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ABSTRACT

Several rock mechanics studies were performed within the site
characterization and validation (SCV) project at Stripa.
Joints represented in Harwell's stocastically generated 8m x
8m x 8m cubes were used to select four possible joint
geometries for two-dimensional rock mechanics simulations of
the 2.8 x 2.2 m validation drift, and the rock mass response to
its excavation. The joints intersecting the four end faces of
these cubes were set up in distinct element UDEC-BB models, and
loaded with boundary stresses of 10 MPa vertically and 14 to 18
MPa horizontally. In numerical models 1, 2, 3 and 4 average
values of the Barton Bandis joint parameters JRC, JCS and <{>r
were utilized for all joints, irrespective of length. These
values were obtained from NGI's index characterization of 220
joints in 100 mm core and from 200 mm diameter and 1 x 1 2m
block testing where coupled closure-shear-flow testing (CSFT)
was also performed. In numerical models 5, 6, 7, 8 the same
joint geometries were utilized with length-dependent values of
JRC, JCS and \. The longest joints were given low values
representing mineralized persistent discontinuities, while the
shortest joints were given high values.

As a result of numerical drift excavation, changes in joint
apertures occurred, some closing, others opening. Most
aperture changes; 12 per meter per model, occurred in the first
0.5 m from the drift. Some block movements allowed channel
development at joint intersections. Mcst persistent joints had
pre-excavation apertures in the range 1 |im to 25 \m. Channels
that formed at joint intersections had local apertures
typically of 150 to 350 UJD, and would provide for potentially
increased permeability parallel with the drift. The smoother
persistent joints did not dilate with shear, only the rougher
non-persistent joints.

Detailed analyses were made of the tangential and radial stress
magnitudes that were obtained in the four UDEC-BB discontinuum
models 5, 6, 7 and 8. Results were presented for all sectors
of the models as a functior of radius from the drift walls.
These stress magnitudes w e e compared with those from an
equivalent continuum model wliich showed, as expected, much more
predictable stress gradients. Modelled drift closures ranged
from 2 to 3 mm in the jointed models and from 1 to 1.5 mm in
the continuum model. Local tensile stress development, maximum
28 MPa, and local shearing of individual joints, maximum
1.0 mm, were a feature of the jointed models. Peak tangential
stresses locally reached 54 to 74 MPa in the jointed models,
compared to 43 MPa in the continuum model.
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SUMMARY

The rock mechanics studies that are being performed as part oV
the Site Characterization and Validation (SCV) project are
directed towards the investigation of potential excavatio'i-
mduced changes in joint aperture and permeability. Stress
redistribution caused by excavation of the Validation Drift was
expected to allow some joints to cpen due to reduced radial
stresses, and others to close more due to increased tangc-ntisl
stresses. Still other joints might shear slightly and perhaps
dilate. The net effects were expected to be changed radial
permeability that might be reduced locally, and charged' axial
permeability that might be increased locally.

Systematic joint mapping performed by Gale er al. in Stage 3
(SKB, "^tripa 90-02) provided the statistical data for Harwell's
8m x 8m x 8m stocastically generated jointed cubes (Herbert ami
Gale, priv. comm.). The four appropriate end faces of these
two cubes were used to define possible discrete tro-'ivinensiona:
joint gecnietries for rock mechanics modelling of the Validation
Drift excavation using the distinct element code UDEC-88
(Cundall 1980, Makurat et al. 1990).

Input data for the joint properties were obtained by N6I ii> che
Stage 1 and Staqe 3 joint index characterization. Tilt test:-.,
roughness profile measurement and Schmidt hammer tests were
performed on 220 joint samples from W ard N boreholes, using
100 mm core (Vik and Barton, SKS, Stripa 88-08). Two 200 r̂ p
jointed core samples and a lm x lm x 2rn ir. situ block tna. were
closure-shear-flow tested (CSFT) provided some larger stale-
joint index values (Makurat et al. SKB, Stripa 90-07":. Input
data was organized in the form of histograms, so that the
variability of the parameters JRC (joint roughness
coefficient), JCS (joint wail compressive strength) and <•>..
(residual friction angle) was accounted for (Sarton and Bandis
1990).

UDEC-BB models 1,2 3 and 4 utilized mean values of tnese irixuL
parameters, while models 5, 6, 7 ar;d 8 (with unchanged joint
structures) utilized three sets of length-dependent values of
the joint strength parameters. The longest joints wer?
therefore given low values of JRC, JCS an.1 <j>r to renreent the
frequently mineralized, smoother state of these features, while
the shortest joints with less likelihood of interconnect1'v i£y
were given high values to represent rough, interlocked niche-
stiffness behaviour. Joints of intermediate length vers given
intermediate properties.

As a result of the numerical drift excavatior., a variety of
changes in the joint apertures occurred, some closing, others



opening, some shearing and suffering dilation thereby creating
more openness. In models 5, 6, 7 and 8 most aperture changes
occurred in the 0.5 meter of rock nearest to the drift
perimeter; an average of twelve joints per meter had changed
aperture in this zone, while the next meter from 0.5 to
1.5 meters had 5 joints per meter with changed aperture, and
from 1.5 to 3.0 meters only 3 joints per meter showed changed
aperture.

The most persistent joints in models 5, 6, 7 and 8, had
apertures of less than 1 urn prior to excavation, while joints
of intermediate length were typically about 25 jun, and the
roughest joints typically about 40 um. Analysis of the post-
excavation results shows that although the smoother persistent
joints tended to shear most (generally between 0.3 and 0.9 mm),
this was not enough to cause significant aperture changes since
dilation was delayed and would have been weak anyway. In
contrast, the shorter rougher joints were able to dilate
slightly and increase their already higher initial aperture.

