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PREFACE

The research work described in this Licentiate Thesis was

sponsored by the Stripa Phase III pioyxaiine on Site Charac-

terization and Validation (SCV). Financial support was also

provided by the Luleå University of Technology. The work was

carried out by Eva Hakami, Division of Rock Mechanics, Luleå

university of Technology. The work was ocmriiissioned by the

Norwegian Geotechanical Institute, through NGI's role as one

of the Principal Investigators in the Stripa SCV Project.

Nick Barton acted as a research advisor.

The figure on the following page illustrates the different

scales of rock mechanics investigation that are being fol-

lowed in the SCV programme. Joints are characterized at three

different scales in accordance with the availability of sam-

ples at different stages in the programme.

Index tests are performed on a large number of joint samples

recovered from cores of ICO am diameter. Larger scale coupled

stress flow terv (CSFT) are performed on a limited number of

joint sample? ; covered :5rom 200 mm diameter cores. NGI, Uni-

versity of 1> ;* indland and Luleå University of Technology

have perfon t- * ests at this intermediate scale. Tests of the

same type (.-" ̂ T) are also being performed on a single joint

of approxixwa ?iy 1.4 m in length, in a 1 x 1 m in-situ block

test in thv «T> drift. The ultimate goal is to be able to

predict ch / jes of joint aperture and joint conductivity in

the disturb: d zone created by a validation drift.

In this res irch study, Eva Hakami utilized joint samples

from Stripa that were recovered in 200 mm cores. The joints

were kindly provided by Chemf low from the 2D drift, and re-

present the N-S trending joint set that has been identified

in the SCV programme. The replica technique requires that the

joints are opened before replicas are cast. The samples are
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•therefore representative of disturbed joints. Additional

joint sanples from other localities are included in the study

for comparison with the relatively smooth and nearly planar

Stripa joints.

N. Barton

Oslo, May 1989
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Joint characterization stages for the Stripa SCV programme.
Sample size effects influence the data collected under each
stage of joint characterization.
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SUWÄKY

A prerequisite for successful modelling of groundwater flow

in crystalline rocks is good estimates of the single joint

conductivity. The hydrcmechanical properties of a single rock

joint are governed by the geometry of the void space between

the two joint surfaces. Closure of the joint due to oompres-

sion will change this geometry and consequently change the

permeability. The aperture distribution of rock joints has

been studied by several different techniques including those

of Gentler (1986), Gale (1987) and Pyrak-Nolte et al. (1987).

The variable aperture and the contact areas causes tortuosity

of the flow. It is therefore difficult to calculate the per-

meability and velocities of the flow inside the joint. To

study the coupling between void geometry and flow properties

a technique to make transparent models of rock joints was

developed.

Both sides of the rock joint is replicated using rubber casts

from the surfaces and a strong clear epoxy. The replicas were

subjected to cyclic normal loading before they were used in

the experiments.

A method to measure the true aperture, E, inside the joint

replicas was developed. Water drops, with a known volume, are

placed at different points between the joint surfaces as they

match together. The drops will cover certain areas of the

surface depending on the actual apertures at each point. A

record of the spots is taken by photographs. The joint repli-

ca is held compressed in a transparent fixture during the

aperture measurements and the flow experiments.

The sides of the joint replicas were sealed off and a con-

stant water pressure applied at the Inflow. The total flow

was measured for different pressures. The tortuosity of the

water flow could be studied using colour injections, Diffe-
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rent streamlines were made visible by separate injections.

The velocity of the injected colour was also measured, there-

by giving the flow velocity along different paths over the

joint surface. Flow and velocity experiments on an ideal

joint model consisting of two plexi-glass platens, showed

good agreement between theoretical and measured values.

Five joint samples were used in the study. Three samples were

selected from drillcores from Stripa mine. The size of the

samples varied between 1 and 3 dm2.

The apertures were measured with a density of about one point

per cm2. The result is presented in the form of frequency

histograms, isoplots and terrain models. The result show that

far all samples the aperture distribution is stewed towards

larger apertures and that the spread is longer for the most

open samples. All distributions fit well to log- normal func-

tions. The average aperture varies between 0.1 - 0.5 mm for

the five samples.

The equivalent hydraulic apertures, e, were determined from

the flow experiments. The quotient É/e varies between 1.1 and

1.7 for samples with e varying between 0.13 and 0.43 mm. For

a case with e smaller than 5 \m the quotient was shown to be

higher than 16.

The velocity of the water flow varied strongly between diffe-

rent paths for the samples with a large spread in aperture.

The sample which was well mated showed less variation in mea-

sured water flow velocity.

The tortuosity also varied in a corresponding way. The maxi-

mum ratio of the relative flow length was 1.34 for the sample

with the most uneven and tortuous flow.

It was concluded from the experimental results that matedness

is an ijiportant factor for the conductive properties of a

joint. Matedness should therefore be considered in geonydro-

logical surveys.
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ABSTRACT

To study the hydranechanical properties of single rode joints

a technique to make transparent replicas of natu-al joint

surfaces has been developed. Five different joint samples

were replicated and studied. The aperture distribution of the

joints were obtained through a measurement method provided by

the transparent replicas. The principle behind the method is

that a water drop with, a known volume, which is placed inside

a joint, will cover a certain area of the surface depending

on the average size of aperture at the actual point.

Flow tests were performed on the same joint replicas. The

tortuousity of the flow and the velocity along singel stream

lines were measured using colour injections into the water

flow through the joints. The equivalent hydraulic apertures

determined from the flow tests were shown to be smaller than

the average mechanical apertures. The velocity of the flow

varies strongly between different paths over the joint de-

pending on the spatial distribution of the apertures. The

degree of matedness between the joint surfaces is an impor-

tant factor influencing the channeling character of the

joints.



1 INTIKDUCTXGN

Radioactive waste from nuclear power plants and other hazardous waste

is a growing problem in the industrial world. To find solutions to all

the technical problems involved with safe final rtispreai is now the

urgent task for researchers in different branches of science all over

the world.

Many countries are considering to build their repositories in the

bedrock and in this way make use of the ground as a further barrier

against the spread of radioactive nuclides migrating from the waste.

Effort is therefore put into a better understanding of groundwater

flow and transport in rock masses.

Sweden has chosen to study the possibilities and conditions to con-

struct a repository in crystalline rock. Chrystalline rocks generally

occur as blocks of hard intact rock material intersected and bounded

by fractures. This system or network of more or less connected frac-

tures is the major conductor of water, since the permeability of the

intact rock is very low. The flow through such a network will depend

both on the properties of every single joint and on the geometry of

the network itself.

Statistical treatment of field data can be used to develop stochastic

models for the location, size and orientation of the joints in a net-

work. These models are a tool in so called network modelling, where

the real rock mass is sijnulated in simplified form using available

data, in an attempt to predict the groundwater flow around an under-

ground construction during different situations.

Good estimates of water flow through the single joints is however a

prerequisite for a successful network modelling since they are the

units out of which the network Is built. The joint aperture and the

water pressure are the controlling parameters of the flow through a

single joint, but the fact that their values vary over the joint area

is the main reason why the problem of flow-predictions is so compli-

cated.



The geometry of the void space inside a joint plane is defined by the

two joint surfaces as they are pressed against each other. Different

rock types have different mineral compositions which influences the

void geometry and how it changes due to compression. The roughness of

the surfaces will naturally also be important to the character of the

formed void space.

Due to changes of the stress situation in the rock mass the joints may

undergo a series of shear movements and dilatation changes. The degree

of fit between the two opposing surfaces, called matedness, is strong-

ly governing the hydromechanical properties of the joint. The geolo-

gical history may also cause filling material to form on the surfaces

which nontally has a tightening and softening effect.

To find these relations between joint surface topography, stiffness

and permeability has been the aim far several researchers during the

last decade, among others Iwai (1976), Gale (1982), Gentler (1986) and

Brown (1987). Laboratory testing of natural and artificial joints has

been performed along with the development of theories. This work has

resulted in formulas for the total flow through a joint, see for

example Tsang and Witherspoon (1981) and Barton et al. (1985).

However, predictions of average total flow is not sufficient in the

safety analyses around a disposal of radioactive material, because

they have to comprise travel times and retardation of radionuclides.

Short travel times could allow still unacceptabxy radioactive parti-

cles to reach the accessible environment outside the controlled area

of the repository. Therefore the speed and volume of the the fastest

transport is very important. The flow pattern, or channelling, in the

single rock joints has become a focus for attention, GEOVAL -87 and

Tsang and Tsang (1987).

The aim of the present work has been to develop an experimental tech-

nique that gives a better understanding of the nature of flow inside a

joint. Visual studies was judged as a good approach to the channeling

problem. Using transparent models of rock joints the tortuos stream

lines of the flow inside can be shown.



In the first part of the thesis the work on hydranechanical properties

of single rock joints is reviewed, including a general discussion

about limitations and e »elusions. Next part describes the developed

technique to nake transparent replicas of natural joints and the

experimental methods far aperture and flow measurements. The last part

gives the results from experiments performed on five different joint

samples followed by a discussion and conclusions.



2 HTORGMBCHANICAL TOOPEKTIES OF SINGLE ROCK JOINTS

Bearing in mind that the hydraulic properties of a rock m=iss can only

be calculated if the entire complex of influencing factors is known,

this review is concentrating on the properties of single joints.

Researchers on flow in single joints have been involved in different

aspects of the problem which are actually closely connected to each

other. In the following review the previous work has been separated

into three different themes.

Void geometry - which is the factor controlling the permeability.

Closure - is indirectly important since closure of joints changes

the void geometry.

Calculation of flow - Theories and models based on different

parameters.

2.1 Void geometry

The ability of a joint to transmit water depends primarily on the size

of the void between the opposing rock walls, known as the joint aper-

ture. Few workers have tried to directly measure the complex three

dimensional geometry of this void space in the joint.

A direct attempt in measuring the aperture was performed by Gentier

(1986). She measured the surface height along profiles, on the oppo-

site sides of the joint. The profiles were put together to form the

composite topography, i.e. the aperture profile at zero normal load

(Fig. 2.1). Figure 2.2 shows the frequency histograms over the aper-

tures derived in their experiments.
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Figure 2.1 Profiles from upper and lower surface of a joint.
The profiles AB ere perpendicular to CD on the same
joint surface. Gentier (1986).

Another technique to reveal the apertures inside a joint has been de-

veloped by Gale (1987). The experiments involves injection of an epoxy

resin into the joint under normal load. After hardening the joint is

cut into sections and the distances between the rock surfaces and the

thickness of the resin is measured along the profiles, (Fig. 2.3). In

Figure 2.4 the variation in aperture and resin thickness from all pro-

files is shewn by frequency histograms. The joint specimen was ob-

tained from the Stripa test site in Sweden.
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Figure 2.2 Histograms and cumulative histograms of the
apertures along the profiles (Fig. 2.1) In
the direction AB and CD respectively.
Gentler (1986).



APCHTUIIt

OIAM. - 0.11

Figure 2.3 Distribution of pore space along four profiles
in STR2. Gale (1987).

Barton et al. (1985) introduced in their work the term mechanical

aperture E in contrast to the widely used hydraulic aperture e (Fig.

2.5). By this distinction they point out the difference between the

real void geometry and the parallell-plate case which defines the so

called hydraulic aperture. The average aperture of a specimen under

very low normal load was defined as the initial mechanical aperture

EQ. To directly measure the parameter E , Bandis (1980) inserted a

tapered feeler gauge in visible gaps between the mated surfaces around

the edges. The usual range of apertures for fresh and noderatly weath-

ered joints was between 100 m to 300 tun and between 300 jim to 650 nm

for weathered joint specimens.

