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ABSTRACT

This report concerns the numerical calculations of
the behavior of the near field of a nuclear waste
repository, carried out during the first stages of an
intended three year program. The calculations were
performed using the two-dimensional distinct element
code UDEC. The distinct element method accounts
specifically for discontinuities, e.g. fractures that
intersect the model region.

It is shown that, if an appropriate joint constitu-
tive relation is applied, the calculated joint beha-
vior can be brought in close agreement with empiri-
cally derived stress-strain relations.

Thtee basic geometries, related to the KBS-3 concept,
are studied, namely a vertical tunnel section, a
horizontal borehole section and a combination, i.e. a
vertical section of tunnel and deposition hole.

The effects of different processes and activities are
investigated, e.g. effects of excavations, of thermal
loads, of internal tunnel pressures and of pore pres-
sures and fracture flow resulting from the hydraulic
ground water pressure.

The interpretation of the results concerns in parti-
cular joint behavior, especially joint openings, in
';'.-» nearest surroundings of excavations and of ther-
i ly affected regions. The calculations show that
j Lnt shear and joint normal displacements induced by
•c^avation and by thermal processes may be con-
?:'der able, and that thermal cycles may result in re-
aLdual joint aperture changes, especially in systems
vith loosely bound rock blocks.

It is concluded that the UDEC code, when applied to
problems that have a two-dimensional character, gives
results that are probably qualitatively correct. The
results appear to be strongly dependant on the de-
tailed joint structure close to free boundaries such
as tunnel walls, which indicates that the 3-D situa-
tion regarding joint orientation might have to be
considered.

It is recommended that 3-D calculations should be
performed to verify and quantitatively interpret the
2-D results and to analyze situations that are ac-
tually three-dimensional. It is further recommended
that the work done so far on simulation of grout in-
jection should be continued. Finally it is recom-
mended that the results presented in this report
should be closer analyzed with respect to changes in
rock permeability.
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SUMMARY

The main purpose of the study reported here was to

apply the distinct element code UDEC to a variety of

problems, that are related to the behavior of the

near field of a nuclear waste repository, in order to

make an over all evaluation of the possibility of

using that code. It wap thus not intended to arrive

at final answers or to make very detailed investiga-

tions of specific problems.

The calculations were performed on a 4 Mbyte 80386-

based microcomputer with a Weitek coprocessor.

Some code corrections and modifications were carried

out by Itasca Consulting Group, Inc. during the

course of the work.

All simulations were performed with very dense cal-

culation grids and with a joint constitutive relation

that closely reproduces empirically found joint pro-

perties. This meant long computer run times, but: the

intention was also to arrive at results which can be

used to calibrate future models that could have spar-

ser calculation grids and, possibly, simpler joint

constitutive relations.

The rock properties and the properties of the frac-

ture system refer to conditions prevailing in the

region around the BMT drift in Stripa mine. Experi-

mental data for the intact rock material were derived

from Swan, (8). Parameter values for joint properties

were derived from Barton and Vik, (1). In situ stres-

ses were derived from Push and Nilsson, (4) and from

Rosengren, (6).



INTRODUCTION

The properties and behavior of the near field rock

are important when evaluating the efficiency of a

nuclear waste repository. The activities connected to

e.g. excavation and grouting, or the effect from

pressure and temperature increase induced by the ap-

plication of the bentonite clay buffer and the waste

canistars, vill cause damage to the near field rock

and will thus change the fracture geometry and the

hydraulic properties of the rock.

The effect of these damages can to some extent be

reduced by sealing and grouting. In the Stripa Phase

III project "Sealing of fractured rock", these di-

sturbed zones as well as naturally fractured zones

intersecting a drift, are investigated and sealed.

The effects of the disturbance of the near field rock

are investigated by calculations using the distinct

element code UDEC in a three year program. The re-

sults of the first stages are accounted for in this

report.



PROBLEM GEOMETRIES

Problems involving three excavation geometries were

analyzed:

- Vertical tunnel section

- Horizontal borehole section

- Vertical tunnel/borehole section

The dimensions of the tunnel section are those of the

BMT drift at Stripa, i.e. the tunnel height is about

4.5 m and the width 5 m. The numerical input used to

define the shape of the tunnel periphery is identical

to that employed by Rosengren (6).

The diameter of the horizontal borehole section is

approximately that of the BMT boreholes, i.e. 0.8 m.

The vertical tunnel/borehole geometry is that of the

tunnel section with a 3 m deep, 0.8 m wide opening

appended in the center of the tunnel floor. The

profile of the tunnel/borehole section is shown in

Fig. 2-1.

Figure 2-1: Profile of the vertical tunnel/borehole section.



For the borehole geometry the problem dimension is

10 B x 10 m, the dimension for both vertical sections

is 30 • x 32 •.