The shearing of joints in general, since»limited to these
moderate values of 0.3 to 0.9 mm, was more effective in
generating channels at joint intersections than dilation-
related channels along a given joint plane. Channels that
formed at joint intersections created local apertures of
typically 150 to 350 ujn and would provide potentially increased
permeability parallel to the drift, generally at distances of
0.5 to 1.5 meters into the walls of the 2.8 m wide by 2.2 m
high drift. Models 1 to 4 showed maximum channel apertures in
the range 260 \m to 580 \im.

Detailed analyses were made of the excavation-induced
tangential and radial stresses in models 5, 6, 7 and 8 which
had the most sophisticated joint behaviour modelling. These
induced stress magnitudes were compared with those from an
equivalent con+inuum model, which showed as expected, ;<iuch more
predictable stress gradients despite the anisotropy of stress
and drift dimensions. Peak tangential stresses of 55, 74, 64
and 62 MPa were registered in models 5, 6, 7 and 8, while the
continuum model registered a maximum tangential stress of 43
MPa (compared to virgin stresses of au = 10 MPa and ah = 18
MPa). The continuum model registered a very small tensile
stress (0.5 MPa) while the four jointed models registered
maximum tensile stresses as high as 9 to 28 MPa, presumably due
to block displacement effects.

Generally the level of tangential stress was lower in heavily
jointed zones, and peak values tended to be reached about 0.5
to 1 meter from the periphery in these jointed models. High
values of stress i.e. 25 to 40 MPa were registered as far as 2
to 3 meters from the drift walls in some cases.

Excavation induced deformations showed maxima of 1.1 to 1.6 mm
in models 1, 2, 3 and 4, and maxima of 1.0 to 1.6 mm in models
5. 6, 7 and 8. Drift closures were therefore generally limited
to 2 to 3 mm. Generally similar behaviour between models 1 and
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5, 2 and 6 etc. was visually apparent at this level of
observation.

Excavation-induced joint shearing showed maximum values of 0.6
to 1.0 ran in both series of models. However, significantly
larger magnitudes of joint shearing were seen in the three-
material models (5 to 8) at some 2 to 3 meters from the drift,
due to the reduced shear strength of the persistent mineralized
joints. Their relative ease of shearing even at these
distances from the periphery did not necessarily increase joint
aperture or channel aperture, though potential for this is
apparent in the case of a larger drift or in a more
interconnected rock mass.
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INTRODUCTION

The numerical studies presented in this report were performed
in order to evaluate the potential effect of joint - rock block
interaction on the conductivity changes of the rock mass
surrounding the SCV-validation drift caused by the excavation.
The results of the studies are expected to influence the joint
apertures modelled in network models.

The joint data obtained by NGI under Stages 1 and 3 of the
Stripa rock mechanics test programme (Makurat et al. 1990, TR
90-07), provided the means of predicting how the various joint
sets would react to excavation of the validation drift. The
joints could be subjected to opening, closure or shear. These
three effects are caused by the changes in radial stress,
tangential stress and stress difference (tangential minus
radial) caused by excavation.

The modelling was carried out with the intention of obtaining
both qualitative and quantitatively useful results:

1. The qualitative results were expected to show the
strongly irregular stress distributions developing in
jointed sections compared to the less realistic stress
picture that can be modelled with continuum methods, and
hence the implies differences in joint conductivities.

2. The computed discontinuum stresses are expected to be
evaluated as possible input for 3-dimensional stress
permeability modelling to be carried out others.

3. The computed joint apertures are expected to serve as
guidelines in the near field zone in network flow
modelling carried out by Harwell.

The numerical study utilizes four joint geometries derived from
stocastically generated 8 x 8 x 8 m cubes. The modelling was
divided into two stages:

I - Modelling with average joint material parameters, models
1, 2, 3 and 4.

II - Modelling with stochastically evaluated joint material
parameters, models 5, 6, 7 and 8.

The two joint sets A and C are represented in the eight UDEC-BB
models. They show variations in JRC, JCS and <|>r that are
characteristic for joints of widely differing lengths. During



the first stage in the modelling (models 1 to 4) medium values
of JRC, JCS and <|>r were used. During the second stage (models 5
to 8), joint length-related values of JRC, JCS and <J>r were used,
to better represent the geology of the site.

The actual joint geometry was obtained from Harwell's
stochastic joint representation in 8m x 8m x 8m cubes. The 2D
endfaces (perpendicular to the axis of the validation drift)
form the basis for NGI's UDEC-BB models (see Fig. 1.1). Four
separate joint geometries were therefore digitized and
simulated, first with average joint properties (stage 1, models
1 to 4) secondly with joint length-related properties (stage 2,
models 5 to 8). The geometry of models 1 and 5, 2 and 6 etc.
were therefore unchanged.

Stage II modelling provided the most important results, and
these are given in detail in the main text. For purposes of
comparison, the results of models 1 to 4 are briefly presented
in the appendix. The main modelling principles are common for
both stages of the modelling.
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2. SPECIAL FEATURES OF THE DISTINCT ELEMENT CODE UDEC-BB

For discontinuum analyses NGI apply UDEC-BB: the Universal
Distinct Element Code (Cundall, 1980) with the Barton/Bandis
joint logic (Barton et al. 1985, Bandis et al. 1981, 1983).

The distinct element method is a recognized discontinuum
approach for simulating the behaviour of jointed media
subjected to quasi-static or dynamic conditions. The method has
three distinguishing features which make it well suited for
discontinuum modelling:

i) The medium is simulated as an assemblage of blocks which
interact through corner and edge contacts

ii) Discontinuities are regarded as boundary interactions
between these blocks; discontinuity behaviour is
prescribed for these interactions.

iii) The method utilizes an explicit timestepping (dynamic)
algorithm which allows for large displacements and
rotations and general non-linear constitutive behaviour
for both the matrix and the discontinuities.