Barton and Bakhtar (1983) proposed an empirical equation for estima-
tion of the EQ values presented by Bandis (1980). This equation was
based on the index parameters JRC and JCS, from the study by Barton
and Choubey (1977).
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o

J0C3 1000 JO0400Ä0 100 IO0 JO 40 JO JO 10 J * 3 7

THEORETICAL SMOOTH WALL APtRTURE [•] ^m

Figure 2.5 Comparison of real mechanical apertures (E) with
theoretical smooth wall conducting apertures (e).
Barton e t a l . (1985).

Some indirect informaton about the void space in a joint can also be

gained by studying the distribution of contact points. Iwai (1976) has

followed this idea and used thin plastic film between the joint sur-

faces that are pressed together. In Figure 2.6 his result shows the

difference in nature between joints from different rock types and it

shows the expected effect of increased normal load.

Another way of studying contact points was used by Pyrak-Nölte et al.

(1987). They studied the deformation and flow properties of fractures

in samples from Stripa granite (quartz monzcnite) which were 52 mm in

diameter. Wood's metal was pumped into the fractured sample while it

was held in a triaxial test vessel at a temperature just above the

melting point. The fluid pressure and the axial load was maintained
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until the metal was solidified. When the to halves of tiie sample was

separated the metal casts on the surfaces should correspond to the

void geometry at the actual effective stress.

Figure 2.6 Sketch of ccntact areas obtained for granite with
o = 1.3 MN/m (a), and g = 20 MN/m (b), and for

2marble with o = 20 MN/m (c), Iwai (1976).



11

Using SEM and photographic techniques the images from each surface was

evaluated and superimposed to form the image of the joint area. Figure

2.7a-c shows images for sample E30 for 3, 33 and 85 MPa respectively.

Figure 2.7d is a 25 times magnification of a part of Figure 2.7c.

Black areas rarnowpnnrte to metal and white areas corresponds to areas

in contact.

The structure of the contact areas can be described as fractal geomet-

ries, Nolte et al. (1987). Ifce fractal dimension of the images from

the two studied samples, from Stripa granite, decreased from D = 2.00

to values near D = 1.96 as the stress increased up to 85 MPa.

Bandis (1980) studied the damaged contact areas after shear tests of

joints. Using identical joint models, cut into samples of different

size, he was able to study the effect of scale. Ihe investigation

revealed the following features:

1) increasing number of small contact areas on smaller samples

2) increasing size of individual contact areas on larger samples

3) the scale effect reduces for planar joints

A theoretical approach to the problem of void geometry is taken by

Brown and Scholz (1985a,b) and (1986) and Brown (1987). They assume

that each joint surface has asperities of all scales distributed ran-

domly about the mean plane and that this can be described mathemati-

cally by a two-dimensional random function.
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a)

Approximate Scale

10 mm

b)

c)

Approximate Scale

I 1
0.1 mm

Figure 2.7 Contact area composite images fox* sample E30 for
a) 3 MPa, b) 33 MPA and c) 85 MPa. The black portion
is the flow path geometry; the white areas are the
contact areas. The resolution of the patterns is
about 3 % of the diameter, d) A computer enhanced
composite image of SEM micro-graphs of E30 at 85 MPa
under 25 times magnification.
Nolte et al. (1987).
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The summed height of both surfaces, composing s. joint, gives the so

called composite topography (Fig. 2.8). The local n. ucima on the gene-

rated composite topography also becomes randomly distributed and was

described by a probability density function ttiat fitted best with

profile measurements on joint surfaces. Brown and Scholz (1985a).

Later a fractal model was connected to describe the auto correlation

of the surface height distribution. Brown (1987). In both cases the

slope of the power spectrum from linear profile measurements is an

important parameter. Figure 2.9 shows two aperture distributions gene-

rated from surfaces, placed together to form a joint, at different

separation.

r«f«r«nc« plane I

COMPOSITE
TOPOGRAPHY

Figure 2.8 a) Schematic cross section through a joint.
The surface heights are measured from parallel
reference planes fixed in each surface,
b) The "composite topography" of a joint is
defined by summing the heights of both surfaces
at each point along the joint. The local maxima
of the composite topography are the places where
the surfaces are closest together.
Brown and Scholz (1985a).
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Figure 2.9 Aperture distributions d(x,y) formed by placing two
surfaces (D = 2.5) together at separations of
a) d = 2o, and b) d = la. Flat areas are regions of
zero aperture or "contacts" defined by the overlap of
the rwo surfaces. Brown (1987).

2-2 Closure

As will be discussed in section 2.3, the flow through a joint is very

sensitive to changes in aperture. Therefore the influence of stress

distribution cannot be neglected in a geohydrological study.

Any underground excavation will change the stxess field in the sur-

rounding rock mass. Same joints will close due to increased ccmpres-

sive stresses, while other joints will open due to a decrease in

compressive stresses. Still other joints will be subjected to shear

stresses causing shear movements and dilation, Barton (1986). In pace
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with the general development of stress calculating techniques there

has been a growing demand for stress-conductivity relationships for

rock masses.

Fran the mechanical point of view the stress--closure relation is a

matter of joint stiffness which is a commonly used parameter in rock

mechanics. The ominm definition of joint stiffness is based on the

testing procedure. The normal joint stiffness is measured with a

loading machine that compresses the specimen, containing a joint,

while the normal displacement of the specimen is measured. The ob-

tained stress-dispaoanent curve is calibrated against a similar curve

for an intact sample of the same rock. The slope of the resulting

curve gives the stiffness of the joint at different normal loads.

Figure 2.10, from Bandis et al. (1983), shows examples of typical

joint deformation behaviour due to cyclic normal loading. The perma-

nent deformation after the first cycles and the increase in stiffness

with cycles is often attributed to seating disturbances during sam-

pling of the joint, e.g. Iwai (1976) and Bandis et al. (1983). In-situ

joints probably follows a stress-closure relationship more similar to

the third or forth cycle when these disturbances are removed. Barton

et al. (1985).

The variable joint stiffness gives no direct information on ĥe change

of aperture distribution due to compression. It includes all possible

factors of the joint such as weathered rock surfaces, joint filling

and the degree of matedness. With the stiffness approach one can get

round the problem of the real stress distribution over the joint area

since it is based on average stress.

Tsang (1984) used an aperture distribution, n(b), derived from experi-

ments by Gentier (1986), in her study of tortuosity effects on flow

through joints at different degree of contact, (Fig. 2.11). When the

fracture closed by &b, as a result of applied stress, all the aper-

tures smaller than fib became zero, and a new aperture distribution was

obtained. Mathematically this distribution is the same as the original

n(b) truncated by Ab and translating the remaining plot to the origin.
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In Figure 2.11 truncation corresponding to fractional areas of 15, 25

and 35 % are marked. Hypothetical analytical functions chosen for n(b)

were also investigated in the study.
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Figure 2.11 Aperture density distribution n(b) derived fran
10 sets of surface roughness profiles of a granite
fracture (measured by S. Gentier). Tsang (1984).

The vork on joint stiffness by Brown and Scholz (1986) has many fea-

tures in caiman with the work by Swan (1983). Both approaches are

based upon theories presented by Greenwood and Williamson (1966) and

Greenwood and Tripp (1971) who used the elastic analysis of Hertz to

describe ocntact between two rough unoorrelated surfaces. The aperture

model used by Brown and Sholz is described in section 2.1.

For the problem of closure Brown and Scholz also chose the truncation

approach. The change in canpoeite topography was obtained by subtract-

ing the same closure distance from all the values, a s if the contact-

ing points were not connected to nor influenced by the neighbouring

points, i.e. a truncation of the aperture distribution. Points with

zero aperture or "overlapping" points are defined as contacts. The

change in void geometry due to closure, or smaller separation between

the two stiff surfaces, is shown in Figure 2.9.
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The uneven distribution of contacts between the surfaces of a com-

pressed joint will however give rise to stress concentrations and a

varying amount of deformation. Hopkins et al. (1987) also showed that

the Interaction between contact points cannot be neglected. Figure

2.12 shows how the stiffness of the joint changes due to the configu-

ration of contact points. Note that the percentage of contact area is

the same In all cases, i.e. the average stress on the contacts is the

same.

Estimated
stiffness (MPa/m)

Contact area

Disk diameter (cm)

Estimated
stiffness (MPa/m)

Contact area

Disk diameter (cm)

V

*

3.23 E7

25%

Strip width - 0 1

Figure 2.12 Specific stiffness calculated for spatial arrange-
ments with equal contact areas of 25 % but varying
disk sizes. Hopkins et al. (1987).

2.3 Calculation of flow

Even if we assume that the aperture distribution of a joint is fully

known it is not a simple task to calculate the amount of water flowing

through it. An analytical solution requires the significant simplifi-

cation that the joint surfaces are smooth and may be regarded as par-

all-.', plates. For this case the Navier-Stokes equation can be solved
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for laminar flow of a Newtonian fluid, see Figure 2.13. The boundary

conditions applied is that -the velocity

vx = 0 at z = ± e/2

The velocity of flow in the direction of flow v in the direction of

gradient h is then expressed as

2 v ax [Z 4 J (1)

Figure 2.13 Flow between two parallel plates with
ideally smooth surfaces.

The average velocity in the fracture is then

e/2
v - i f v

e J_e/2 x 12 v 6x

and the flow rate per unit width is

(2)

1212 v 6x (3)

Equation (3) is called the "cubic law" since it says that the flow is

roportional to the aperture cubed. Although this relation is based on

a very idealized case it has been widely used because of its siupli-

city. Many workers have also tried to verify the cubic law with exper-
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iments en rock joints, e.g. Iwai (1976), Raven and Gale (1985) and

Witherspcon et al. (1980).

Witherspoon et al. (1980) conclude from their investigation that the

cubic law is valid, since the flow per unit head was shown to be de-

pendent on the aperture raised to the power of three. However, they

have introduced a factor f in the relation to get a good fit with the

experimental results. This factor was designed to take care of the

effects of deviations from the parallel plate concept. Equation (3)

can then be written

In the case when roughness or tortuosity retard the flow, f > 1.

Values of f varied from 1.04 to 1.65 in their experiments.

The same conclusion was made by Elliot et al. (1985) also introducing

a joint condition factor (JCF) into the pure cubic law. The JCF varied

between 0.07 to 74 in their list of compiled values for the first test

cycle (JCF = f in equation (4)).

Barton et al. (1985) use the roughness coefficient JRC (see section

2.2) in a modified cubic law. With the empirical relation shown in

Figure 2.14 the hydraulic aperture, e, corresponding to measured val-

ues of mechanical aperture, E, is estimated. The ratio E/e becomes

bigger for smaller apertures and rougher surfaces thereby correcting

for the greater difference between real void geometry and the theoret-

ical parallell plate. This relationship was used in numerical analyses

to connect the mechanical effect of changes in stresses, AE, to the

hydraulic effect, te, Barton and Makurat (1988).

The flow calculations based on the cubic law give only average values

for the velocity of flow in the joint and this has shown to be insuf-

ficient in many hydrcgeological analyses. For example a correct inter-

pretation of the results from tracer experiments requires that the

velocity and volume of each flow path is known. A physically explained

coupling between mechanical and hydraulic properties can only be found
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if the real distribution of aperture is understood and if models for

flow calculations in complex conductors are developed.

However, the three-dimensional void geometry of a joint, as discussed

in section 2.1, is not measurable in practice. Even if the full geome-

try of a joint was measurable there exists no analytical way to cal-

culate the flow through it. Therefore all approaches to solution of

this problem involves some simplifications and assumptions exemplified

below.