2.1 JOINT PATTERNS

The joint patterns used are shown in Fig. 2-2 and

Fig. 2-3. Both patterns are idealized, in the verti-

cal section all joints are assumed to strike parallel

to the tunnel axis, while for the horizontal borehole

section only vertical joints can be modeled.

Figure 2-2: Joint geometry assumed for the vertical tunnel sec-
tion. The circular joints are added to facilitate
zoning of the blocks into constant strain triangles.
The circular joints, like the joints that define the
borehole contours and the rectangular contour of the
heater below the tunnel floor, are "glued", i.e.
given mechanical properties that will prevent them
from influencing the results.



Figure 2-3: Joint geometry used for the horizontal borehole
section. The circular joints are "glued" and were
added to facilitate zoning of the blocks.

2.1.1 Vertical sections

For the vertical sections, the main features of the

fracture system, i.e. average spacing, dip angles and

joint trace lengths have been estimated by ocular

inspection at Stripa mine (4). Four major joint sets

have been taken into consideration. A denser joint

pattern was assumed in the vicinity of the tunnel.

Although this joint geometry has not been verified

with respect to actual location of joints relative to

the tunnel, it has appeared that UDEC simulations

that were performed with a similar geometry, at least

qualitatively, could reproduce results from stress

measurements, performed in the rock mass on the east

side of the BMT tunnel about 20 m from the end of the

tunnel (6).



2.1.2 Horizontal section

For the borehole section, the saae generalized pat-

tern as in the tunnel case was used. The joint dis-

tribution, however, was sade denser. No attempt was

made to reproduce fracture patterns observed in any

specific borehole. The general properties, however,

of the fracture system around the BUT drift in Stripa

are accounted for.

2.2 PROBLEM DISCRETIZATION

Fig. 2-4 and Fig. 2-5 show the discretization of the

problem domains into constant strain finite differen-

ce triangles.

Figure 2-4: Discretization of the tunnel problem domain.



Figure 2-5: Discretization of the borehole problem domain.



INTACT ROCK PROPERTIES

Laboratory tests on Stripa granite have shown that

the uniaxial compression strength exceeds 200 MPa for

temperatures below 150'C, see Swan (8), and it will

thus be assumed here that the intact rock, i.e. the

material between joints, behaves linearly elasti-

cally. It is further assumed that the rock material

is isotropic and homogeneous.

Table 3-1 shows the rock properties used in the nu-

merical calculations. All parameter values refer to

conditions at 20*C, but the dependence on temperature

is not significant for temperatures below 100*C and

will be disregarded here. The values for specific

heat and thermal conductivity are average values for

granite, Tefymatabellen (9), whereas properties mar-

ked with an asterisk are measured by Swan (8).

Table 3-1. Rock property parameter values

Rock property parameter value

Density

Youngs modulus

Poisson*s ratio

Linear thermal expansion coef

Specific heat

Thermal conductivity

2623

69.4

0.21

0.83

0 . 8

3 . 5

kg/m3

6Pa

x io"5

kJ/(kg

W/(m K)

K"1

K)



FRACTURE PROPERTIES

4.1 CONSTITUTIVE RELATIONS AVAILABLE FOR JOINTS

Two main types of constitutive relations for joints

are available in UDEC:

- Elastic/plastic model with Hohr-Coulomb failure

criterion (JCONS 2 and JCONS 5)

- Continuously yielding joint model (JCONS 3)

4.1.1 Elastic/plastic joint model

Displacement in the normal direction is proportional

to the joint normal stress, the factor of proportio-

nality being the joint normal stiffness. Displacement

in the shear direction is, as long as the shear

strength is not exceeded, determined by the joint

shear stiffness. The shear stiffness is, like the

normal stiffness, independent of the stress level.

The shear strength is determined by joint cohesion

and friction angle by a Mohr-Coulomb friction law.

Additional parameters are tensile strength and angle

of dilatancy.

Input parameters are thus:

- JKN, Joint normal stiffness

- JTEN, Joint tensile strength

- JKS, Joint shear stiffness

- JFRIC, Joint friction coefficient

- JDIL, Joint dilation angle

- JCOH, Joint cohesion



Values for the parameters above can be assigned to

sets of joints, single joints or parts of joints.

When attempting to determine parameter values, that

fit experimental data, it is necessary to choose

stiffness values that correspond to the joint normal

stress that is expected to prevail throughout the

calculations.

The above is equally true for constitutive relations

JCONS 2 and JCONS 5. If JCONS 5 is chosen, a joint

will permanently lose its cohesion and tensile

strength if the shear or tensile strength is ex-

ceeded. Thus a peak shear strength can be simulated

if a non-zero cohesion is specified (Fig. 4-1).

JCONS 2

JCONS 5

u
s

Figure 4-1: Shear stress vs shear displacement for joints with
constitutive relations JCONS 2 and JCONS 5.