UDEC-BB is a two-dimensional version of the distinct element
method which is specifically designed to simulate the
predominant features of fractured rock masses, including:

* variable rock deformability
* complex joint structures
* non-linear, inelastic joint behaviour
* plastic behaviour of intact rock
* fluid flow in joints
* far-field static or dynamic boundary conditions
* transient heat flow and thermally-induced stresses

The model simulating the behaviour of joints as described by
Barton and Bandis has the following major features:

(1) hyperbolic normal closure function (joint stiffness
increases with closure);

(2) closure limit (joints cannot continue to close at very
high normal stress);

(3) normal reversal logic (an unloaded joint will experience
hysteresis, and will stiffen each time it is reloaded);

(4) joint opening (if the joint is pulled apart, stiffness is
reduced to that of disturbed joint conditions upon
reloading);

(5) shear reversal and damage (shear stiffness of joint
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depends on number of reversals and extent of shear
displacement);

(6) dilation with shear (joint dilation is a function of
shear displacement and normal stress. Joint normal
stiffness decreases with shear and dilation).

Specific input data for the BB sub-routine in UDEC, is obtained
from the following key parameters (Barton and Bandis 1990).

JPX = joint roughness coefficient
JCS = joint wall strength
0r = residual friction angle.

These are block size or joint-length dependent properties.
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3. MODEL INPUT DATA

3.1 MATERIAL PROPERTIES

Mechanical properties are specified, both for the intact rock
and for the discrete modelled joints. The intact rock, i.e.
the homogenous blocks between the joints, is essentially
behaving linearly elastically under the actual stress field.
Consequently, a simple material law with constant stiffness is
used to represent the intact material.

The joints however, are permitted both elastic and plastic
deformations, with stress dependent shear and normal
stiffnesses, prescribed by the Barton/Bandis non-linear model.
The implementation of this model in UDEC enables scale
dependent coupling of shear stress, shear displacement,
dilation and also closure which is assued not to be scale
dependent. The general features of this model were described
in Section 2.

3.1.1 Joint material parameters

The two joint sets, A and C, shown schematically in Fig. 3.1,
show variation in JRC (roughness), JCS (wall strength) and <j>r
(residual friction) that are characteristic for joints cf
widely differing lengths. Careful studies of the laboratory
tests show that only subtle differences exist between set A and
set C, as shown from the surface roughness distributions
reproduced in Figures 3.2 and 3.3. Greatest differences are
caused by length variation.

Detailed investigations of the joint characterization carried
out by Gale et al. (Stripa TR 90-02) and by NGI (Stripa TR 88-
08) resulted in a logical division of the joint properties into
three material groups. These groups provide the differentiation
between the mineralized joints, the unfilled joints and the
"average" stiffness joints.

Table 3.1 Logical divison of joint parameters

mat=l

mat=2

mat=3

unfilled, non-persistent joints

average joints

mineralized, persistent joints
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The mineralized joints pono •x't smooth) will not experience
changed conductivity as drc.!r.3t.ica"! iy as tne unfilled joints
(short and fresh) when undergci:̂ ;> tKe actual stress changes
caused by drift excavation. I*;*- rersi>ient. mineralized joints
may not be subjected to significd'i cwuicMvity changes at
all, while the potential aperture conges in tt-e- short and
unfilled joints may locally create rv. flu*d -.r^n^-or. routes
in the rock mass. Hence, it is of ispcvaries .a represent the
latter as realistically as possible whrn modelling.

The implied correlation that the long joi-.ts tend to also be
mineralized, is strengthened by the results from the blocK
tests. The lowest JRC-values obtained from small specimen
laboratory tests are in the same range as those observed for
the long joints in the in situ block. For this reason both the
block test and laboratory tests were used to estimate the
material parameters for the long joints.

Table 3.2 JRC-observations from the in situ block test and
from 100 mm and 200 mm core

mat=3

JRC=3.3

mat=2

JRC=6.3

mat=l

JRC=7.7
JRC=7.9

In summary, four sources of data formed the basis with which to
estimate the joint parameters to be used in the three groups
and to choose the best-suited joint lengths to separate the
groups:

1 - Stripa report TR 90-02. Site Characterization and
Validation - Drift and Borehole Fracture Data. (Stage 3).

2 - NGI laboratory tests of small specimens (results are
reproduced in Figs 3.2 and 3.3, TR 88-08).

3 - Observations from the in situ block test and from 200mm
cores (Table 3.2, mat. 3, TR 90-07).

4 - The freqency of the different joint lengths, set A and C,
in two of the stocastically generated geometries modelled,
see Figs 3.4 and 3.5. (This joint statistic was used for
all the models).

For each of the three materials a fixed block size was used to
represent the scaled joint properties. Figure 3.5 illustrates
the statistical basis for the determination of the numerically
equivalent block sizes, denoted in Table 3.3.
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Table 3.3 Joint material input parameters

keyword

1

JRC0

J<:s0

Lo

Ln

PHIR

STGMAC

JKN

JKS

APER

unit

m

MPA

m

m

degrees

MPa

GPa/mm

GPa/mm

ITBD

mat=-3

1>2

3.0

70

0.1

1.0

21

240

1.3e7

8.4e3

0.100

mat=2

1 <1< 2

7.25

140

0.1

1.0

25

240

7.2e7

8.2e3

0.100

mat=l

1< 1

8.5

200

0.1

0.5

29

240

7.1elO

14.3e3

0.100

explanation
i

joint length i

joint roughness coef-
ficient, lab. scale

joint wall compress i-
ve strength, lab.
scale

block size,lab.scale

block size, in-sitj

residual angie of
friction

un iaxial expressive
strength

joint normal
stiffness limit

joint shear stiffness
limit

zero stress aperture

The actual block sizes were selected by also considering the
sensitivity of the measured joint roughness (JRC) to different
block sizes, as illustrated in Fig. 3.7.

The one-dimensional joint behaviour was calculated by use of a
Lotus spreadsheet version of the Barton-Bandis joint model. The
fracture conductivity vs shear displacement and normal stress
are illustrated in Figs 3.8 and 3.9 respectively.

