using automated data logging and recording equip-
ment which eases the site activities, reduces the work-
ing time and provides more accurate results. If such
equipment is not available, the effective pressure shall
be calculated using the geometry of the assemblage,
the depth of the ground water level and the head losses
measured empirically at site with the same tubing used
to conduct the water to the test intervals (diameter and
length).

2. The use of straddle packers is recommended since it
is an efficient way to save time and perform numerous
tests sequentially after the borehole is totally drilled.
Straddle packers shall be used in conjunction with
pressure transducers to detect water leakages (even
below the lower packer).

3. When weak zones or highly fractured rocks are
encountered during the drilling, which can produce
collapse of the hole, performing the Lugeon test as
soon as possible is recommended, if required cement
the concerned zone for stability, and resume the drill-
ing after the test.

4. Most of the Lugeon tests are performed in vertical
holes. In case of inclined boreholes, e.g., 30° verti-
cal, the use of straddle packers after complete drilling
of the borehole shall be restricted to good geological
conditions to ensure a total stability of the hole and to
prevent loss of testing equipment.

5. Packer(s) shall be properly set to avoid fractured zones
and prevent water leakage. If it is not possible to have
both packers sealed in unfractured rock when a straddle
B et o et o e Va0 ek
are sealed in compact rock sections.

6. Prior to performing a Lugeon test, the number of frac-
tures appearing in the test interval needs to be checked
based on the use of borehole imagery (acoustic and/or
optical televiewers) or the observation of cores. This
can help one choose the proper test intervals and pro-
vides more accurate analysis during the interpretation
of the test results. Considering that the test sections
are much larger than the apertures of the individual
fractures, the hydraulic conductivities will be under-
estimated. Therefore, the shorter the length of the test
interval, the greater accuracy will be obtained when

performing a Lugeon test.
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7.

10.

11.

12.

The pressure stages applied in the Lugeon test depend
on technical, practical and empirical factors. The maxi-
mum effective test pressure should be calculated after
the assemblage of the equipment, before performing
the Lugeon test. The maximum effective pressure can
be defined considering an average specific weight of
about 2700 kg/m? for the rock mass, or less depending
on the local geological conditions.

Selection of the gauge pressure (and hence that of
%ﬁst sgction

3 SRV ST Nedd SRk SEBEO%0
the overburden stress/pressure (plus friction losses).
Determination of the effective hydraulic head on the
test section may depend on several factors including
measured overnight water levels during drilling, depth
of casing and records from nearby piezometers, and
may not be reflected as a simple measure of the water
column in the drill string.

A proper evaluation of Lugeon test results requires the
values to be correlated with the geological structure.
The test interval should be designed based on the infor-
mation from the borehole log or borehole imagery,
so that results can be related to the characteristics of

fhe joints appeating in (N LSt Aepvaha e sk an
according to the engineering structure to be built, such
as a dam or a tunnel.

Interpretation of Lugeon test results through the esti-
mation of an isotropic permeability coefficient K,
based on Darcy’s law, considers the linearity of flow
versus pressure and a laminar flow regimen, which
could be observed only in the lower stages of pres-
sures. This coefficient should also be representative of
the flow through rock joints having, in general, sub-
millimetric apertures and not of the flow through the
whole test interval having, in general, some 1.5-3 m
length.
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sidering the spacing and conductive aperture statistics
in the test section. A graph considering the relation-
ship between spacing (S) and the hydraulic aperture
(e) based on the cubic network model from Snow is
proposed by Barton (2006), which is useful for taking
to the field due to the correlations proposed by the
author (Fig. 4, in “Appendix”).

Roeper et al. (1992) discussed the applicability of the
Lugeon test to hydrogeological investigations. They
also recommended that the representative Lugeon
values are those estimated at low pressures, since the
groundwater flow occurs under natural hydraulic gradi-

ent.

Acknowledgements The authors wish to thank all reviewers for their
constructive comments on the manuscript versions with special thanks
to Resat Ulusay (Hacettepe University) and Christophe Vibert (Stucky,
Switzerland). They also extend their gratitude to Nick Barton (Barton
& Associates) for his support and valuable contribution regarding the
3D flow in rock masses.

Compliance with Ethical Standards

Conflict of interest The authors wish to confirm that there are no
known conflicts of interest associated with this publication and there

has been no financial support for this work that could have influenced
its outcome.

Appendix

Estimation of the equivalent isotropic coefficient of per-
meability (hydraulic conductivity K) and estimation of the
transmissivity (7).