4.1.2 Continuously yielding joint model (JCONS 3)

For the continuously yielding joint model both joint

normal stiffness K and joint shear stiffness Kg

depend on the joint normal stress and on the para-

meters JKN, JEN, JKS and JES according to the fol-

lowing relations:

Kn = JKN * <rn
J E N ( 1 )

K = JKS * ff J E S ( 2 )
S Tl

Fig. 4-2 shows joint normal behavior for a joint
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obeying expression (1). The x-axis labels are rela-

tive; the normal displacement is zero at the begin-

ning of the simulation, irrespective of the initial

normal stress level.

cr (MPa)
n

80

60

40

20

10 20 30 40 50
U (jim)

Figure 4-2: Joint normal stress vs joint normal displacement
for joint with constitutive relation JCONS 3.

In shear a peak strength is obtained, the height and

width of which are determined by three parameters:

- JIF, the initial friction angle

- JFRIC, tangent of the residual friction angle

- JR, joint roughness parameter

JIF is the friction angle that applies at zero shear

displacement. A shear stress, corresponding to the

initial friction angle is not obtained, unless

tan(JIF) = JFRIC, since damage of the joint will

reduce the effective friction angle continuously as

shear progresses (Fig. 4-3). The rate of reduction is

controlled by the roughness parameter JR.
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(O
(fl

iö

ui

SHEAR DISPLACEMENT (u )

Figure 4-3: Shear stress vs shear displacement at constant nor-
mal stress for joint with constitutive relation
JCONS 3. The dashed line represents the shear stress
corresponding to the effective friction angle.

If the shear direction is reversed the elasticity of

the joint is restored, but the damage done to the

joint is permanent. Dilation takes place whenever the

shear stress exceeds the residual shear strength

level. The angle of dilatancy can not be specified,

but is calculated from the actual shear to normal

stress ratio and the value of JFRIC. Cohesion and

tensile strength are assumed to be zero.

4.1.2.1 Code modifications

Theoretically, according to expression (1), if JEN

has a non-zero value, joint normal stresses can never

be zero. In the numerical calculations however, if

the normal displacement, i.e. expansion, enforced on

a joint during one calculation step is large, then

the joint normal stress may be updated using a too

approximate stiffness, which could result in zero

normal stress and hence zero stiffness for that

joint.

Once the normal stress has become zero, the joint

stiffness can not longer be calculated by use of the
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constitutive relation and subsequent: mechanical aper-

ture changes will not give stress changes according

to Fig. 4-2. To avoid the problems that may arise from

such zero stiffness joints and also to avoid the nu-

merical stability problems that arise from very high

stiffnesses, stiffness bounds were implemented as

additional joint properties. This code modification

was performed by Itasca on request by Clay

Technology. Parameter values for the following addi-

tional joint properties can now be specified:

- MAXJKN, the maximum joint normal stiffness

- MINJKN, the minimum joint: normal stiffness

- MAXJKS, the maximum joint shear stiffness

- MINJKS, the minimum joint shear stiffness

The stiffness bounds do not affect the accuracy if

reasonable values are chosen. If, for instance,

MAXJKN is set to 10000 GPa/m and the stiffness should

be 20000 GPa/m according to the exponential expres-

sion, then the calculated normal displacement that

corresponds to a 10 MPa change in normal stress dif-

fers by not more than one half micron from the exact

value (Fig 4-4).

(HPa)

80

60

40

20

MINJKN K < MAXJKN
n

— i 1 1 i i

10 20 30 40 50
U (UB)

Figure 4-4: JCONS 3 joint normal behavior with stiffness
bounds. MAXJKN = 10000 GPa/m.
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DETERMINATION OF JOINT PARAMETER VALUES

4.2.1 Experimental data

Stress-strain relations for two joint sets in Stripa

are given in diagram form by Barton and Vik (1). The

curves were not obtained from real shear and compres-

sion tests, but represent predictions, based on la-

boratory determinations of joint properties that are

used as input parameters for the Barton-Bandis joint

model (2). Figures 4-5, 4-6, 4-7 and 4-8 show curves,

generated assuming median values for the laboratory

determined joint properties.

0.0*0

ClOSUftC mm

0.060

Figure 4-5: Stress strain relation, joint set 1, cyclic com-
pressions , Barton and Vik (1).

CLOSURE mm

Figure 4-6: Stress-strain relation, joint set 2, cyclic com-
pressions, Barton and Vik (1).
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SHEAR STRESS VS DISPLACEMENT

0.00 2.00 4.00 e.00 4.00 10.00 1300 I'.OO 16 00 16.CO 20.00

SHEAR OlSPlACCUCNT mm

Figure 4-7? Stress-strain relation for joint set l
Shear deformation at different normal stresses,
Barton and Vik (1).