OOOiTipi

1000 500 300 200 100 50 30 20 10 5

THEORETICAL SMOOTH WALL APERTURE te] ji

Figure 2.14 An empirical relation incorporating joint roughness
(JRC) and aperture which broadly satisfies the
trends exhibited by flow test data (see Fig. 2.5).
Barton et al. (1985).
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The three-dimensional geometry problem can be reduced to a two-dimen-

sional one by neglecting the aperture variation in one direction. Iwai

(1976) and Nolte et al. (1987) concentrF'ed on contact areas and did

not oonsider the aperture variation perpendicular to the joint plane.

Neuzil and Tracy (1981) neglected the contact areas and assumed the

aperture to be constant in the direction of flow, so that the joint

consisted of many parallell plate conductors with different constant

apertures. Tsang and Tsang (1987) assumed that the flow occurs in a

number of channels that have statistically the same volume but a

varying aperture in the direction of flow. The different conceptual

joint models can be compared in Figure 2.15 and Figure 2.16.

Flow through a three-dimensional model of a joint has also been

studied by Tsang et al. (1987). They divided a quadratic joint plane

into many small parallell plate with a varying aperture, Figure 2.17.

No flow conditions was imposed on upper and lower boundaries and a

constant pressure head was kept between the left and right boundary.

Using a matrix solver the system of mass balance equations yielded the

pressure at each node, and the flow between adjacent nodes was calcu-

lated with the cubic law. The joints shown in Figure 2.17a and b have

statistically generated apertures, following a log-normal distribution

with a spatial correlation length of 0.1 and 0.4 respectively. The

corresponding flow field for the same joints is shown in Figure 2.18a

and b.

The same problem was also solved numerically by Brown (1987) for a

joint aperture distribution, described in section 2.1 and shown in

Figure 2.9. The flow field for this joint at two different degrees of

contact is shown in Figure 2.19a and b. The length of the vectors

represents the local flow rate. The total volume flow rate was calcu-

lated by adding the contributions from the vectors along any line

across the fracture.



23

a)

b) J6L 8011-4763

Figure 2.15 a) An example of a distribution of contact area
used in a numerical investigation of the effects
of contact area on flow. The mesh simulates a
radial flow and the contact area (black elements)
is 30 %. Iwai (1976). b) Fractal stratified perco-
lation plot with the fractal dimension D = 1.80.
This type of model is used to simulate the contact
area images from experiments shown in Figure 2.7.
Nolte et al. (1987).
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a)

b)

Figure 2.16 a) Conceptual fracture model used to develop
modified Poiseuille equation. Neuzil and Tracy
(1981). b) Schematic diagram of the channel
representation of fluid flow in a single frac-
ture and a schematic sketch for one channel.
Tsang and Tsang (1987).
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O.) Run 511 b) Run 544

Figure 2.17 Statistically generated apertures våth a spatial
correlation length of a) 0.1 and b) 0.4 in the
plane of a single fracture of linear dimension 1.0.
Tsang et al. (1987).

Q) Run 511

10-

05-

Run 544

it
•

0.5 10

Figure 2.18 Fluid flow rates for the fractures with aperture
variations as shown in Figure 2.17. The thickness
of the lines is proportional to the square roof of
the flow rates. Tsang et al. (1987).
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a)

b)

Figure 2.19 a) Flew field resulting from the finite difference
solution of Reynolds equation for a surface separa-
tion of d = lOo. Surfaces are completely separated,
b) Flew field for the same fracture as in figure a)
but with a surface separaticn of d = 4o. Surfaces
are just touching with a fractionaT contact about,
area 0.4 %. Contacts are shown as blank patches.
Brown (1987).
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The major purpose of the simulations by Brown (1987) was to study

the nature of the disagreement between the cubic law and flow through

rough-walled joints. The simulations were done with statistically

equivalent joint surfaces with the same standard deviation and the

fractal dimension D = 2.5. The degree of closure, or separation be-

tween surfaces, was given by the parameter d/o where d is the mean

separation of the joint surfaces and o is the standard deviation of

the Gauss height distribution (see also section 2.2). An effective

parallel plate aperture or "hydraulic" aperture d. was obtained for

each simulation using the total volume of flow obtained and the

average gradient in the cubic law.

Different modifications of the aperture term to be used in the cubic

law have been suggested by work of others. Therefore Brown compared

the total flow rates from his simulations for a single joint with the

flow rates predicted by different versions of the cubic law, Figure

2.20. A perfect prediction would plot as a horizontal line of level

1.0. The aritmetic mean aperture gave better results than either of

the more complicated averages.

o __,*•__

<<!>' » (l-«)/(l+a)

50

Figure 2.20 Comparison of the hydraulic aperture & from computer
simulations to several corrections ana modifications
of the aperture term used in the cubic law.
Brown (1987).
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The conductive nature of a single joint may also be studied experimen-

tally with tracer tests. This approach is especially attractive when

the research is aiming at prediction models for groundwater transport.

In a word tracer tests here means that tracer is injected at the in-

flow, at a known concentration C , and the tracer concentration C at

the outflow is continuosly measured. The time-concentration relation-

ship obtained is called the breakthrough curve of the experiment.

The transport in the joint will be influenced by molecular diffusion,

chemical or physical interaction with the rock, and fluid velocity

variations. To explain the experimental results a theoretical model

for each mechanism must be adopted. For the model of fluid velocity

variation, the question is again a matter of the most probable void

geometry of a joint.

Moreno et al. (1985) carried out tracer tests on two natural joints

(270 X 100 mm) from the Stripa mine. Their results were analyzed by

two different models. In the first it was assumed that the velocity

variation is due to hydrcdynamic dispersion in a parallel walled

joint. In the second model the joint consists of parallel unconnected

channels, the channel widths having a log-normal distribution (cf.

Neuzil and Tracy, Fig. 2.16a). The hydrodynamic dispersion in each

channel was assumed to be negligible in this model.

Figure 2.21 shows an experimental breakthrough curve from a tracer run

with Strontium together with curves fitted with the hydrodynamic model

and the channeling model. Both models fit well although they describe

different mechanisms. None of them could be disregarded based on these

experiments. If the parameters obtained from the fitted curves are

later used in a prediction of the breakthrough curve, for the same

joint, in a different situation, the result will strongly depend on

the selected model as illustrated in Figure 2.22. The channeling di-

spersion model predicted in this case a higher dispersion and a very

much earlier arrival compared to the hydrodynamic dispersion model.
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Figure 2.21 Curves fitted with the hydrodynamic despersion model
(solid line) and channeling model (dashed line) for
strontium (run A 16). Moreno et al. (1985).
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Figure 2.22 Predicted curves using the hydrodynamic dispersion
model and the channeling dispersion model for sorbing
tracer considering surface and volume sorption and
diffusion into the matrix. The flow distance is longer
and the water velocity lower than in the reference
case. Moreno et al. (1985).
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Tsang and Tsang (1987) further analysed the experimental results pre-

sented by Moreno et el. (1985). They noted that the breakthrough

curves had a rather steep rise in the early times and some "stair-

step" structure, Figure 2.23a. These features were explained by means

of a channel representation of fluid flow.

0.2 -

0 . 0 -

b)

n -riln rin

Figure 2.23 a) Experimental tracer concentration break-
through curve (from Moreno et al. (1985).
b) Derived flow rates of channels versus
breakthrough time, c) Derived volume of
channels versus breakthrough time.
Tsanq and Tsang (1987).
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They propose that flow takes place only in a number of channels which

have a variable aperture in the direction of flow and have a constant

width (a schematic diagram of tne concept was shown in Fig. 2.16).

They further assume that the aperture density distribution can be

approximated by a gamma function with a spatial correlation length A.

and that all channels are statistically equivalent. This also implies

that all the channels have essentially the same volume. One of tne

generated realizations of the channels, with a prescribed mean aper-

ture 2bo = 80 iun and correlation length A. = 0.15, is shown in Figure

2.24.

This flow model is interesting because it gives the possibility to

abandon the idea of the single joint as a starting point in modelling

the conductivity of a rock mass. The channels are one-dimensional ele-

ments which may lie in many different joint planes. The distribution

of pressure and flow through such a system is shown to be mainly gov-

erned by the snail apertures along the channels and consequently very

sensitive to changes in the joint aperture.

400

Q_
O

200-

correlation 0.15

f(\ A i V \
0.4 0.6

distance on channel
0.8

Figure 2.24 Statistically generated realization of the spatial
variation of apertures with spatial correlation of
0.15 of channel length. Tsang and Tsang (1987).
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On the basis cf the described variable-aperture channel model, Tsang

and Tsang backcalculated model parameters from the experimental data

by Moreno et al. (1985), Figure 2.23a. The difference between consec-

utive data points was regarded as a measure of the flow q(i) carried

in one channel, or a group of channels with the same arrival time,

Figure 2.23b. The product of q(i) and the travel time gave the volume

v(i) of the channels, Figure 2.23c.

These integrated values from the breaktrough curve were used to pre-

dict the curve for the joint after closure. They then assume that a

single closure value 5 can be subtracted from all aperture values so

that the new volume of each channel siitply becomes (v(i) - 6X.L). The

problem of joint closure was discussed earlier in section 2.2.

2.4 Discussion

Many difficulties arises when the results from different work is to be

compared. First of all few samples are tested and the types of joint

samples are naturally varying.

Gale (1987) used two natural granite joints from different sites, both

with a diameter of about 150 mm. Pyrak-Nolte et al. (1987) used three

core samples of natural joints in granite, measuring 52 mm in diame-

ter. They presented the result from woods metal injection in a picture

representing an area of about 14 mm2 (Fig. 2.7d). Abelin (1986) per-

formed tracer tests with travel distances about 5 and 10 m.

In all the three examples above the authors are discussing the effects

of channeling on their results. However, it is questionable if the.

term "chanr*3ling" in these different contexts can be quantitatively

related to each other. The different scales could have different geo-

metrical properties each causing channeling effects, for example chan-

r;els along block edges in the bigger scale of a field test, Carlsson

and Olsson (1977).
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The term "single joint" that is often used, should ideally represent

the whole joint element used in network modelling. However, only very

small samples of joints are tested in the laboratory. The presumption

that a joint has constant properties over its whole extension is opti-

mistic. One must expect the joint to be different in some parts com-

pared with other parts.

Another parameter which is difficult to define, and therefore compli-

cates the comparison of results, is the aperture. The definition of

aperture is not the same in different investigations. An explanation

of this lies in the circumstance, discussed in section 2.2, that there

has been no direct and easy means of measuring the aperture.

The different attempts to describe the complex geometry of a joint in

more detail involve so strong simplifications that comparisons should

be made with great caution. Extensive agreement between result from

different work cannot be expected.

Regardless of the difficultes mentioned above in comparing the results,

there seems to be some common conclusions:

- The contact area rises from a few percent up to 30 - 50 % at

high normal loads.

- The aperture varies over the surface and can be described by

statistical distributions.

- The flow will take on tortuos stream lines due to the complex

void geometry.

- The concept of cubic law can be used for total flow estima-

tions through joints if a correction factor is used.

- The flow will diverge to some extent from the cubic law

especially whei the joint is far from the parallell-plate

case, i.e. at small apertures and big contact areas.
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Numerical studies have given seme quantitative results on subjects

related to channeling. Yet on the experimental side there is a lack

of quantitative results on these subjects such as:

- the correlation length of the aperture distribution

- the velocity variation of water flow inside a single joint

- the flow per rock joint surface

- the extent of tortuosity, i.e. the real travel length

All theoretical models for flow in rock joints need a further confir-

mation from experiments in laboratory and ir.-situ, to be justified.