3.1.2 Intact rock material parameters

The intact rock was modelled as an elastic isotropic medium
acting under plane strain conditions, with elastic properties
as listed in Table 3.4.

The elastic arbitrary block deformation is permitted through
internal discretization into finite difference triangular
zones. The mechanical properties are constant with respect to
time and loading.
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Bulk and shear moduli of the -Intact rock have been calculated
based on classical theory of elasticity. Young's modulus E = 57
GPa and Poissons ratio v = 0.25 gives:

Bulk modulus : K = E/3(l-2v) = 38.0 GPa
Shear modulus: G = E/2(l+2v) - 22.8 GPa

Table 3.4. Intact rock material input parameters

parameter

density of rock

bulk modulus

shear modulus

keyword

DENS

BULK

G

#

2600

38.0

22.8

units

kg/m3

GPa

GPa

3.2 JOINT STRUCTURE AND ASSOCIATED PROPERTIES

The four 2-dimensional model geometries are derived from
Harwell's 8m x 8m x 8m cubes, as illustrated in Fig. 3.10. The
"SE" and "NW" ends from two cubes were utilized to obtain
stochastically representative 2-dimensional sections.

Table 3.5 NGI-model numbering and the corresponding locations
on Harwell cubes

NGI models

1 & 5
2 & 6
3 & 7
4 & 8

Harwell cubes

1

SE face
NW face

2

SE face
NW face

As outlined in Section 3.1, the joints in models 5, 6, 7 and 8
are assigned material properties appropriate to the actual
joint length.

The joint structure and material parameter sets are reproduced
in Figs 3.11 - 3.14.

Models 1, 2, 3 and 4 consist of the same joint structure as
model 5, 6, 7 and 8 respectively, but all the joints are
assigned equal, average properties. Further description of
those first models is given in the appendix.
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3.3 IN-SITU STRESSES AND BOUNDARY CONDITIONS

The in-situ stresses modelled are based on observations and
analyses reported by S. Mckinnon and P. Carr in Stripa TR-90-
09, "Site Characterization and Validation - Stress Field in the
SCV block and around the Validation Drift, Stage 3".

They conclude that the SCV block is located in a virgin stress
field, except for a small section in the South-West corner.
Consequently, stresses acting on the fractures are due only to
the virgin stresses and the influence from the validation
drift.

The stresses are strongly anisotropic, and at the 385 meter
deep validation drift the horizontal stresses are almost twice
as large as the vertical stresses. See Fig. 3.15 and Table 3.6
for a more detailed explanation.

The vertical stresses are given by:

ov = o3 = 0.026 D = 10.01 MPa

The horizontal stresses are calculated from a1 and a3.

Oj = 7.5 + 0.044 D = 24.44 MPa

o2 = 2.5 + 0.035 D = 15.98 MPa

The angle a, between the maximum horizontal stress plane and
the normal to the validation drift is about 60°. The horizontal
stresses acting on the model were calculated by the following
relationship:

oh = cos
2a oj + sin2a a2 = 18.10 MPa

Due to the uncertainties associated with the stress predictions
and the modest stress variation along the model edges, the
horizontal stress field acting on the model is assumed constant
over the modelled region.

The modelled boundary conditions and stress fields are
illustrated in Fig. 3.16.

Table 3.6 Interpreted virgin stress tensor for the SCV block
(McKinnon and Carr, 1990, TR 90-09).

Principal stress

ai
°2
°3

Orientation
(bearing/dip)

105/00
195/00
Vertical

Magnitude w.r.t.
depth (MPa)

7,5 + 0,044 D
2,5 + 0,035 D
0,0 + 0,026 D
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D is depth below surface in metres
dip is positive downwards
bearing is positve clockwise from mine north
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PRESENTATION AND DISCUSSION OF RESULTS

4.1 EXPLANATION OF THE GRAPHICAL PRESENTATION OF RESULTS

The numerical results are presented graphically in various
ways. By using lines of various thicknesses, or using vectors,
the following are presented:

1 - Joint conducting apertures (m). Apertures are plotted in
two different scales, to simplify the interpretation, and
to make the very small changes visible. (One line
thickness = 1 ujn or 10 urn).

2 - Joint shear displacements (m).
(One line thickness = 10 jun).

3 - Principal stress vectors in the triangular constant
strain difference zones (MPa). Compression (negative) is
represented by crosses, and tension (positive) by arrows
in the crosses.

4 - Gridpoint displacements (m).

A series of x/y-plots contain information extracted from the
stress vector plots:

5 - Tangential and radial stresses (MPa) vs distance from
excavation centre.

6 - Major and minor principal stresses (MPa) vs distance from
excavation centre.

This latest information was extracted from the UDEC models, in
order to assist other modelling groups assess the differences
between continuum and discontinuum models.

Note that the same units are used for all plots: m and MPa.

The tangential and radial stresses were extracted from the
constant strain triangular elements, and show big variations in
jointed rock. Therefore, in some cases, it can be difficult to
recognize the trend of the stress gradient close to the
excavation. For this reason we have computed and plotted best-
fit lines based on least squares fitting.

The order of presentation of figures is given at the beginning
of this report. Presentations of results are arranged in the
following order for models 5, 6, 7 and 8.
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1. Joint conductivity (before and after excavation)
2. Principal stress vectors before and after excavation
3. Tangential and radial stresses versus radius
4. Major and minor principal stresses vs. radius (angular

sector by sector)
5. Major and minor principal stresses vs. radius (continuum

model)
6. Joint shear displacements and block displacements.

4.2 CONDUCTIVITY BEFORE AND AFTER EXCAVATION

The "before-excavation" and "after-excavation" conducting
apertures are shown in Figures 4.1 to 4.8 at two different
scales. The excavation of the validation drift models causes
changes in stresses and changes in joint apertures. The most
dominant mechanism observed is the creation of channels at the
joint intersections at some distance from the excavation
periphery, and only in the regions above and below the
excavation. The reason for this is probably related both to
higher horizontal than vertical stress, and larger less
"stable") radii in the arch and invert compared to the walls.