SHEAR STRESS VS DISPLACEMENT

6 10 12 >
OISPIACCMCNT mm

Figure 4-8: Stress-strain relation for joint set 2.
Shear deformation at different normal stresses,
Barton and Vik (1).

From Fig. 4-5 and Fig. 4-6 it appears that the joint

stiffness and hence the magnitudes of mechanical

aperture changes are strongly dependent on the joint

normal stress, which suggests that the continuously

yielding joint model should be used, especially as

the normal stresses on joints in the area of interest

could be expected to vary within large intervals.
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Fitting JCONS 3 parameters to experimental data

4.2.2.1 Normal stiffness parameters JKN and JEN

From the diagrams of Fig. 4-5 and Fig. 4-6 the joint

normal stiffness at the various stress levels is ob-

tained as the slope of the respective straight line

segments. This will give a small underestimation of

the stiffness for the lowest stress level, since the

corresponding straight line segment represents an

average over a relatively large displacement inter-

val.

The results from the three first load cycles are

shown in Fig. 4-9.

ooooo JOINT SET 1. LOAD CYCLE 1
OQDOO JOINT SET 1, LOAD CYCLE 2
A A A A A JOINT SET 1. LOAD C Y C L E 3
• • • • • J O I N T SET 2. LOAD CYCLE 1
• • • • • J O I N T SET 2. LOAD CYCLE 2

JOINT SET 2. LOAD CYCLE 3

10
NORMAL STRESS, MPo

Figure 4-9: The normal stiffness dependence on normal stress
for joint sets 1 and 2. Three load cycles.

The experimental data fit well to straight lines in

the double-logarithmic diagram of Fig. 4-9, which is
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in agreement with expression (l) and allows for de-

termination of JEN and JKN. JEN is obtained as the

slope of the straight line and JKN as the intercept

with the vertical axis (<r_=1 MPa). The parameter

values determined from iig. 4-9 are shown in Table

4-1.

Table 4-1. Joint normal stiffness parameter values

Joint set 1 Joint set 2

Load cycle JKN,GPa/m JEN JKN,GPa/m JEN

1
2

3

30
90

350

1.72
1.72

1.72

70
120

250

1.49
1.55

1.53

The JKN values may have to be corrected with respect

to the stress unit used. The values above were de-

termined using 1 MPa. If 1 Pa is used, the value
^fi* TFN

should be corrected with a factor 10 . In the

calculations presented in the following sections, the

values 250 GPa/m and 1.55 were used for JKN and JEN,

respectively. Stiffness bounds MAXJKN and MINJKN were

set at 10000 GPa/m and 100 GPa/m, respectively.

4.2.2.2 Shear stiffness parameters JKS and JEN

The shear stiffness at different normal stress levels

can be obtained as the slope of the leftmost straight

line segments of Fig. 4-7 and Fig. 4-8. The results

for both joint sets are shown in Fig. 4-10. Since the

the shear stiffness should be understood as the slope

at zero shear deformation, and the straight line seg-

ments represent an average over a deformation inter-

val, a correction was made by replacing the straight

line segments with more typical curves. The corrected

values are shown along with the originally determined

ones in Fig. 4-10.
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ooooo JOINT SEJ I
• • • • • J O I N T SET 2
* * * * * CORRECTED VALUES

_ . , 1 I I UJ.LLLI I I 1 l_J_l_Lt.l
m~Y ' * i t i i i 11 i t i i i i i 11
• - 1 ^—r-n-rrri 1 1—i—rt-rm

i—i I Mtll l 1—1111 1111
• a

1 10 10 *
NORMAL STRESS. MPa

Figure 4-10: Shear stiffness dependence on normal stress
for joint sets 1 and 2.

As in the case of the normal stiffness parameters the

values fit well to straight lines in the double

logarithmic diagram, which allows for determination

of JES and JKS, as the slope and vertical axis inter-

cept respectively, according to expression (2). The

corrected parameter values are shown in Table 4-2.

Table 4-2. Joint shear stiffness parameter values

JKS, GPa/m JES

Joint set 1 and 2 1.35 1.04

The JKS value was determined assuming the stress unit

to be 1 MPa. If the stress unit is l Pa, the correc-

tion factor to apply is io~6*JES, i.e. JKS = 777

Pa/m. Shear stiffness bounds MAXJKS and MINJKS were

set at 50 GPa/m and 200 MPa/m respectively.
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4.2.2.3 Shear strength parameters JFRIC, JIF and JR

From Fig. 4-7 and Fig. 4-8 the residual friction

coefficient, JFRIC, is easily obtained as the shear

stress to normal stress ratio in the rightmost part

of the diagram, i.e. where all asperities have been

sheared oft. The joint initial friction angle, JIF,

is obtained by extrapolating the post peak part of

the curves to the vertical axis. The joint roughness

parameter, JR, vas determined empirically with single

joint models. Table 4-3 shows the parameter values

that were chosen for the subsequent calculations.