More knowledge about the hydraulic character of the rock joints will

therefore be needed to judge which single joint model that is closest

to reality.



35

3 ECPERIMENEAL TECHNIQUE

A flow visualization technique was first used by Maini (1971). He made

a transparent replica of a natural joint surface and another replica

was then made from the first so that two identical but mirror image

surfaces were obtained. This pair of surfaces was used to study the

influence of water gradient on the so called dead water area and on

the flow paths inside the joint model.

However, Maini copied only one side of the real joint and the two sur-

face replicas he used should have given a zero aperture if they had

been ideal images. It is not clear what caused the joint aperture of

about 0.1 mm. A conducting space between identical surfaces actually

has almost the same features as the parallell plate-case regardless of

the roughness of the surfaces. In fact the roughness is not directly

an important factor from a hydraulic point of view since it is the

geometry of the void between the surfaces that governs the flow.

The distribution of aperture will therefore strongly depend on the

"matedness" of the surfaces. Matedness is not a well defined property

of joints but the two extreme degrees of matedness represents the case

of zero aperture and the case of two randomly rough surfaces in con-

tact. None of these cases can be expected to exist in nature. Even the

tightest joint has got some aperture which shows that the fracturing

process results in two slightly mismatching surfaces. On the other

hand a shear joint or a fault, which has undergone shear movements,

still shows seme correlation between the two surfaces on a larger

scale.

The roughness of joint surfaces, however, will gain much importance

when the hydraulic response to shear stresses is considered. This is

because shear movement of joint surfaces will cause dilation and con-

sequently a change in aperture.

In the present work attempts were made to further develop the approach

of visualizing the flow. It was decided to make transparent copies of

both sides of natural joints as they were matching In the drill-core
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samples. This provides a realistic type of variation in the aperture

caused by the difference in topography of the opposite rock surfaces

and the coating-

Possible channeling features and tortuosity then becomes detectable

with the aid of colour ijections in a water flow through the trans-

parent joint model. We also desired to have same knowledge about the

actual void geometry of the joint replicas used in the flow experi-

ments to gain some further insight to the coupling between mechanical

and hydraulic properties.

A summary of the used techniques is given below and more detailed

description of the procedures can be found in the following sections.

3.1 Summary of experimental technique

- The joint model consists of a replica from each side of a natural

joint made of transparent epoxy. Figure 3.1a shows an example of

a rock joint surface and the epoxy replica.

- The aperture of the joint model is measured by placing a small known

volume of water between the two surfaces. The area covered by the

drop gives the average aperture over this area. Figure 3.1b shows a

terrain model of the void space inside the joint model calculated

from aperture measurements. High points correspond to larger aper-

tures. Figure 3.1c shows isocurves from the same calculation. The

results from aperture measurements can also be presented in a his-

togram as in Figure 3.Id.

- Different constant water pressure is applied to one side of the

joint, with the sides sealed off, and the flow is measured. When

a colour dye is injected at different points at the inflow of the

joint model the stream lines becomes visible. Figure 3.1e shows a

compilation of stream lines from photographs of colour injections.
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Ihe time for the colour front to move from one side to the other is

a measure of the water flow velocity along the actual stream line-

Figure 3.If presents the results from velocity measurements along

several flow paths.

a)

b)

c)

w
till

Figure 3.1 a) Rock joint and the replica In epoxy (sample B).
b) Terrain model of ti» void space (sample B).
c) Isoplot of the apertures (sample B).
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Figure 3.1 Contd.
d) Aperture frequency histcgram (sample B).
e) Stream lines from colour injections (sample S3).
f) Result fran flow velocity measurement (sample S3).
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3.2 Transparent replicas of rock joints

A natural joint is selected from drill-core or from a rock exposure.

After necessary cutting of the specimen the surfaces are cleaned and

dried. Joints with very weathered or soft coatings might be difficult

to copy correctly since the mere drilling and handling of the care

will disturb the original condition of the joint significantly.

A two-ccnponent silicon rubber (Silastic 3112 RTV) is applied in a

thin layer on the surfaces. To assure a good release between rubber

and rock, in particular when there is no coating, a very thin film of

teflon is sprayed on the surfaces prior to the application of rubber.

The rubber should be properly de-aired by vacuum-pumping to avoid air

bubbles to form on the surfaces. When this layer of rubber is cured

the rock specimen is put upside down, standing on short "legs" glued

to the boundaries or, in case of a big specimen, held by a fixture as

in Figure 3.2. A second layer of rubber is moulded tc fill up the

space under the surface and around the specimen (Fig. 3.3). After

curing, the silicon rubber can be pealed off from the rock specimen.

The two rubber casts are then used as moulds in the second phase. The

pealed off rubber surface is a negative copy of the original. If small

pieces from the rock joint sticks to the rubber surface they should be

pealed off to give a correct replica.

A strong, transparent two-component epoxy (see chapter 3.3) is used

for the replicas. It can be molded in layers if desired. The epoxy

must also be de-aired, in particular in the first layer, to assure a

proper surface and a good transparency.

Before using them in any experiments the edges of the replicas are cut

off since the rock joint surfaces often are damaged at the edges due

to drilling and cutting. Figures 3.4 and 3.5 shows an original joint

from the Stripa Mine (S2) and the finished epoxy replica of this

joint.
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Figure 3.2 Rock joint sanple (S4) held in a fixture with the
surface downwards during the moulding of the
second layer silicon rubber.

Figure 3.3 The silicon rubber is cured and can be pealed off
from the joint surface. The rubber cast is used as
a mould for the epoxy replica.
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Figure 3.4 Rock joint sarrqple S2.

Figure 3.5 Epoxy replica of the joint S2.
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3.3 Mechanical properties of the joint models

The modal material used in the replicas is an epoxy and has of course

a different mechanical behaviour compared with rock material. However,

if this is taken into acount in the experiments and in the evaluation

of the results the models will still give valuable information on

natural joint behaviour.

It is found tiiat natural joints behave elastically to normal loading

after a few cycles (Fig. 2.11). It is then reasonable to assume that

the rock in the contact areas is subjected to stresses in the elastic

range for the rock type in question. We therefore expect the joint

replica to undergo the same series of deformation as long as the

stresses on the specimen is kept low with respect to the strength of

the model material.

According to the specification the epoxy used, Araldite F with Härter

IM (CLba-Geigy), has a compressive strength of 40-50 MPa and an elas-

tic modulus of 3.0-3.1 GPa. We performed two uniaxial tests on a cyl-

inder in ti>e epoxy ($ 42 mm, L = 80 mm). The load-deformation curve

showed a plastic behaviour after peak and elastic behaviour up to

peak. The oompressive strength, counted from the onset of plasticity,

was calculated to 70 MPa and 74 MPa respectively. The secant elastic

modulus at 50% of peak load was 3.6 GPa and 3.5 GPa and the initial

elasic modulus was 2.5 GPa for both. This implies that the model mate-

rial is about twenty times as compliant as a granite.

Loading and unloading cycles were performed on the models in a servo-

controlled testing machine. Figure 3.6 shows the resulting load-defor-

mation curves from a test on specimen S3. The same characteristics as

for rock joints can be found (cf. Fig. 2.11). Further cycling will

cause a similar deformation provided the applied stresses are not

higher than previously.
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Figure 3.6 Load-deformation curve from cyclic loading of the
epoxy joint replica (sample S3).

3.4 of joint apm.Lure

3.4.1 Procedure

The joint replicas were made transparent mainly to give the possibili-

ty of visual studies of flow. However this property of the replicas1

also made it possible to develop a special technique for aperture mea-

surements. This technique consists of the following steps.
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A small volume of water is measured with a oonstrictionspipette

(Fig. 3.7). Volumes from 500 (il down to 5 ill can be measured with

an accuracy of 0.5 pi. Drops with a volume of 10 (il were used in

our measurements.

A set of water drops are placed between the two joint surfaces. A

grid pattern of dots is placed underneath the sanple as an aid to

get an even spread of the measuring points. The density of points

in the grid is about one point per cm .

The joint is pressed together in a loading arrangement with plexi

glass platens, as shown in Figure 3.8.

The shape of the water drops are recorded, most conveniently with a

photograph. Figure 3.9 shows 10 drops each 10 |xl, which are inside

the specimen A.

The area A of each drop is calculated. This can be done with a

digitizing table and a computer program for area calculation.

The average aperture E over the small area A covered by one drop

is calculated as

Vdxop/An = En

The procedure is repeated for new sets of points on the joint

surface until all points of the grid have been measured.
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Figure 3.7 A oanstrlcticnspipette used far accurate nt
of small volumes of liquid (the water is coloured in
the photo for clearness).

Figure 3.8 The three plexi glass platens used to compress the
joint replicas (2 cm thickness). The bolts are
tightened in the same order each time. The final
tightening is controlled with a torque wrench.
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Figure 3.9 Ten drops of water (10 nl) inside sample A sitting
in the loading arrangement shown in Figure 3.8.
The wetting cf the surfaces by the drops increases
the transparency. With a dark background the covered
areas contrast well dun a photograph.

3.4.2 Accuracy of the measurements

The accuracy of the aperture measurement mettiod was tested by carrying

out measurements on eight points several times. The whole measurement

procedure was repeated each time with new drops. The test was mainly

done to check whether the load applied by the plexi glass frame could

be regarded as identical if the specimen was opened and reloaded. The

test was performed on sample S3 with a water drop volume of 50 p.1.

The result from this test gives the total variation in determined

aperture due to:

1 volume error

2 point error

3 load error

4 evaluation error
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Volume error was checked with a balance which gave an accuracy of

i 0.5 mg (= 0.5 ill) for all sizes of pipette. This means an accuracy

of 5 % for a 10 itl drop and of 1 % for a 50 \il drop. Än accuracy of

0.9 % is specified by the producer of the pipette.

By point error it is meant the aperture variations due to the fact

that the drop is not put exactly at the same point in the repeated

measurements in this test. The point error can be large when the

point is close to a big change in aperture. Figure 3.10 shows an

example of two aperture measurements on sample B (drop volume 10 jil).

The drops were intended to be plaoed in the same points. Note that the

size of the areas are not very sensitive to the location of the drops

unless the aperture is large at the point.

With evaluation error it is meant the variation in the drop area cal-

culation. The evaluation error has been estimated by repeated evalu-

ation on identical photographs and the comparison shows that this

error is maximum 8 % for smaller apertures but up to 20 % for bigger

apertures. In a case when a small drop is pliced in a point with big

apertures the covered area becomes very small and the calculation of

it is less accurate.

1cm'

Figure 3.10 The contours from the drop areas from a repeated
aperture measurements on sample B. The areas marked
with solid lines correspond to one measurement and
the dashed lines correspond to a second measurement.
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The total variation in determined aperture was maximum • 15 % in the

test serie. Since this level of accuracy is of the same order as the

sum of the errors 1, 2, and 4 for the test serie, it was concluded

that the load error should be comparatively small and that the same

deformation of a joint replica can be achieved by subsequent loadings.

3.4.3 Presentation and interpretation

To give a good picture of the general shape of the void geometry, the

collected aperture measurements can be presented with isocurves as in

Figure 3.11. The calculation is based on 89 points of measurement and

is conducted with a three dimensional digital terrain model (TERMOS,

Toppe (1987)). Note that the pattern of the isocurves becomes influ-

enced by the grid pattern especially when the grid is coarse.