Generally the magnitude of aperture remains unchanged close to
the excavation, while more moderate aperture increases take
place at greater distances. Those moderate, but frequent
aperture changes are observed mainly in the average and high
stiffness joints (material sats 2 and 3), and can only be read
from the large scale plots (where each line thickness
represents 1.0 urn of aperture). See Figures 4.2, 4.4, 4.6 and
4.8.

Before excavation, with few exceptions, the joint apertures
were typically as listed in Table 4.1.

Table 4.1 Typical conductive aperture values before excavation

Material set

1
2
3

Conducting aperture
e (mm)

< 1
24
40

The few deviations from the typical state listed in Table 4.1
is reflected in Table 4.2. This is a summary of maximum
apertures before and after excavation caused by channel
development along block edges or joint intersections. The
number of channels with e > 100 UJH is given in the right hand
column.
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Table 4.2 Maximum conductive apertures (uaj before and after
excavation

Model

5
6
7
8

Before

127
128
163
109

After

378
334
220
580

No. of channels (e>100 un)

5
2
1
5

Creation of channels takes place at joint intersections,
apparently »ore or less independently of the actual joint
stiffness. Due to the many intersections of the weakest
joints because of their (assumed) greater length, most of the
channels are forned where such features are located. Some of
the mechanisms involved in channel development are summarized
graphically in Figure 4.9.

By detailed investigation of the conductive aperture plots
combined with the corresponding stress/displacement plots,
three basic mechanisms causing creation of channels are
recognized, all of them associated with stress reductions due
to block-displacements:

1. Triangular shaped blocks (2-D) that are part of the
excavation tend to move inwards. Even small displacements
then lead to large stress-reductions in the "tail" of the
blocks. In those unloaded regions, the apertures will
increase. This effect is clearly illustrated by the
behaviour of models 5 and 6, as shown in Figures 4.1,
4,11, 4.45 and 4.3, 4.12, 4.46 respectively. The
mentioned joints are located below the excavation.

2. Similiar near-excavation effects exist for arbitrary
shaped blocks when permitted partial bending. In model 8,
Figure 4.48, the block located to the right of the roof
center is allowed radial displacement, strongest close to
the near-radial joint, but less intence to the right. The
resulting disappearance of radial stresses can be seen in
Figure 4.14, with the correspondingly large aperture of
about 0.3 mm, over a length of several decimeters.

3. At larger distances from the excavation, another type of
stress-unloading effect is seen in the modelled sections.
When the joint intersections form two blunt and two
acute-angled blocks, the sharp blocks move away from the
intersection, and the stresses mainly have to be
transmitted by the blunt blocks. As a consequence large
apertures come into being in such regions. This
effect can be seen from model 7 in Figs 4.5 and 4.13.
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The aperture increases caused by joint shear displacements are,
as expected, strongest on the roughest joints. The weakest
joints, which are also the smoothest and least dilatant
(material set No. 3) do not in general show any significant
aperture changes at all.

An excellent demonstration of the very realistic behaviour that
can be modelled with UDEC-BB is illustrated by model 6 in
Figure 4.3. Refer to the joint located in the upper right
region close to the excavation. At the tunnel periphery it
opens due to stress unloading of the triangular block when
moving towards the excavation. Therefore, the tangential
stresses are transmitted more away from the periphery. As a
consequence stresses are concentrated up to about 22 MPa,
resulting in total closing of the radial joint and blockage of
the fluid transportion inwards.

Tigure 4.10(a) presents a qualitative a: ilysis of all the joint
conducting changes for the four models. The data is arranged
sector by sector, where each sector is 45° in extent. The
three different forms of shading represent the r.'imber of
observations for 1) 0-0.5 m radius, 2) 0.5-1.5 m radius and
3) 1.5-3.0 m radius.

The histograms indicate that changes occur in each of the
concentric circles chosen. The frequency of changes is
greatest in the 0 to 0.5 m circle with 25 observations
12/m/model, and reduces to 22 observations in the 0.5 to 1.5 m
circle (5/m/model) and to 18 observations in the 1.5 to 3.0 m
circle (3/m/model).

Figure 4.10(b) presents the distribution of major channels for
models 5, 6, 7 and 8, as a function of distance from the
excavation periphery. The rapid reduction of channel aperture
with distance, especially after the first meter, is significant
as it suggests higher stresses and/or less stress difference at
distances of 1 to 2 meters from the excavation. Most channel
apertures are in the range 150 to 350 \im.

4.3 STRESSES BEFORE AND AFTER EXCAVATION

The modelling results clearly show the influence of joints on
the total stress state in the rock mass, and how the block
stresses (which are different from those in homogeneous intact
rock) control the joint displacements, and accordingly, the
ability to support the fluid transportation. In other words,
the interaction between the rock block stresses and the
stiffness of the joints separating the blocks, have to be
accounted for when trying to predict the conductivity changes
in a rock mass subjected to stress changes. The interaction
effect is more or less dominant in the reported simulations,
depending on the modelled joint structure. Fully coupled
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interaction will be a further modifying factor when flow and
fluid pressure changes are also modelled.

In order to compare the behaviour of the jointed models with
unjointed (continuum) performance, NGI has performed
simulations with a section containing no joints at all, but
where the model geometry, size and boundary loads are common.
The results, summarized in Table 4.3, show the marked
deviations in stresses developed in the jointed sections
compared to those in the continuum section. While the latter
show a compressive stress variation only, over a renge of 18.1
MPa, the stresses in our jointed model 5 show a total
difference of 101.2 MPa, between tension and compression
extremes, following excavation.

Table 4.3 Maximum compressive and tensile stresses (MPa) in
four jointed (and one unjointed) UDEC models.