Table 4-3. Shear strength parameter values

JFRIC JR, m JIF, rad

0.48 0.008 0.487

The friction coefficient corresponds to a friction

angle of 25.6 deg which is in good agreement with the

value 24.8 deg, given by Swan (8).

4.2.2.4 Comparison with experimental data

The parameter values determined in the previous sec-

tions and which were used in the following calcula-

tions are summarized in Table 4-4.

Table 4-4. Summary of joint parameter values

JKS 1.35 GPa/m JFRIC 0.48

MAXJKS 50 GPa/m JIF 0.487 rad

MINJKS 0.2 GPa/m JR 0.008 m

JES 1.04

JKN
MAXJKN

MINJKN
JEN

250
10000

100

1.55

GPa/m
GPa/m
GPa/m
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The values of Table 4-4 were used in a single joint

UDEC model. Compression and shear displacement at

three normal stress levels were simulated.

Fig. 4-11 shows the experimentally determined stress-

strain curves that were previous}y shown in Fig. 4-5

and the one obtained from the UDEC model.

The shear stress vs shear displacement curves, ob-

tained from the UDEC model, are shown in Fig. 4-12

together with the corresponding experimental results

previously shown in Fig. 4-7.

Fig. 4-13 shows the dilatancy curves from Barton and

Vik (1) that correspond to the stress-strain curves

shown in Fig. 4-7. The dilatancy curves obtained from

the UDEC model appear to be all identical, irrespec-

tive of the normal stress level. This is a conse-

quence of how the dilatancy angle is calculated from

the apparent friction angle for JCONS 3 joints (3).

Compared to the results from Barton and Vik (l), the

UDEC results underestimate the dilation for joints

with low normal stress. On the other hand the Barton-

Bandis model may overestimate the dilation at large

displacements whereas shear displacements calculated

in this report are generally smaller than 3 mm.

BO

I
(/I

S

70 -

(0 -

SO -

341 2

0.020 0.0*0
CLOSURE mm

0 060

Figure 4-11: Normal stress vs joint closure.
Full lines: From Barton and Vik (1).
Dashed line: stress-strain curve calculated in UDEC
model using the parameter values shown in Table 4-4.
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<r = 25 MPa

.2 .* .6 .5 1.D

Shear Displacement (m)

Figure 4-12: Shear stress vs shear displacement at constant
normal stress. Normal stresses are: 25 I^a, 15 MPa
and 5 MPa.
Dotted lines: Experimental results from Barton and
Vik (1).
Full lines: Results obtained from UDEC model using
parameter values shown in Table 4-4.

DILATION VS SHEAR

0.00
o.oo a.oo «.oo «.oo too IO.OO >JOO w.oo it.oo is.oo 2000

Figure 4-13: Dilation vs shear displacement for the three
normal stresses that were previously considered,
Barton and Vik (1). The dashed line represents the
dilation calculated in UDEC model using parameter
values shown in Table 4-4.
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EARLIER INVESTIGATION

For the tunnel geometry, a two stage pilot study has

been carried out by Lars Rosengren, Itasca Geomekanik

AB (6).

Problem dimensions, rock properties and, with some

minor differences, the joint geometry were the same

as those presented in sections 2 and 3. The vertical

and horizontal in situ stresses were assumed to be 6

and 15 MPa respectively. Gravity was not specified

for the models in this pilot study.

One main objective of the first stage was to compute

the stress field around the ventilation drift in

Stripa and to find out if, using a joint geometry

proposed by Clay Technology , the calculated stresses

could be brought in agreement with stress measure-

ments, performed in the DBH-3 borehole.

Another objective was to investigate how the fracture

system was affected by the excavation of the tunnel

and by a subsequent pressurization of the tunnel. For

the fractures a Mohr-Coulomb slip model with a linear

stress-closure relation was used.

The parameter values for the joint properties were

set as follows:

- Joint normal stiffness: 300 GPa/m

- Joint shear stiffness: 4.0 - 10.7 GPa/m

- Friction angle: 25 degrees

- Dilation angle: 6.75 - 9.4 degrees

- Cohesion: 0 MPa

- Tensile strength: 0 MPa

Joint shear stiffnesses and dilation angles were spe-
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cified for the different joint sets with respect to

their orientation relative to the in-situ stresses.

The purpose of the second stage was to analyze the

sensitivity of the stress field to variations in

joint locations and joint properties, i.e. friction

angles and shear stiffnesses.

The findings of the pilot study may shortly be sum-

marized as follows:

- The variation in magnitude of the vertical stres-

ses measured in the DBH-3 borehole could, at least

qualitatively, be reproduced by the UDEC models,

whereas this was not possible with continuum

models.

- The vertical stress peaks, calculated in the UDEC

model, were due to either low shear stiffnesses or

small friction angles of nearly vertical discon-

tinuities, that intersect the borehole axis.