• kvldtttons* 50 mlkromtt«r - scale 1:1

Figure 3.11 Isocurves of the apertures of sample S2 (148X88 ran).
The void geometry of the whole surface is determined
based on measuremants in the 89 point marked on the
isoplot. The calculation is conducted with a digital
terrain model (TERMOS).
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The results can also be shown as a 3D-plot of the terrain model as in

Figure 3.12. The higher parts of the plotted surface correspond to

larger aperture values. Note that the modelled, geometry is that of the

void inside the joint and should not be confused with similar plots of

joint surfaces.

An important feature of this method is that it only gives the average

values of the apertures over the area covered by the small drop of

water, even if these areas are small compared to the whole joint area.

This means that the extreme pointwise values of -the true aperture

distribution will not be directly measured. However, since there is a

spatial correlation between the values of aperture in the joint plane

(see Brown (1987)) the averages from different small areas of the

joint surface will still have a considerable spread. This correlation

is also illustrated in the Figure 3.10 where the areas are fairly

insensitive to small changes in location.

Figure 3.12 A terrain model showing the topography of the void
space inside sample S2. The scale for the apertures
are exaggerated for the sake of clarity. The higher
parts correspond to areas with larger opening.



50

An advantage with the this way of measuring is that there is no need

to get the average aperture value via point wise measurements, nor via

models relating profile and 3D distributions.

The aperture distribution can also be illustrated by a frequency his-

togram of the measurements, Figure 3.13. The histogram is plotted with

a computer package for statistical analysis (STATGRAPHICS). Using this

package many different analytical distribution functions can also be

fitted to the experimental data. In the Figure 3.13 the best fit log-

normal function is plotted together with the histogram.

Generaly the aperture distribution from a well mated joint takes on a

sharply peaked shape while the distribution of an unrated joint is

broad and flat. The distribution may also show a skewness towards one

side or the other.

Sample S2
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01

<*•

a

a 0.05 -

0 -

400 800
Aperture [microns]

1200 1600

Figure 3.13 Frequency histogram of aperture values measured on
sample S2. The fitted curve is a log-normal distri-
bution function (ii = 464 \un, o = 273 ptm).
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3.5 Flow experiments

3.5.1 Experimental set-up

The sides of the joint replica are sealed off with a silicon rubber. A

water pressure is then applied at the inflow side via an "intake box"

made of plexiglass which is glued to the smaller side of the specimen

and is connected to the water pipe, Figure 3.14. It is assumed that

the water pressure is constant along the width of the specimen since

the flow velocity is low. A similar arrangement is made at the outflow

side of the specimen where the water pressure is zero.

The water pressure is built up by the level difference between the

specimen and the water container. A constant water pressure from the

container is arranged by a "double-bowl-system" shown in Figure 3.15.

The inflow to the inner small bowl is kept bigger than the outflow,

which enters the joint specimen, so that there is always an overflow

and the water level is constantly at the edge. The inflowing water is

supplied from a big container where it is de-aired.

Figure 3.14 An "intake box" made of plexi glass is glued to the
specimen. Colour injections along the opening of the
joint is possible through small rubber-filled holes.
The water pipe is connected to the central hole.
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Figure 3.15 A constant water pressure is arranged by a "double-
bowl-system". The inner bowl is always kept full.

During the flow tests the joint specimen is placed in the same frame

as was used during the aperture measurements, see Figure 3.8, and

under the same loading condition. The water pressure gradient is regu-

lated by changes of the elevation of the fixture. Figure 3.16.

Before the joint is filled with water, a small amount of liquid soap

is added to the water pipe to reduce the surface tension. With less

surface tension of water the risk that air bubbles get stuck inside

the joint during filling is reduced.

The flow of water through the joint is measured by weighing the out-

flow collected during a certain time period.

The tenperainjre of the water is measured during the experiment in

order to have the right value of the viscosity v used in the evalu-

ation.
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Figure 3.16 Arrangement for obtaining different water pressure
gradients. The position of the fixture may be selected
as required.

3.5.2 Velocity measurement

To visualize the water flowing through the joint a colour dye (meth-

ylene blue) is injected at the inlet of the flow. A syringe is filled

with the dye and the needle is pushed through rubber-filled holes on

the "inlet box" so that a very small amount of dye can be injected at

different points along the width of the joint opening, Figure 3.14.

The velocity of the flow along the visible stream line is determined

by measuring the time needed for the colour front to move between two

reference lines. Figure 3.17 shows a colour injection at the moment

when the front has reached half-way through the joint.

In seme cases the flow from the injection point may be too small to be

measured accurately. The access to seme central parts of the joint

opening in front of the connected pipe may also be poor because of the

unavailability of the injecting points. The accuracy of the velocity

measurements, therefore, might vary between different injection

points. In the experiments the time was normally measured 3-10 times
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at each point and the spread of the values was about ± 5 %. The ave-

rage flow time value was used in the evaluation and it was estimated

in seme cases.

Figure 3.17 Colour injection into the flow inside a joint replica.
The time needed for the colour front to move between
the two reference lines. Notice how the stream widens
in seme areas.

A photograph is taken from each injection point which shows the path

of the dye. The dye is continously injected to give a clear picture

over the whole path length.

The length of the stream lines observed in the photographs may be mea-

sured for example by using a computer program, the input data of which

are closely digitized points along the flow path. The quotient between

the length of each stream line, 1. and the length of the joint, L, is

a measure of the tortuosity of the flow.

Flow in a narrow slot, such as a joint, is laminar for lower gradients

but can become turbulent for hi gradients. Figure 3.18 shows the

transition zone between laminar and turbulent conditions of flow. One

can see that laminar flow is what takes place with normally existing

in-situ gradients and apertures. Our experiments were performed within

the ranges of gradients and apertures indicated with the hatched area

in the figure.
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Figure 3.18 Flow regimes in rock joints. Gustavsson (1986).
The hatched area corresponds to the conditions
during the experiments in this study.

3.5.3 Evaluation

To evaluate the results from the flow and velocity measurements a sim-
plifyed concept of the flow in a joint has to be considered. We assume
that the total flow through a joint can be described by flow along a
number of channels. Each of these channels is assumed to have a length
1, a constant width b, and a constant aperture e. The flow in each
channel, q, follows the flow relationship for the parallel plate case
(see section 2.3):

(5)

but also

" vn bn en (6)

where v is the real average flow velocity in the channel. The mea-
sured velocity v n along a stream line starting at the injection point
is
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where 1 is the distance along the stream line between the reference
lines and t the time far the colour front to move between them. Wen
then assume that this measure is proportioanl to the average flow in

the channel

v n = k v n (7)

The stream paths in the velocity measurements can be considered as

representative samples of the collection of channels which the joint

consists of. An approximation of the flow situation may then be made

by dividing the joint into a number of channels based on the aperture

and velocity measurements. The total flow can then be calculated with

the equations (5), (6) and (7) as

*3/2

In the experiments all parameters except b and k are measured. The

width b of the channels constituting the total flow is only concep-

tual and is not a measurable parameter. If the true leng.h of the flow

path 1 is used in the calculation of total flow (equation (8)) the

value of b must be selected such that the total channel area is equal

to the joint area.

However, in our evaluation of the experimental results an "efficient

velocity" has been used. The efficient velocity was calculated with

flow distance 1 equal to the straight distance. All channels were

then assumed to have the same width, that Is equal to the joint width

divided by the number of channels. In this way the uncertainty in the

estimation ef b was avoided and the evaluation could be made in an
fully consistent way. The calculation of total flow Is, however, not

sensitive to the choice of l n and b n since the product b n l n becomes

fairly constant.
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Theoretically the maximum velocity of flow between two smooth paral-

lel plates can be calculated with equation (1) (section 2.3) far z =

0. The quotient between the maximum and the average velocity (equation

(2)) becomes

This means that the factor k should lie between 2/3 and 1 if we expect

the measured velocity to lie between the average and the maximum ve-

locity. Since the velocity measurements are taken with thenaked eye

it is difficult to have an idea about the appropiate value of k and

it was therefore decided to conduct a separate experiment to determine

the actual k value. This experiment is described in the next section.

3.5.4 Flow test in an ideal joint model

A joint model with an ideal geometry was made out of two plexiglass

platens. The length of the platens were 150 ran and the width 60 mm.

This size was chosen because it corresponds to the size of the joint

sample used during the development of the technique. An open slot

between the platen was introduced with a tape of about 0.25 ran thick-

ness which was put along the sides of one platen. The sides were

sealed off with silicon rubber.

The flow through such a joint should follow the cubic law (3) since

the walls are parallel and smooth. The hydraulic aperture, e, should

consequently be equal to the physical aperture in this case. To ex-

amine the validity of the cubic law, and the practicability of the

experimental set-up, flow tests were performed on this ideal joint.

The joint model was fixed in the transparent frame as described

earlier in this chapter and the flow through the joint at different

water gradients was measured. The result is shown in Figure 3.19. The

slope of the fitted line oorresponds to a value of the hydraulic aper-

ture of 243 tun. This agrees well with approximate measurements of the

real aperture using a feeler gauge which gave 200 \m < E < 250 tun.
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Figure 3.19 Measured flow through the ideal joint model at
different gradients.

The velocity measurents taken from four injection points showed, how-

ever, that the two platens were not exactly parallel but the aperture

varied slightly over the width. This could be due to the soft spacers

used, imperfect surface planarity, and due to the load applied by the

plexiglass frame.

Using equation (8) (section 3.4.3), assuming four channels with equal

width and velocities according to measurements, gave

^calculated
k * 2/3, Ah = 11,2 cm

= 182,2 nl/s

The experiment was repeated with a new loading, giving a slightly

different aperture and with a different water gradient. The calcu-

lation of flow gave

^calculated = 1Q72 k = 2/3, Ah = 4,8 an

198,0
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Ttie conclusion drawn from this test was that the proposed method for

velocity measurement was feasible for our purpose and that the mea-

sured velocity corresponds to the maximum velocity in a cross-section

of the joint, i.e. the correct value to be used far k, in equation

(8), is 2/3.
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4 RESULTS

4.1 Sample description

Five natural joint samples were used in this study. Three of the sam-

ples had been taken from Stripa mine. These joint samples were se-

lected from drill-cores ($ 200nm), drilled especially for the Stripa

Project that concerned migration in a single fracture, Abelin et al.

(1985). The locations in the drill-cores of sample S2, S3, and S4 in-

dicate that they were taken from a fracture plane named Fracture A in

the study by Abelin et al. (1985). These particular Stripa joints have

big apertures and the surfaces are unmated. In fact they are minor

faults rather than joints but the term joint is used throughout this

work for simplicity. The joint surfaces of joint A match very well

although they are not fresh. The joint B canes from a road cut and has

fairly rough and weathered surfaces. Samples from joint B were used

during the development phase of the present technique.

The size of the specimens was made as large as possible. The chosen

joint samples had to fulfil the condition of both sides being unbroken

and containing no fresh fractures or other visible disturbances.

The characteristics of the joint surfaces can be seen from the surface

profiles given in Figure 4.1. The profiles are measured with a profile

gauge. The joint roughness coefficients (JRC) (Barton and Choubey,

1977) were also determined for the original rock joints. The proper-

ties of the five joints are summarized in Table 4.1.

The joint models were suDjected to a cyclic loading up to about 5 MPa

in normal stress as described In section 3.3. The load-deformation

curve from the larger sample S4 shows a loading cycle up to 3 MPa

because of the limited maximum load from the hydraulic testing ma-

chine. The results from the different specimens can be compared in

Figure 4.2 which shows the third cycle for all specimens.