Model

5

6

7

8

continuum

Before excavation

Compression

36.6

34.1

32.4

29.7

18.1

Tension

12.7

4.1

5.5

0

0

After excavation

Compression

54.5

73.6

64.3

61.9

42.8

Tension

27.6

22.4

18.6

8.9

0.5

4.3.1 Before excavation

Local tensile stresses are developed in model 5, 6 and 7 during
consolidation, see table 4.3. Careful studies of Figure 4.11,
4.12 and 4.13 indicate that the tension regions typically
develop where several non-persistent joints are terminated, but
not intersected. However the zero tension state in the most
heavily jointed section, model 8, is notable. The reason for
this might be that larger block displacements are allowed in
all regions of this model.

Despite applying an average boundary stress load of maximum
18.1 MPa, local compression stresses as high as 36.6 MPa (model
5), or twice the average, rise in the blocks during
consolidation when certain blocks rotate and bend to ensure
equilibrium at the joints subjected to shear and normal
displacements.

The continuum simulations were also performed with UDEC-BB, but
utilizing numerically glued joints. The maximum internal
stresses were calculated to be 18.1 MPa, which is identical to
the applied boundary stress. This result indicates how well
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suited UDEC-BB is for continuum analyses, i.e. for also
correctly handling block behaviour in discontinuum analyses.

4.3.2 After excavation

Compared to the continuum model where the maximum tangential
stress (<r8) was 43 MPa, some very large compressive stresses
develop in the jointed models, and these peak stresses can be
about 45% to 70% higher than in the continuum models (Table
4.3).

The method of presenting the tangential and radial stresses for
particular axes or angular sectors is shown in Figure 4.17.
Generally, the tangential stresses are less intense very close
to the excavation in heavily jointed areas. Consequently, the
tangential stresses will increase when moving away from the
excavation periphery until a peak level is reached at a
distance of about 0.5 to 1.0 m. At this distance the large
tangential stresses will tend to close the joints, to an extent
depending on the joint orientations. When moving further away
the most dramatic conductivity changes take place on the joint
intersections. All simulations show increased conductivity of
up to an order of magnitude at those intersections, which would
potentially form important fluid transportation channels normal
to the 2-D simulation plane.

Model 8 perfectly demonstrates how the stresses close to an
excavation, can rotate in a dramatic manner and result in
increased/decreased tangential and radial stresses if the joint
orientation is unfavourable in relation to the principal stress
directions. The stress vector plot in Figure 4.14 giving the
geometry should be compared to the x/y-plot in Figure 4.21
showing the sudden drop in a» to about zero at the 180° axis and
the doubling of ot at the 90* axis, 0.5 m away from the
periphery. However, further comparison with Figure 4.22 (the
continuum model), shows that the average tangential stresses at
these axes are in the same range for model 8 and the continuum
model (best fit lines).

While the continuum model (Figure 4.22) predicts identical
tangential stress levels both above and below the excavation,
three of the four discontinuum models calculated greater
tangential stresses for the lower region than for the upper.
The explanation for this difference is the lack of radial
joints in the roof of model 6, see Figures 3.11 - 3.14, and
summary Figure 4.16.

The x/y-plots in Figures 4.18 - 4.21 also show that the
variation of oe and ar is of significance at greater radii.
Most distinctly, this is illustrated by the radial stress at
the 90° axis in model 5, Figure 4.18. At the 2.2 m radius or
rise rapidly to 30 MPa, when the average stress is about
10 MPa.
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The radial stresses in the continuum model (Figure 4.22) are in
general of lower intensity than for the discontinuum models,
but a few exceptions can be noted.

A visual comparison of radial and tangential stresses for two
of the jointed models and for the continuum model is assembled
in Figure 4.23. Table 4.4 compares the stresses close to the
excavation periphery for all the models.

Table 4.4 Tangential and radial stresses (MPa) at points
close to the excavation periphery at the four axes.

Model

5
6
7
8

Continuum

Tangential (ae)

0

20
13
22
38
15

90

30
45
46

21(52)
38

180

14
26
16

20(1)
15

270

50
29

17(48)
38
38

Radial (or)

0

6
4
6
3

0.5

90

2
2

-0.5
3

0.5

180

2
6

-0.5
2

0.5

270

1
0.5
-1
0.5
0.5

(Numbers in parenthesis are extremes for the same axes).

4.4 FULL SECTOR STRESS DISTRIBUTIONS IN THE JOINTED MODELS AFTER
EXCAVATION

The principal stress plots produced by UDEC-BB for the four
jointed models were shown in Figures 4.11 to 4.15.
Corresponding plots of radial and tangential stresses at
specific axes (0°, 90°, 180° and 270°) were presented in
Figures 4.18 to 4.21, and the continuum results in Figure 4.22.
A full picture of the stress distributions in these jointed
models is however, best represented by full-sector analysis, in
which all stress vector magnitudes are analysed. The series of
figures that follow (Figures 4.24 to 4.39) show complete
distributions of major and minor principal stresses derived by
UDEC-BB for the four jointed models, for all four sectors (0°
to 90°, 90° to 180°, 180° to 270° and 270° to 360°). In
general these major and minor principal stresses correspond
directly with the tangential and radial stresses respectively.

The variability of stress levels, particularly of tangential
stress is well illustrated in these results, and emphasises the
potential variability of conducting pathways through a jointed
rock mass. Corresponding results for the continuum model are
shown in Figures 4.40 to 4.43, and direct comparison is made in
Figure 4.44.
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In this figure the principal stresses in jointed model 6 are
compared directly with those computed in the continuum model. A
brief comparision shows that:

• while the upper and lower envelopes enclosing the major
and minor principal stresses are regularly shaped in the
continuum model, great variation exists in the jointed
model.

• major principal stresses of 40 MPa, twice as large as the
stress-level in the continuum model, are developed at a
distance of about 5 meters away from the periphery in the
jointed model.

• zero major principal stresses develop close to the
excavation periphery in the jointed model.

• tensile stresses in the jointed model develop both at the
excavation periphery and at distances as much as 2 m away
from it.