- Discontinuities, that are located closely to the

excavation and are parallel or almost parallel to

the excavation periphery, may produce concentra-

tions of tangential compressive stresses in the

region between discontinuity and excavation.

- The effects of excavation on joint openings are

significant in a region corresponding to about one

half excavation diameter outside the excavation

periphery. Joints, mainly parallel to the tunnel

periphery separate, particularly joints aligned

with the minor principal in-situ stress, while

joints that are mainly normal to the periphery

generally will close.

- The maximum joint opening and closure, induced by

the excavation, were 1.5 mm and 0.15 mm respecti-

vely. The pressurization of the tunnel with a
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1 MPa hydrostatic pressure had only a small effect

on these figures.

The maximum joint shear displacement, caused by

the excavation, was about 5 mm, the corresponding

figure for the pressurization stage was 0.5 mm.

For the excavation stage, shear displacements lar-

ger than 0.5 mm were found at distances of about

10 m from the tunnel periphery.

The excavation did result in failed joints distri-

buted over large areas at considerable distances

from the tunnel. This was the case especially for

joints aligned with the major principal in-situ

stress.
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CALCULATIONS

6.1 GENERAL

Calculations were performed for the three geometries
described in chapter 2. In general, joint geometries,
intact rock properties and joint properties were as-
sumed to be those presented in chapters 2, 3 and 4.
Some additional runs, though, were executed with al-
ternative conditions regarding joint persistence and
joint properties.

Plain strain conditions were assumed in all calcula-
tions .

6.2 TUNNEL SECTION

6.2.1 In-situ stresses and boundary conditions

The in-situ stresses assumed are based on stress

measurements performed in the almost horizontal DBH-3

borehole, located at a distance of about 20 m from

the end of the BMT drift in Stripa mine and extending

about 8 m into the rock mass from the east drift wall

(6). The following values were used for the hori-

zontal (x) and vertical (y) in-situ stresses, which

were also assumed to be principal stresses:

or = 15 MPa

<r - 6 MPa

These values apply at model mid-height; a stress

gradient, due to gravity, was assumed for the ver-

tical stress.

The above stress values agree fairly well with ear-
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lier stress measurements, performed in the relatively

nearby located "Pilot heater test" and "Full scale

heater test" areas. The latter measurements indicate

that the horizontal stresses, normal to and parallel

to the tunnel axis, are 20 MPa and 10 MPa, respecti-

vely, while the vertical stress is 4 MPa, see Pusch

and Nilsson (4).

The far field was modeled by use of boundary elements

with elastic properties that correspond to the rock

properties, the average joint spacing and the joint

stiffnesses that should be expected considering the

assumed in-situ stresses and the stress-strain rela-

tions presented in chapter 4. The following values

were used:

Bulk modulus = 39 GPa

Shear modulus = 17 GPa

Depending on the high joint stiffnesses that result

from the high in-situ stresses, the values above do

not differ much from the corresponding values for the

intact rock material. Possibly the values should have

been reduced with respect to scale effects, but the

calculated displacements and stress redistributions

in the region of interest have appeared not to be

very sensitive to variations in far field elastic

properties. Additional runs, which will not be pre-

sented here, have shown that if the parameter values

above are decreased by one order of magnitude, the

inward displacement of the tunnel periphery that re-

sults from the excavation is increased by less than

10 percent. All calculations presented here were per-

formed using the higher values above for the elastic

properties of the far field.

6.2.2 Effects of excavation

Excavation of the tunnel was simulated in 5 runs:
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- Run Al. All conditions were set according to the

previous sections for this run.

- Run Bl. Like Al, but two small segments of one

specific joint were glued, i.e. not al-

lowed to slip or separate.

- Run Cl Like Al, except that all joints were given

a pronounced peak shear strength.

- Run Dl An alternative joint geometry with reduced

joint trace lengths for global joints was

assumed in this run.

- Run El A hydrostatic pressure was applied to the

outer boundary, while the hydrostatic

pressure inside the tunnel was set to

zero. All other conditions were identical

to those of run Al.

In all runs the model was first allowed to arrive at

a state of mechanical equilibrium, determined by

boundary conditions, in-situ stresses and gravity.

Excavation of the tunnel was then simulated by in-

stantaneous removal of all material in the tunnel and

calculation of the new state of equilibrium.

Fig 6-1 shows joint shear displacements, larger than

0.2 mm, calculated in run Al. Displacement magnitudes

are indicated by line thicknesses. The shown dis-

placements are induced by the excavation, i.e. dis-

placements that took place during consolidation are

not included.

Fig. 6-2 shows rock displacements and joint shear

displacements in the vicinity of the tunnel.