Ths normal deformation is determined from the beginning of the third

cycle starting at a stress of about 40 kPa. The very low stiffness at
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low loads and the uncertainty in total stress on the specimen makes

the absolute values of joint deformation unreliable. However, the

slope of the curves after the first cycles has a good reproducibility.

The stiffness of the joints calculated between 2 and 3 MPa is given in

Table 4.2.

Sample
Surface

,—, ,—,—,—,—,—,

B

S2

S3

Figure 4.1 Surface profiles from the rock joint surfaces used in
the experiments. The profiles are measured with a
profile gauge.
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Table 4.1 Properties of the natural rock joint samples used in
the investigation.

Sample

Rock type

Surface
condition

Matedness

Length x Width
[mm]

Area [cm2]

JRC

B

Leptite

Weathered
chlorite
coating

Mated
Apertures
« 0.2 mm

162 x 59

97

6

S2, S3, S4

Quartz monzonite

Weathered
chlorite
coating

Urinated
Apertures
0.2 - 0.8 mm

148 x 88
162 x 82
208 x 159

131, 136, 335

3

A

Fine-grained
granite

Slightly
stained
No filling

Very vgell mated
Apertures
* 0.1 mm

154 x 54

83

« 10
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Figure 4.2 Normal stress-deformation curve for the third cycle
of the five epoxy joint replicas.

Table 4.2 Normal stiffness of the joint replicas (calculated
between 2 and 3 MPa, see Fig. 4.2).

Sample

Normal
stiffness
[MPa/mm]

B

1000

S2

30

S3

70

S4

400

A

220



64

4.2

Using the technique described in section 3.4 the apertures of the

transparent joints were measured. Table 4.3 summarizes the results

from the measurements on all specimens and gives the average aperture

value and the standard deviation. A log-normal distribution function

is fit to the measured apertures using a computer package (STAT-

GRAPHICS). The average value and the standard deviation for the best

fit is also given in Table 4.3.

Table 4.3 Summary of aperture measurements.

Sample

Number of
measurement
points

Average É
aperture [iun]

Standard
deviation °E

X

log-normal
distrl- °x
lirHm

V*
[%]

B

182

313

212

309

193

62

S2

89

462

255

464

273

59

S3

104

417

449

393

295

75

S4

284

261

100

261

98

38

Al

100

84

46

83

34

41

A2

100

161

75

161

72

45

One can notice that the average aperture values are much larger than

the maximum closure given by the load deformation curves In Figure

4.2. The explanation for this Is that the reference load in the

loading test is not zero but about 40 kPa which causes a considerabe

closure of the joint. The load deformation curves also come from the

third loading cycle whereas the aperture measurements were taken after



65

several "first loadings" at a very low normal stress. Furthermore, the

closure measured at maximum stress, even if it was correctly measured

from a zero normal stress, should not be as large as the aperture at

zero stress since the joint will not close fully.

Figure 4.3 shows an example of a frequency histogram of tfte aperture

measurements on specimen S4 (for the others see Appendix 1). The dis-

tributions generally fits well to log-normal functions. The best fit

log-normal function for each sample is given in Figure 4.4.

Sample S4

0.5 -

0 -

400 BOO
Aportura [microns]

1200 1600

Figure 4.3 Frequency histogram of the aperture measure
sample S4.

it on
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Figure 4.4 Best fit log-normal functions to the apex lure distri-
bution of the joint replicas used in the study.

The apertures of specimen A were measured two times under different

normal stress. The first measurement was done with the load exerted by

the tightened bolts as described earlier (Al) and the second one (A2)

with only the weight from the plexi glass plate of the frame. Measure-

ments in both cases were taken at the same points. The results from

these two measurements illustrates the change in aperture distribution

due to closure of a joint, Figure 4.5. The best fit log-normal distri-

bution to both sets of the measurement are given in Figure 4.6.
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Figure 4.5 Frequency histograms from aperture measuremnt Al
and A2, corresponding to two different levels of
compression of joint sample A.
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Figure 4.6 Best fit log-normal functions to the aperture
distributions Al and A2 shown in Figure 4.5.

A comparison of the two distribution curves shows that the average

aperture is lower for Al as expected. Also, the spread of the distri-

bution is less. This is explained by the fact that closure is not con-

stant over the joint surface but is obviously larger at points with

larger initial aperture, where the joint surfaces do not come into

contact with each other. At points where the joint surfaces are ini-

tially in contact the closure is zero. This can also be illustrated as

In Figure 4.7 showing a frequency histogram of the closure values. Ine

closure is obtained from the difference in aperture measurements at

each point of Al and A2. Ihe closure distribution shows the same gen-

eral shape as the aperture distribution itself, Figure 4.5.
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Figure 4.7 Frequency histogram of the closure of the
joint apertures due to compression (A2-A1).

The differences in void geometries of the samples are most easily seen

from the three dimensional plots, Figure 4.8. Sample A, from a well

mated joint, shows a very even void geometry compared to sample S3,

taken from an urinated joint. In sample A there is only one area with

slightly larger aperture. Note that the scale in the z-direction is

exaggerated for the sake of clarity.
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Q)

m

Figure 4.8 DIM-plots of the void geometries of the joint sample
a) A and b) S3.

The void geometry of the joint can also be illustrated with an isoplot

of the measured apertures (see section 3.4.3). Figure 4.9 shows the

isocurve calculation from sample S4 and S2. The equidistance is 50 \m

for both samples. The hatched areas correspond to areas with apertures

smaller than 250 \isn. It can be seen that the hatched areas, where the

contact points also are expected to occur, are less in the sample S2

than in sample S4. The void space of S2 is also more unevenly distri-

buted over the surface compared with S4.

Terrain models and isoplots from the aperture measurements on all sam-

ples are given in Appendices 2 and 3. The flow experiments, presented

in the next section, were performed with the water flowing from the

left to I'-he right side of the specimens in all figures.
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a)

b)

Figure 4.9 Isoplats of the apertures of sample a) S4 and b) S2.
The hatched areas correspond to apertures smaller

than 250 nm. Equidistanoe 50 |un. Scale 1:1.5.
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4.3 Flow experiments

The total flow through each joint was measured using a range of water

gradients. The water gradients were selected such that the flow became

large enough to be measured accurately without having any risk of tur-

bulent conditions. The results from the measurements from all samples

are given in Figure 4.10. The flow per unit width is plotted against

the average water pressure gradient over the joint length. The real

water pressure gradient will naturally vary over the joint surface

because of the apex lure variation.

sm

0.5 1.0 1.5

Figure 4.10 Flow experiments on the joint replicas. Measured flow
per width is plotted against the water pressure
gradient. The lines show the linear function fitted
to the data points.
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The equivalent hydraulic aperture for a joint is calculated from the

slope of the linear flow-gradient relationship which was fitted to the

measurement points. The quotient between the average mechanical aper-

ture (E) and the hydraulic aperture (e) of a joint is a measure of the

difference between real void geometry and the equivalent parallel

plate concept of the joint. The results are summarized in Table 4.4.

Table 4.4 Summary of flow experiments.

Sample

Average aperture
E [nm]

Hydraulic aperture
e [iim]

E/e

B

313

236

1.33

S2

462

428

1.08

S3

417

244

1.71

S4

261

237

1.10

Al

84

< 5

> 16

A2

161

134

1.20

As described in section 3.5.2, velocity experiments were performed

using colour injections at several points along the inlet of the

joints. A compilation of stream lines from each sample is given in

Appendix 4. For sample B both boundaries of the coloured stream is

drawn to illustrate the fact that the width of the stream varies along

the joint. For the other samples a single line indicates the flow

path.

Figures 4.11a and b shows examples of stream lines from sample S4 and

B. In the figures the stream lines are overlayed on the calculated

isoplots from aperture measurements to illustrate how the apertures

influence the flow pattern.
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Example: 1) The stream lines converge into areas with larger

apertures.

2) The stream lines diverge from the tighter areas.

3) The stream lines bend such tiiat they cut the isocurves

perpendicularly, i.e. in the probable direction of

maximum gradient.

4) A stream broadens when it passes a tighter area.

The velocities are measured and calculated as described in section

3.5.3 and the result for each sample, at two different gradients, is

given in Appendix 5. Generally there is no difference in the results

at different gradients on the same joint sample. Since the flow was

kept laminar any changes in flow pattern or velocity distribution was

also not to be expected.

The velocity was observed to vary between flow paths and also alorj

each flow path. A comparatively tight area may in some cases have a

big gradient which will give rise to a higher velocity. Example 4)

above was such a case and the colour front was seen to move fast over

that area. Generally the velocity is proportional to the aperture

squared and a path with bigger aperture on average will also have the

fastest flow. The velocity along the stream line number 7 in sample S2

is, for example, higher than the velocity along stream line number 8,

Figure 4.12. Fran the isoplot of apertures in Figure 4.13 one can also

notice the difference in apertures in the areas along path 7 and 8

respectively.
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a)

b)

Figure 4.11 Observed stream lines of the fl:v overlayed the aj.3r-
ture isoplots for a) sanple S4, and b) sanple B.
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Flow velocity . mm/sec

1 cm
Sample S2 . Ah = 0.021m

Figure 4.12 Results from velocity measurement on sample S2.

Figure 4.13 Stream paths corresponding to injection point 7 and 8
of sample S2. The lines are derived from photographs
of colour injections and overlayed the isopiot. The
hatched areas correspond to apertures smaller than
250 \m. Scale 1:1.
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Similar comparisons between aperture measurements, photographs and

velocity measurements can be done on all samples leading to similar

results, in the cases when a stream line does not follow the expected

path, this may be due to the coarse grid of measurement points used in

the aperture measurements and the errors in the aperture determination

(see sections 3.4.2 and 5.1), which results in a calculated void geom-

etry different frcm the true void geometry.

In some cases the stream lines may bend because of air-bubbles that

are trapped inside the joint. Since this was mainly observed in the

narrow areas, the distinction between tortuosity due to air and due

to points in contact could be difficult to make.

The most obvious result from the colour injection is the difference

between the different joint types. The three Stripa joints show the

same general features. The flow paths change direction several times

along the joint. The sample A shows, however, a different flow pat-

tern. Apart from one area with comparatively big apertures, which

deflects the flow, the stream lines through this joint are almost par-

allel. Figure 4.14 shows a photograph of sample A when a bigger amount

of colour was injected into the water flow. Notice how the surface of

the joint is covered quite evenly by the flow. Frcm this observation

it can be expected that the contact area between the joint surfaces of

sample A is small.

Figure 4.14 Photograph of a colour injection In the water flow
through sample A.
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The tortuosity of the flow varies between the samples as well as along

different flow paths on each sample. The result from the tortuosity

measurements is given in Table 4.6.

The total flow through the joints can be approximately calculated

based on the velocity measurements using equation (8) (p. 56) as ex-

plained in section 3.4.3 (k = 2/3). This flow estimate is denoted Qv.

The flow can also be calculated using the aperture measurements. The

average aperture value E is used in the "cubic law" (equation (3),

p. 19). This equation is based on the parallel plate assumption.

These two flow estimates Qv and q were calculated for each experiment

and are given together with the measured flow cf in Table 4.5.

Table 4.5 Compilation of flow estimates and measured flow
(for further explanation see text).

Sample
No.