General Considerations

Available equations and techniques to estimate the per-
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and consideration of a laminar flow regimen. The use of the
diagrams shown in Table 6 allows evaluation of the flow
regime from the test results. The recommended practice is
the use of the lowest stage of pressures when the objective
is the evaluation of the rock mass permeability. The higher
stages of pressure are used when the objective is to estimate
grouting absorption. Diagrams obtained from the test are
used to select the best linear relationships and the average
values are to be used in the formulae.

Due to the specific difficulties related to the application
of the flow laws valid for rock fractures (Louis 1967; Rissler
1978; Quadros 1982), the equivalent isotropic hydraulic con-
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of the discontinuities in the test section are known, some of
the main features contributing to the flow might be deduced.

Estimation of the Equivalent Isotropic Permeability
or Hydraulic Conductivity Coefficient (K)

and Estimation of the Transmissivity (T) Based

on the Lugeon Test Results

(a) Method proposed by Franciss (1970)

The method proposed by Franciss is based on Babouchkine

(1965) for the analysis of flow in wells where the test
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Fig. 4 Representation of a jointed rock mass as a cubic network of conducting joints following Snow ( 1968) and Barton et al. (1985) and graph
for the estimation of the Lugeon value from hydraulic aperture (e) and spacing of fractures (S) from Barton (2004)

section is at a certain distance from the water table (which
is the general practice). According to the author, the equiv-
alent hydraulic conductivity coefficient can be estimated
using the following equation valid for laminar flow (refer
Table 6):

K= 0 In 0.66L .
2xHL D/2

®)
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(b) Use of Thiem’s equation to estimate the transmissivity
T (Thiem 1906)

The transmissivity 7 can be related to the permeability/
hydraulic conductivity (K) in the test interval through the
expression K = % and the use of a radial flow model, where
L is assumed to have the following two meanings:
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(1) L is equal to the length of the test section. In this
case, a general porous media approach is used to
interpret the test results. This hypothesis considers
that the rock matrix is pervious.

(ii)) L=e, where e is the equivalent aperture of the joint
(or joints) appearing in the test interval. In this case,
a radial flow model is used to evaluate the transmis-
sivity around the test section and the rock matrix is
assumed to be impervious.

According to Thiem (1906),

~Om [R]

T = (6)
2zP

In Thiem’s equation (Eq. 6), the radius of influence R is
affected by many factors, and among them:

e The hydraulic conductivity of the test section which is
deeply dependent on the hydraulic conductivities of the
rock joints;

e the interconnectivity of the joints;

e the hydraulic boundaries;

e the pressures applied during the test.

As this parameter occurs within a natural logarithmic
function, one can use an approximation. For example, for a
borehole in HQ diameter (95.3 mm, r=0.0477 m) consid-
ering R values of 1, 5, 10 and 100 m, the value of Ln (R/r)
would be, respectively, 3.04 m, 4.61 m, 5.3 m and 7.65 m.
Hence, the value of R attributed to Eq. 5 will have only a
small effect on the estimated value for the transmissivity, 7,
using Eq. 6 and the Lugeon test results.

(c) Practical rule proposed by Nonveiller (1989)

A simple relationship between 1 LU and K is proposed by

{\sk% g%}}ﬁ{l gl(%ﬁt%)é %rrghtg é interval of 5-m length, where r

K =1.5x 107 LU (in cm/s), when r = 4.6cm,
K =1.3x 107 LU (in cm/s), when r= 7.6cm.

As this relation considers only the length of the test inter-
val, its use should be restricted for rough estimates.

(d) Representation of a jointed rock mass as a cubic net-
work of conducting joints, following Snow (1968) and
Barton et al. (1985) (Fig. 4).

Note that the e versus S curves for specific Lugeon values are

derived from the given equation which assumes that flow is

possible through two of the three sets, or through lesser frac-
tions of all three assumed sets as the gradient rotates around
the cube. The next step is to convert e to E (mechanical/
physical aperture) using the joint roughness coefficient JRC,
then test that E>4 dys of the cement particles and choose
grout type and injection pressure accordingly.

The hydraulic aperture can be estimated using the fol-
lowing formula:

e L 6 S 108173

ﬁn(thﬁ(eqﬁ(atioﬁ(, the hgrdraulic aperture (e) and the méddn
fracture spacing (S) are in mm. Each of the above apply to
a given structural domain, to the whole borehole, or to a
specific rock type (Barton 2004).
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