Fig. 6-3 shows accumulated, i.e. total joint separa-

tions after excavation.
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Figure 6-1: Run Al. Joint shear displacements induced by exca-
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than 200 urn are not shown.
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Figure 6-3: Run Al. Total joint separations after excavation.
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It appears from Fig. 6-1 that the joint shear dis-

placements in the nearest surroundings of the tunnel

are considerable. At distances larger than about one

half tunnel diameter from the tunnel surface, all

joint shear displacements are smaller than 1 mm which

means that, according to the stress strain relations

presented in chapter A, outside this range, joint

shear behavior is mainly elastic.

The maximal joint shear displacement takes place

along the joint that intersects the lower right cor-

ner of the tunnel and amounts to a little more than 3

mm. From Fig. 6-2 it is obvious that the relatively

large rock displacements and joint separations just

to the right of and just below the tunnel are due to

the presence and failure of this joint. The assembly

of blocks below the tunnel floor and the block in the

upper right corner of the tunnel are prevented from
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further rotation and translation by relatively small

forces. Note that joint shear displacements are not

shown for joint segments with zero normal stress and

hence zero shear strength.

The maximum rock displacements takes place in the

right tunnel wall and amounts to 4.73 mm.

As seen from Fig. 6-3, also joint separations are

considerable, particularly below and to the right of

the tunnel. The maximum joint separation takes place

below the tunnel and amounts to 2.54 mm.

6.2.2.1 Importance of specific joints

To closer investigate the importance of the failure

of the joint that intersects the lower right tunnel

corner, one additional simulation was performed,

where two small segments of this joint were "glued1*,

i.e. given mechanical properties, like tensile

strength and cohesion, that will prevent failure and

reduce shear and normal displacements. The glued seg-

ments are located just below the tunnel floor and

just to the right of the tunnel wall.

Fig. 6-4 shows joint shear displacements calculated

in run Bl.

Fig. 6-5 shows the rock displacements and joint shear

displacements in the vicinity of the tunnel. Note

that vector scaling and line thickness scaling are

identical to those of Fig. 6-2.

Fig. 6-6 shows joint separations after excavation.

The line thickness scaling is identical to that of

Fig. 6-3.



30

IM 11* I* : IKH: « t •«•

UOtC /Version t. 621

imviw a a
MIM 190»
Ultnol t » 0 000OM0

»« lr i »lot
Mr oiMMcmra •> imma

•an M uia • l i m oi

CI.T r«cmi«n -
U M

\

/

-I'SOO -I'OOO -Igoo .000
[•10—

'•;o~ii

. . .

. .790

- 190

. - 1 9 0

. -790

.-1 190

!900 l'oOO t'*XJ
II
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As seen from Fig. 6-4, the joint shear displacements

are considerably smaller in the region where large

inelastic displacements took place in run Al, i.e.

immediately to the right of and below the tunnel. The

shear displacements of the two almost horizontal

joints just below and just above the tunnel appear to

be more determined by the location of these joints

relative to the tunnel and of their orientation rela-

tive to the in-situ stress field than by the detailed

joint structure around the tunnel. No joint shear

displacements are larger than 0.77 mm, which means

that, according to the assumed stress-strain rela-

tion, the shear stress did not exceed the peak shear

strength for any joint and that shear displacements

were mainly elastic.

From Fig. 6-5 it appears that the maximum rock dis-

placement is only 1.93 mm, which should be compared

to 4.73 mm, the corresponding value calculated in run
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Al. The rotations of the block in the upper right

corner and the block assembly below the tunnel, that

were found in run Al, do not occur. The inward dis-

placement of the tunnel periphery is determined more

by the tunnel shape and in-situ stresses than by the

joint structure.

If the joint separations shown in Fig. 6-6 are com-

pared to those in Fig. 6-3 it appears that the pre-

sence of the intersecting joint has a very signifi-

cant effect on all joints in the surroundings of the

tunnel, except for those to the left of the tunnel

wall. The maximal joint separation calculated in run

Bl is 0.31 mm, which should be compared to 1.54 mm,

which is the corresponding value calculated in run

Al.

6.2.2.2 Importance of joint peak shear strength

The parameter values used for the joint properties

are derived from curves generated by use of median

values for laboratory determined joint parameters.

Since these parameters vary statistically, the joint

properties, such as the initial shear strength, may

take on different values at different locations

within the model. The possible stabilization that

would result from a distribution of joint segments

with higher shear strength may be estimated if all

joints are given a higher initial shear strength.

In run Cl the stress-strain relation shown in Fig.

6-7 was assumed for all joints. Fig. 6-8 shows rock

and joint shear displacements calculated in this run.

Fig. 6-9 shows the joint separations. As previously,

joint shear and rock displacement plots show induced

values, whereas joint separations are total. The same

vector and line thickness scaling apply as in pre-

vious plots.
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shear displacement (m).
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For joints with non-zero normal stress, the shear

displacements are generally smaller than those cal-

culated in run Al, Particularly the joint segment

that in run Al was displaced considerably beyond the

stress peak, i.e. the lower part of the joint that

intersects the tunnel corner, is considerably less

displaced. Consequently, the upward displacement of

the tunnel floor is also significantly smaller in

this case.