B

B

S2

S2

S3

S3

S4

S4

A

A

Gradient

Ah/L

0.32

0.56

0.14

0.21

0.31

0.60

0.18

0.20

0.70

1.05

W
ml "
s'm

3.48

5.03

9.03

11.51

2.22

5.92

1.43

2.18

1.28

2.00

q
W

ml '
s"m

7.76

13.57

12.10

17.52

23.80

35.35

2.67

3.03

2.46

3.69

QV

W
ml "
s'n

1.69

2.14

4.77

5.20

0.95

2.55

1.30

2.31

0.87

1.19

(/" measured flow

cubic law calculation of flew

Q calculated flow from measured velocities
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In Figure 4.15 the measured flow (f and the estimated flow based on
velocity measurements Q v are given relative to the flow estimate q
from cubic law. Q™ varies between 10 and 75 % of q. Q v lies between 5
to 75 % of q. Notice that Q v is in almost all cases smaller than 0™.
An explanation to this may be that the assumptions made in the evalu-
ation were too rough. They might have caused a systematic underesti-
mation of the flow.

Because of the variation in velocities along different flow paths the

contribution to the total flow will vary between different parts of

of the joint surface. In the calculations of the total flow Qv, based

on the velocity measurements, the contribution from each "channel" is

added together. Since the number of colour injection points was limi-

ted, and consequently was the available information on actual veloci-

ties, the contribution to flow could only be roughly estimated.

q s C • Ah E ; E = measured average aperture

Qm = measured flow

0v = K-T= I v ^ / 2 ; vn= measured velocities
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Figure 4.15 Comparison between measured and estimated flow rates
given in Table 4.5.vThe bars show the magnitudes of

the ratios 2- and =_ for each flow experiment.
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The largest oontributicns to flow, corresponding to the fastest chan-

nels were successively added together until the sum was about 75 % of

the total flow Qv. The number of channels needed to give this percen-

tage of total flow was compared to the total number of channels. This

Quotient provides an indication of how much of the joint surface area

that contributes effectively to the total flow. The results from our

experiments are given in Table 4.6.

The flow is nest unevenly distributed on sample S3. About 80 % of the

flow results from three out of ten channels corresponding to 30 % of

the joint surface area. For the sample A about 75 % of the flow re-

sults from seven out of ten channels, corresponding to about 70 % of

the joint surface. This implyes that for sample A almost the whole

surface area is effectively contributing to the flow.

Table 4.6 Estimations of flow distribution ar/i results from
tortuosity measurement (for further explanation
see text).

Sample

Ah [cm]

%of<W
No. channels
Tot. No. ch.

Tortuosity
1/L

min - max

B

5.2

82.4

9.1

83.1

2
4

1.05-1.12

S2

2.1

71.5

3.1

75.2

4
TO

1.05-1.15

S3

5.0

78.6

9.7

77.6

3
TO

1.03-1.34

S4

3.8

75.8

4.2

76.0

12
21

1.05-1.21

A2

10.8

76.2

16.2

76.8

7
10

1.01-1.06
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5 DISCUSSION

5.1 Experimental technique

The epoxy replicas of natural Joints cannot fully model all mechanical

and hydraulic aspects. The strength of the asperities, especially tiie

variation in strength between different areas where the joint has been

weathered or is covered with coating materials, is obviously not re-

flected in the epoxy models.

The mechanical properties of epoxy are different from those of rock.

Elasto-plastic deformation will occur at the contact points of the

model in contrast to crushing which is expected from brittle rocks.

The ratio between the elastic modulus and the oompressive strength is

also much lower for epoxy than rock.

However, in this study where the specimens are used several times, and

the idea is to conduct flow experiments for a known aperture situa-

tion, it is advantageous to have a joint model made of a strong elas-

tic material. Under the low stresses used for the experiments there

will not occur any irreversible deformation after the initial cycles

up to 5 MPa. Although the absolute stress levels will be different for

the epoxi joint model the general change of aperture distribution of a

rock joint can be studied with the presented technique.

Natural joints with very soft fillings cannot be studied with this

technique. Loose particles may possibly exist inside the natural

joints and influence the conductivity. This case can normally not be

considered in any laboratory study since the joint specimens are

easily destroyed and become disturbed already during sampling. Small

differences between the original real joint and the epoxy replicas

could also appear due to Imperfect copying procedure and hardening

effects such as shrinking or warping of the specimen. Nevertheless the

joint model obtained will provide a void geometry that could exist in

nature and can well serve as a sample for the purpose of studying flow

through a natural joint.
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The main advantage of this technique is the visibility that allows us

to study the flow by actually observing its features. Conclusions

should therefore be drawn, regarding the void geometry of a joint as

the main concern and how it influences the flow.

There are, to our knowledge, two other studies which combine informa-

tion about the void geometry of a joint sample with results from flow

experiments on the same specimen. These studies have been conducted by

Gale (1987) and Pyrak-Nolte (1977), (see section 2.1). The difference

between our technique and the techniques employed by them is again, as

discussed in section 2.3, a matter of how to simplify the complex

three-dimensional problem. Pyrak-Nolte connected the flow results to

-the situation of contact or "dead" areas while they had no information

on apertures. Our technique gives no information about contact areas

but provides a picture of the aperture variation. Gale (1987) compared

the measured average mechanical apertures with the calculated aper-

tures based on flow tests on the same joint, which is similar to what

was done in this work.

The sanple size of the joint specimens in this study is of the same

order as the specimen used by far example Gale (1987) but around ten

times bigger than those of Pyrak-Nolte (1987). This size is still

small compared to joints in-situ. Studies of the fractal nature of

joint surfaces, Brown and Scholz (1985b), shows, however, that the

roughness is almost scale independent which argues in favour of

studies en the laboratory scale.

Since an aperture value determined by the method presented here is an

average from the small area covered by a water drop the most extreme

values from the population will not be detected. Therefore the pre-

sented method will result in an apar tune distribution which is more

peaked than the actual pointwise aperture distribution.

The areas over which the values are averaged, will also vary depending

on the actual apertures. This might lead to a slight increase in skew-

ness of the aperture distribution, In favour of larger values.
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The accuracy of these aperture measurements may also be questioned.

The different sources of error were discussed in section 3.4.2. Hie

total error was estimated to about 20 % for 10 ill drops. Any similar

estimation of the accuracy of the techniques used in other studies has

not been avaLtoole far comparison. In this stage of developing diffe-

rent investigation techniques, a fairly low accuracy level must be

expected.

Since the techniques of aperture measurements so far employed by dif-

ferent workers are quite different, it would make a comparison between

them specially interesting. A combination of many methods applied on

the same joint samples should be a fruitful approach far future inves-

tigations.

The experimental set-up allows for flow tests with water pressure

levels up to only about two meters. This still gives higher gradients

than normally exists in tiie bedrock in-situ, exept from some locations

close to rock excavations. If greater gradients are applied in flow

tests the flow might become turbulent.

Due to this limitation of the experimental set-up the flow test

through the tightest joint replica could not be conducted (Al). "Hie

flow through the joint became two small to be measured. The correspon-

ding velocities of the flow would, however, also become so small that

the chemical diffusion of the colour injected to the water must be

considered and might overshadow the spread due to the pressure gradi-

ent.

Already at the lowest flow velocities that could be measured in this

study the trace of the colour became diffused at the outlet end of the

specimen. The time measurement therefore is less accurate In this case

and may represent better the average velocity, In a cross section of

the joint (Fig. 2.13), rather than the maximum velocity. This implies

that the correct value of the factor k is not certain (see sections

3.5-3.4).
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During the flow tests we experienced the problem of airbubbles getting

trapped inside the joint samples. This is a problem which may also be

present in flow tests on real rock joints although it is more diffi-

cult to detect. The air problem could possibly be overcome if a way of

sealing the joint under water could be found. A closed flow system

with an air-bleeding arrangement, which has been used in some other

studies (Iwai (1976) and Elliot et al. (1985)), would ..-/JB tests witii

high pressure gradients possible, and would also irr" : ve the possibil-

ities of controlling the air-content of the flov:. . water.

In the analysis of the velocity measuremer,. , each measurement is as-

sumed to represent the flow in a charmr - *£ rectangular cross section

(see section 3.5.3). The shape of tr "cual channels (if there is

still enough basis for using the t \. channel) is not rectangular and

this is a difficulty wtien we wart to attribute an equivalent width and

aperture to each channel. The assumption used in the analysis reduces

the true three-dimensional problem to a one-dimensional problem, and

the magnitude of the errors involved is not known.

In the performed experiments 4 to 21 velocities were determined on

each sample. The value of the information from the velocity measure-

ments will, however, be enhanced with increasing the number of injec-

tion points along the width of the joint inlet. Having increased the

number of injection points, the contribution of flow from different

parts of the joint can be studied in more detail and the chance in-

creases that the fastest flow path is found and neasured.

If the individual velocities were measured over parts of the flow path

down-stream of the inlet the value of information would be further en-

hanced. This requires, however, that the tests are documented on film

so that the flow velocities can be evaluated later with the aid of the

film.

One clearly advantageous feature of the present technique is that it

shows the paths of flow and make direct measurements of tortuosity

possible. Such information is not provided by other techniques. The

necessarily tortuous character of the flow is clear from studies of
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contact points, far example Iwai (1986) and Pyrak-Nolte (1987), but

the extent of tortuosity cannot be actually measured by their tech-

niques.

5.2 Results

5.2.1 Mechanical properties

The load-deformation curves from the normal loading of the epoxy rep-

licas show a great difference in stiffness between the samples (Fig.

4.2). Since the material of the replica surfaces is the same for all

samples the difference in stiffness must be only due to the different

geometries of the joints. The samples S2 and S3 are clearly most can-

pliant. This was also expected since these two joint samples are the

most open, as can be seen from the aperture measurements, and the area

of contact in them should be comparatively small. The sample S4 has a

smaller average aperture than S2 and S3 and is also stiffer than than.

This joint can be expected to have a larger contact area. More points

of contact will decrease the actual stress levels in a joint at the

contacts and give less total deformation.

According to the study by Hopkins et al. (1987) (see section 2.2) the

stiffness will also be influenced by the mere configuration of the

contacts. The spread of apex lures is less fa. sample S4 than for S2

and S3 (see Figs. 4.4 and 4.9). This is a further explanation to why

sample S4, which is derived from the same type of unmated joint, is

stiffer than samples S2 and S3.

Aperture and conductivity predictions based on stress-displacement

measurement is an appealing approach which has been suggested by Tsang

and Witherspoon (1981). However, many factors influence the final

shape of a load-deformation curve, such as the mechanical properties

of the joint surface material, the degree of correlation between the

two opposite joint surfaces, and the experimental details during the

deformation test. The differences between load-deformation curves

caused by various factors are very difficult to separate.
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5.2.2

The results from the aperture measurarents are in agreement with the

results of earlier investigations. Gentier (1986) and Gale (1987)

present histograms of measured aperture distributions with the same

general shape as in this study, Figures 2.2 and 2.4.

The average apertures measured on the samples from Stripa are compara-

ble to the calculated apertures from in-situ tracer tests in Stripa

mine, Abelin et al. (1985) and Abelin (1986). For sampling holes S2-6

and S2-8 at the main test site, the aperture was determined to be 240

\m and 280 \m respectively. This calculation was done assuming linear

flow from the injection hole, mixing of the tracer at the injection

hole and using the mass balance conditions. Far calculations based on

assumptions different to what was mentioned, the apertures were

smaller.

The fit to a log-normal function of the aperture distributions are

generally good. This function has also been suggested by others, for

exanple Gale (1987). A problem when applying a theoretical distribu-

tion to the calculations of flow, is the long theoretical tall. The

actual distributions have an upper limit of the aperture and the

applied distribution should therefore be truncated at some level.

Since the flow is sensitive to the largest apertures, a correct shape

of the tall and a correct truncation Is important for the result.

Neuzil and Tracy (1981) assumed a log-normal distribution of the aper-

tures In their theoretical model of a joint. Figure 5.1 shows their

calculation of the change in aperture distribution due to compression.