4.5 BLOCK DISPLACEMENTS AND JOINT SHEARING DUE TO EXCAVATION

Block displacements and joint shear displacements caused by the
excavation are shown in Figure 4.45 - 4.48. The maximum block
displacements take place at the tunnel periphery, and are up to
130% greater at the jointed sections than in the non-jointed
sections of these discontinuum models. Maximum contrast is
seen for model 5 (Figure 4.45). Due to the strongly
anisotropic stress conditions the radial displacement of the
sidewalls are more than 3 times larger than the roof
displacements. The less jointed sections show displacement
magnitudes and distributions that resemble those of the
continuum model shown in Figure 4.49.

At the jointed sections, large variations exist around the
periphery, and in certain regions at the roof, displacements
are identical to the wall displacements, or greater, depending
on the joint structure. The biggest displacements are observed
at the triangular shaped blocks, but large displacements are
also observed for assemblages of blocks when heavily jointed
(see Figure 4.45, left part of model 5).

The fracture shear displacements are plotted at large scale in
Figure 4.45 - 4.48, to make the smaller shear activity at the
strongest (least shearable) joints visible. For all sections
modelled, the degree of joint shearing seems to be independent
of the joint orientation, but rather a function of the freedom
to move. The longest, weakest joints display the largest
displacements, and are possibly responsible for the increased
excavation - induced deformation in models 5 to 8 compared to
the results for models 1 to 4 given in the appendix, where
average joint input parameters were applied.
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Table 4.5 Maximum displacements due to excavation.

Model

5

6

7

8

Continuum

Block displacement

1.6 mm

1.0 mm

1.2 mm

1.3 mm

0.7 mm

Joint shear displacement

1.0 mm

0.6 mm

0.6 mm

0.8 mm

No joints present
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APPENDIX

DISCRETE ELEMENT MODELLING OF DISTURBED ZONES SURROUNDING
VALIDATION DRIFT USING DISTINCT ELEMENT CODE UDEC-BB, MODELS 1
TO 4 WITH AVERAGE JOINT PROPERTIES.

1. SCOPE

The joint data obtained under Stages 1 and 3 of the rock
mechanics test programme provides the means of predicting how
the various joint sets will react to excavation of the
validation drift. The joints may be subjected to opening,
closure or shear. These three effects are caused respectively
by the changes in radial stress, tangential stress and stress
difference (tangential minus radial) caused by excavation.

2. INTRODUCTION

The two joint sets A and C are represented in NGI's UDEC-BB
models. They show variations in JRC, JCS and <|>r that are
characteristic for joints of widely differing lengths. During
the first stage of the modelling, with models 1 to 4 medium
values of JRC, JCS and fa are used. The actual joint geometry
has been obtained from Harwell's stochastic joint
representation in 8m x 8m x 8m cubes. The 2D endfaces
(perpendicular to the axis of the validation drift) form the
basis for NGI's UDEC-BB models (see Figure Al). Four geometries
have been digitized and simulated. Average joint parameters
have been used in models 1 to 4,, represented by parameter
number 2 in Figure A2.

3. RESULTS

The results are presented in the form of the following plots:

Block geometry
principal stresses
gridpoint displacement
shear displacements
joint conducting apertures

The joint conducting apertures are presented as a function of
their location with respect to the validation drift.

The boundary stresses applied to models 1 to 4 were ov = 10.2
and oh = 14.05 MPa. (Subsequent analysis of stresses by three-
dimensional modelling (McKinnon and Carr, 1990) has meant that
models 5 to 8 were loaded under somewhat higher stress
anisotropy, i.e. ov = 10.01 MPa and oh = 18.10 MPa).
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Excavation of the validation drift causes stress
redistribution. The tangential stresses are increased to 46-78
MPa compared to the 14 MPa and 10 MPa boundary stresses (see
for example the stresses in models 2 and 4 in Figure A3).
Depending on the joint orientations relative to the orientation
of the radial (minor) and tangential (maximum) stresses, either
closure, dilation or shear displacement across and along the
joints is experienced.

The displacements caused by excavation for all four models is
shown in Figure A4. Corresponding magnitudes of joint shear are
shown in Figure A5. The maximum total displacement is rather
similar for all four simulations (1.6, 1.2, 1.1 and 1.2 mm).
The displacement pattern may be moderately uniform uniform as
in the case of model 2 (D1S2) or more non uniform as in the
case of model 1 (D1S4), each depending on the joint geometry.

The majority of the joint conducting apertures before
excavation were of the order of 16 to 24 urn in all four models
(see Figures A6 and A7). Some shear related increase in joint
conducting apertures can be seen in comparing Figure A5 with
Figures A6 and A7. Apertures increased locally to values
greater than 500 urn (see Table Al), with typical values between
100 and 200 u.m. It should be noted that these increased
hydraulic apertures are located only close to the tunnel wall
in model 2 (D1S2). In models 1, 3 and 4 they are located
between 0.5 and 1.5 metres away from the tunnel wall. In nearly
all ;ases increased apertures are associated with joint
intersections. A limited number of joint apertures reduced
close to the excavations.

Table Al. Examples of maximum joint conducting apertures (u.m)
in the vicinity of the excavation drift, for models
1 to 4.

1

D1S4

133
176
120
161
200
136
165
255
142
239
226
170
290

2

D1S2

102
203
260
139
123
118

3

D2S4

148
163
125
163
327
146
190
191
209

4

D2S2

241
184
193
193
220
145
163
191
475
521
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More detailed modelling studies with geometries 1 to 4 are
performed in models 5 to 8, using detailed definition of input
parameters, i.e. assigning appropriate length-scale corrected
values of JRC, JCS and 4>r to joints of relevant length. The
longer, weaker (smooth, mineralized) fractures may react more
strongly to tunneling than seen in models 1 to 4. (Refer to
the main body of the report for model 5 to 8 results).