The result from our measurment on sample A, for different degrees of

closure, agrees well with their calculation, Figure 4.5. The mean

aperture of Al Is about half of that of A2 and the relative frequency

for the peak value of Al Is double compared to A2.

According to their model the change in aperture at any location Is

proportional to the original aperture at that location, Figure 5.2.

This simple model of a complex deformation process Is supported by our
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results. If the isoplot of the calculated void geometry for A2 is com-

pared with the isoplot of the closure (A2-A1), Figure 5.3, this corre-

lation can be noticed.

Figure 5.1

3 4 5 6 7 8

APERTURE. iN MICRONS
9 10 11 12

Theoretical changes in a log-normal distribution
describing aperture frequency in a fracture
undergoing compression. As compressive stress
increases, mean aperture b decreases. Neuzil and
Tracy (1981).

Figure 5.2 Model of aperture change due to elastic oompres-
sional deformation of fracture walls. Contours A
and B correspond to two different stress levels.
Neuzil and Tracy (1981).
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b)

Figure 5.3 a) Isocurves of the aperture measurements fron
sample A at a low normal stress (A2).
b) Isocurves of the change in aperture when the
normal stress on the sample A is higher (Al). The
closure is calculated as the difference in aper-
ture measurement at each point for A2 and Al.

5.2.3 Flow experiments

A detailed comparison with the results from the study by Brown (1987)

(see sections 2.1-2.3) cannot be done easily. His calculations are

based en uncorrelated surfaces and the parameter o, which is the stan-

dard deviation for the surface height distribution on the uncorrelated
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scale, is important in the presentation of the result. This parameter

is difficult to estimate for the joint samples in our study that are

expected to mate to some degree, at least in the case of samples A and

B. For the joint replicas derived from joints in Stripa granite a

rough comparison can be made assuming that they consist of uncorre-

lated surfaces.

The results from the velocity and tortuosity measurements agrees in

general character with the numerical results by Brown (1987) (see Fig.

2.19). The variation of the velocities far the Stripa samples are of

the same order as for the modeled joint in his study. A surface sepa-

ration of d = 4c, corresponding to surfaces that are just touching,

should be the degree of contact most comparable with the conditions in

our study where the normal stress was very low.

The ccmparlLYi of cubic-law flow estimates g, with actual measured

flow <$*, rigure 4.15, also shows ratios of the same order of magni-

tude as those calculated by Brown, Figure 2.20. The standard devia-

tion of the topography should be approximately of the same order as of

the aperture whic" gives the rough estimation of o = 0.1 - 0.4 mm for

the Stripa samp] i The mean separation d can be approximated with

the average apr f <TJ E. With these assumptions the standardized sepa-

ration dm/o, o rs x-axis in Figure 2.20, lies between 1 and 2 for

sample S2, S3 A J. 54. The aperture value used in the cubic law in our

study is the ur Emetic average, Therefore cPVq should correspond to

the filled ciir ilar data points in Figure 2.20. It can be seen that

the values fi c the calculations by Brown agrees with the result in

this stu<5y.

Tsang (1984) »red an electrical analog to study the effect of tortu-

osity of flow trough joints and concluded that this effect on the

total flow through a joint could be of several orders of magnitude.

This may seem contradictory to the result in our study where the cubic

larv estimation, although it gives a larger flow, is of the same order

of magnitude as measured flow. However, the degree of contact consid-

ered in the study by Tsang is In some cases very high, about 30 % and

higher. For fractional contacts of 1, 3 and 5 %, which is of the same
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level as expected In our experiments, Tsang calculates the tortuous

flow to be between 30 to 99 % of the non-tortuous flow.

Tsang (1984) also showed that a more peaked aperture distribution gave

smaller effects of tortuosity than a broad distribution. This agrees

with our result where sample A and S4 have the most peaked distribu-

tion (Table 4.3) and the velocities of different flow paths also

varies less than far the other samples.

Tsang also compared a skewed aperture distribution, having the tail

before peak, with the symmetric Gaussian distribution. The comparison

shows less tortuosity effects far the skewed distribution. The aper-

ture distributions measured in our study is skewed but with the tail

after the peak. Stronger tortuosity effects should therefore be ex-

pected for our distribution than far the Symmetric Gaussian distribu-

tion. However, as discussed earlier, the aperture distribution will

became mare peaked during closure which is a compensating factor on

the tortuousity effect. Tsang used a pure truncation of the distribu-

tion to account for the changes due to closure (see section 2.2).

The ratios between the mechanical and hydraulic aperture E/e calcu-

lated from the flow experiments lies between 1.1 and 1,7 for joints

with hydraulic apertures between 134 \m and 428 |un. According to the

empirical equation suggested by Barton et al. (1985), the ratio should

be 1 for these apertures when JRC is as low as 3 - 9. However, this

relationship is built on a compilation of data from mated joints and

should therefore be applied to this type of joints.

Among the five studied joint samples the sample A is clearly mated.

For the sample A JRC ~ 10. The flow test on A2 gives a datapoint in

agreement with the curves in Figure 2.14, suggested by Barton. The

flow test on Al indicated a value on E/e > 16 and e < 5 (im. This point

also plots in rough accordance with the suggested relation.

A comparison of the result in Table 4.6, conoemiiKj the distribution

of the flow over the surface areas, with the result from aperture

measurement in Table 4.3 shows that a more even flow corresponds to
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smaller apertures and also to smaller spread in aperture distribution.

An explanation to this trend, given by our experiments, could be that

matedness is correlated with aperture such that well mated joints,

i.e. with well correlated surfaces, have generally smaller average

aperture than urinated joints.

This tendency can be understood physically simply because two almost

identical, opposite surfaces subjected to normal stress should close

better than two surfaces with unoarrelated typographies. At depth in

the rock mass, rock joints are normally subjected to considerable

normal stress.

Joints showing some shear displacement, in particular the joints which

have a large dilation angle, should be responsible far the major part

of flow. An exception would be the cases where extensive filling mate-

rial, subsequent to earlier shearing, has partly sealed the joints.

In the interpretation of in-situ tracer tests the major channels of

transport should therefore be expected to be found on the most unrated

and open joints and to be unevenly spread over these surfaces. How-

ever, on a larger scale of tracer tests, channels of transport may be

found along geological structures other than the so called single

joints. These channels could be responsible for a considerable part of

the transport depending on the actual rock mass.

Tl»e technique developed has so far been applied to five different

joint replicas. The aperture and flow measurements were performed for

one state of compression on each sample, apart from sample A, on which

the apertures were measured for two different compressions. The data

collected is therefore limited and does not allow for extensive con-

clusions. However, the available results and evaluations do provide

ideas and suggestions for further research. Observed trends may then

be confirmed or modified.
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Carefully fabricated transparent replicas of rock joints have been

shown to provide useful subjects for hydranechanical studies. The

techniques developed during this work give the possibility to mea-

sure both aperture and flow characteristics of natural rock joints.

Five different joint samples have been replicated and their void

geometries were studied by aperture measurements. The average me-

chanical aperture, E, varied between 84 and 462 \m. The aperture

distribution of the studied joint samples can be statistically

described with a log-normal function.

The equivalent hydraulic aperture, e, of the samples were determined

frcnt flow experiments. The quotient E/e was shown to vary between

1.1 and 1.7 for samples with apertures larger than 0.1 mm.

Estimates of the flow through the joints were made using the mea-

sured apertures, E, in the cubic law. The flow actually measured in

the experiments were 10 to 75 % of the estimates.

The velocities along several different flow paths over the joint

surface were measured. The result shows that through sane channels

of a joint the flow velocity can be up to about twenty times higher

than through other channels. The channeling character differed

between the joint samples.

The determination of the hydraulic aperture, e, was not sufficient

to explain the different channeling characters between different

joints. Among the studied joint samples were examples of similar e

values on joints with different channeling character.

Also the quotient E/e was alcne not sufficient to fully describe the

hydraulic character of a joint. The value of this quotient is Influ-

enced both by actual aperture value and by the degree of matedness.
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Wien the variation in aperture value was large the part of the joint

surface area, effectively contributing to the total flow, was small

compared to the whole joint surface area. Well mated joints were, on

the other hand, shown to conduct the water more evenly over the

whole surface.

The degree of matedness is therefore an important factor influencing

the conductive proper lies of a joint. The spread of the aperture

distribution reflects the matedness. The ratio between the average

aperture and the standard deviation of the aperture H-tvi i ihirKnn

could be a possible matedness parameter.

The joint matedness property, alternatively the degree of mismatch

between joint surfaces, should be considered in hydrcgeological sur-

veys, in particular when the velocity of the water flow is of impor-

tanoe. Practical and objective methods for the determination of

aperture and matedness are needed to improve the possibilities of

good hydromechanical modelling of the rock mass.
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APPQDIX 1 Aperture frequency histogram

Frequency histograms of the aperture distribution showing the results

freer aperture measurements using the technique described in section

3.4. A summary of the results is given in Table 4.3 (p. 63).

The histograms are calculated and plotted using the computer package

for statistical analysis STATGRAPHICS.



Al:2

Sample B

0. 5 -

0. 4 -

u
a

a>

a
ae.

o -
400 800

Aperture [microns]
1200 1600

Sample S2

0 -

400 800
Aperture tmicrons)

1200 1600



Relative frequency Relative frequency

oo

-oo

s-S
o

s

ro
g

ro U) LA

T"

I • I . . . . I

10

o
-o

i
-o
10

to
(1)

CO



Al:4

Sample A2

0.5 -

0. 4 -

u
01

cr
L

0.1 -

0 -

400 600 1200
Aperture [microns]

1600



A2:l

APPQOIX 2 Aperture isoplots

Isocurves of the apertures measured over the surface area of the joint

replicas. The equidistance between lines is 50 (un and the areas corre-

sponding to apertures smaller than 250 \m, for samples B, S2, S3 and

S4, and smaller than 150 \im for sample A, is hatched.

Measurement Al and A2 is made on the same joint replica, sample A, but

under different degrees of compression. Measurement Al corresponds to

the highest level of normal load.

The last isoplot shows the isocurves of the difference in aperture

values in each point between loading case A2 and Al, i.e. the closure

cf the aperture due to the change in normal load. The areas correspon-

ding to closure less than 50 urn are hathed.

The calculation of the spatial aperture distribution is conducted with

a digital terrain model program, TERMDS.
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AEVBOIX 3 Void geoaelxy terrain models

Terrain models showing the topography of the void space inside the

Joints. The geometry is calculated using a DTM-package, TEKOS. The

indata to the calculation is the aperture measurements described in

section 3.4. The seals of the apertures (z-direction) is exaggerated

far the sake of clarity.
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APPENDIX 4 Stream lines of flow

Colour injections into the water flow during the flow tests were

recorded with photographs. The following figures shows a compilation

of stream lines collected from different photographs on each sample.

The lines should be regarded only as examples of flow paths and are

not selected of any specific reason. Unclear stream lines and lines

very similar to others were omitted. Cn sanple B both sides of the

observed colour stream is given to illustrate that the width of the

stream may vary along the path.

The direction of the flow is from bottom to top in the figures for

all samples.
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APPENDIX 5 Flow velocitY diagrams

The results from flow velocity measurements are presented in tiie fol-

lowing diagrams. The measurement technique is described in section

3.5.2. The size and shape of the sample is given by the square. The

length of the arrows correspond to the effective velocity of the flow

determined from the colour injections. The starting point of each

arrow is located at the beginning of the colour trace as observed

from the photographs.

Dashed arrows shows estimated flow velocities in the cases when the

measurements have not been successful.
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