STRIPA PHASE III STAGE 4
UDEC-BB

DISTINCT ELEMENT MODELLING
OF DISTURBED ZONES
SURROUNDING VALIDATION DRIFT

NGI HARWELL

Fig. 1.1 Derivation of the two dimensional geometries from Harwell's
8m x 8m x 8m cubes.
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mat 1 - joint length < 1.0m

Ln = 0.5m-
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BLOCK SIZE
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Fig. 3.6 For each material set a fixed block-size is used to tepresent
the scaled joint material properties, based on the
statistical distribution of block sizes for the current
material set (1 2 or 3). In this example all the joints
from Model 5 are illustrated.



JOINT ROUGHNESS vs BLOCK SIZE
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Fig. 3.7 The sensitivity of the joint roughness to different block
sizes. The circled values show in situ block sizes and
corresponding roughnesses.



CONDUCTIVITY VS SHEAR
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Fig. 3.8 Fracture conductivity vs shear displacement.
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Fig. 3.9 Fracture conductivity vs normal stress.



DISTINCT ELEMENT MODELLING
OF DISTURBED ZONES
SURROUNDING VALIDATION DRIFT
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Fig. 3.10 Derivation of the two dimensional discrete joint geometries
from Harwell's stocastical ly generated 8 m x 8 m x 8 m cubes.
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Fig. 3.11 Model 5. Joint structure and material parameter sets.
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Fig. 3.12 Model 6. Joint structure and material parameter sets.
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Fig. 3.13 Model 7. Joint structure and material parameter sets.
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Fig. 3.14 Model 8. Joint structjre and material parameter sets.
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Fig. 3.15 Input data for determination of the model stress field.
(McKinnon and Carr, 1990).
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Fig. 3.16 The boundary conditions and coordinate system.
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Fig. 4.1 Model 5. Joint hydraulic apertures before and after
excavation. Each line thickness is 10 \un (small
scale).
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Fig. 4.2 Model 5. Joint hydraulic apertures before and after
excavation. Each line thickness is 1.0 nm (large
scale).
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Fig. 4.3 Model 6. Joint hydraulic apertures before and after
excavation. Each line thickness is 10 (xm (small
scale).



Joint hydr. aper.
•ax hydr aper - 1.284E-04
each line thick - 1.000E-06

Joint hydr. aper.
•ax hydr aper - 3.337E-CM
each line thick - 1.000E-06

Fig. 4.4 Model 6. Joint hydraulic apertures before and after
excavation. Each line thickness is 1.0 \m (large
scale).
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Fig. 4.5 Model 7. Joint hydraulic apertures before and after
excavation. Each line thickness is 10 |xm (small
scale).
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Fig. 4.6 Model 7. Joint hydraulic apertures before and after
excavation. Each line thickness is 1.0 \m (large
scale).
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Fig. 4.7 Model 8. Joint hydraulic apertures before and after
excavation. Each line thickness is 10 u,m (smal
scale).
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Fig. 4.8 Model 8. Joint hydraulic apertures before and after
excavation. Each line thickness is 1.0 p.m (large
scale)



Model 8 Channel created from radial stress reductions due to partial displacement

>TtKt •+-tr/ •+" -*-

Model 7 Channel created from stress redistribution

Model 6 Channel created from triangular blocks moving invards

Fig. 4.9 Summary of the observed mechanisms causing creation of fluid
transportation channels.



CONDUCTIVITY CHANGES VS POSITION
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Fig. 4.10a Summary of the conductivity changes due to excavation vs the
polar position of the joints.
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Fig. 4.10b Hydraulic apertures of major channels vs. distance from
excavation (models 5, 6, 7 and 8 combined).
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Fig. 4.11 Model 5. Principal stress vectors before and after excavation.
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Fig. 4.12 Model 6. Principal stress vectors before and after excavation.
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Fig. 4.13 Model 7. Principal stress vectors before and after excavation.
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Fig. 4.14 Model 8. Principal stress vectors before and after excavation.
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Fig. 4.15 Continuum mooei. Principal stress vectors before
and after excavation.
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Fig. 4.16 Comparison of principal stress state after excavation.
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v = 90°

\ v=0°
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v = 270°

Tangential and radial stresses vs radius for particular axes.
Figures 4.18 - 4.21

90°<v<180°! i;0°<v<90°

180°<v<270° 270°<v<°360°t

Principal stresses vs radius are plotted for entire sector areas.
Figures 4.24-4.43

Fig.4.17 Illustration of the method of presenting tangential, radial
and principal stresses vs the distance from the excavation.
Top: Figures 4.18-4.21 Bottom: 4.24-4.43.
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Fig. 4.18 Model 5. Tangential and radial stresses vs. radius.
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Fig. 4.19 Model 6. Tangential and radial stresses vs. radius.
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Fig. 4.20 Model 7. Tangential and radial stresses vs. radius.
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Fig. 4.21 Model 8. Tangential and radial stresses vs. radius.
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models, showing the large stress variations in the jointed
models.
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Fig. 4.45 Model 5. Joint shear displacements and rock deformation
due to excavation.
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Fig. 4.46 Model 6. Joint shear displacements and rock deformation
due to excavation.
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Fig. Al Derivation of the two dimensional geometries from Harwell's
8m x 8m x 8m cubes.
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joints.
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Fiq A3 Principal stresses before and after excavation of the
validation drift in model 2 (D152) and model 4 (D2S2).
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Fig. A4 Displacements caused by the validation drift excavation in
model 1 (D1S4), model 2 (01S2), model 3 (D2S4) and model 4
(D2S2).
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Fig . A5 Shear displacements along jo in ts in model 1 (D1S4), model 2
(D1S2), model 3 (D2S4) and model 4 (D2S2).
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Fig. A6 Joint conducting apertures fo r model 2 (D1S2) and model 4
(D2S2) before and af ter excavation of the va l idat ion d r i f t .
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Fig. A 7 Joint conducting apertures for model 1 (D1S4) and modEI 3
(D2S4) before and after excavation of the validation d r i f t .
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