For the system of joints to the right of the tunnel,

the increased shear strength did not have the same

effect, since the most significant shear displace-

ments in this region take place along joints that,

despite the increased angle of dilation, have zero or

very low normal stress. The maximal rock displacement

is 3.95 mm which is a reduction of less than 20 per-

cent compared to the corresponding figure obtained in

run Al.
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From Fig. 6-9 it appears that, with the exception for

the almost horizontal joint below the tunnel floor,

joint separations are only moderately affected by the

increased shear strength.

For some joint segments outside the immediate vici-

nity of the tunnel, joint separations are larger com-

pared to the results obtained from run Al. This is

explained by the increased angle of dilatancy that

results from the high peak shear strength.

6.2.2.3 Importance of joint persistence.

In the calculations presented above, global joints

were assumed to be continuous throughout the model.

This means that joint trace lengths of about 40 m had

to be assumed. In run Dl the possible effects of this

assumption were investigated. Fig. 6-10 shows the

joint geometry used for this this run. Trace lengths

are on the average about 15 m for global joints while

joint gaps are a few meters.

Fig. 6-11 shows the rock displacements and joint

shear displacements calculated in run Dl and Fig.

6-12 shows the joint separations. As in the previous

cases, rock and joint shear displacements are induced

by the excavation, whereas joint separations are to-

tal. Vector and line thickness scalings are identical

to those of the corresponding previous figures.
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Figure 6-12: Run Dl. Joint separations after excavation of the
tunnel. Global joints are assumed to be discontinuous.

From Fig. 6-11 and Fig. 6-12 it appears that the

joint gaps had a limited effect on both rock and

joint shear displacement and on joint separations if

the results are compared to those of run Al. The

maximal rock displacement is reduced by about 10 per-

cent and the maximal shear displacement of joints

with non-zero normal stress by about 7 percent com-

pared to the results from run Al. The maximum joint

separation is also reduced by about 7 percent.

6.2.2.4 Importance of pore pressures and fracture flow

In run El a hydraulic pore pressure was applied to

the outer boundaries prior to excavation. Boundary

pore pressures do not act mechanically on the boun-

daries, only internally in fractures that terminate

at the boundary. The pore pressure was applied in

steps and the model was allowed to achieve a state of

mechanical equilibrium between steps. A vertical gra-

dient was specified to balance gravity. The final
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pore pressures at the boundary were:

- model mid-height, left side: 1.5 MPa

- model mid-height, right side: 1.35 MPa

The resulting pore pressure gradient was thus 5 kPa/m

horizontally. Since it is not possible in UDEC to

specify horizontal gradients for pore pressure boun-

daries, the upper and lower boundaries were made im-

permeable. Instead the pore pressures in the topmost

and bottom most joint domains were fixed at values

that accounted for the horizontal pressure drop and

for gravity. In this way, possible flowpaths in and

out of the model across these boundaries were not cut

off.

All joints were assumed to have a 10 p hydraulic

aperture initially. Mechanical aperture changes are

added automatically to this value to give the current

hydraulic apertures. In this case a maximum hydraulic

aperture of 100 fim and a minimum hydraulic aperture

of 5 urn were specified.

Fig. 6-13 shows the fracture flow that takes place

across the model as a result of the 5 kPa/m horizon-

tal pore pressure gradient. Fig. 6-14 shows the frac-

ture flow at equilibrium after excavation, the hyd-

raulic pressure inside the tunnel being set to zero.

In Fig. 6-13 the smallest displayed flow rate is

1 x 10"10 m3/s, in Fig. 6-14 it is l x 10 "8 m3/s.

Figure 6-15 shows pore pressures, larger than 100

kPa, after excavation.

Fig. 6-16 shows the hydraulic apertures after exca-

vation. Note that hydraulic apertures are not al-

lowed to exceed 100 urn irrespective of the actual

mechanical aperture.
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Figure 6-13: Run El. Fracture flow across model region before
tunnel excavation. The pore pressures at model mid-
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boundaries, respectively.
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sures at model mid-height are 1.5 MPa and 1.35 MPa at
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Figure 6-16: Run El. Hydraulic apertures after excavation.
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The fracture flow shown in Fig. 6-13 gives a total

flow across the model that corresponds to an average

hydraulic conductivity of 2.2 * 10~10 m/s. The frac-

ture flow shown in Fig. 6-14 corresponds to a total

flow into the tunnel of about 23 I/day and m of tun-

nel length.

Fig 6-17 shows the joint shear displacements and the

rock displacements calculated in run El. Fig. 6-18

shows the mechanical apertures after excavation. Line

thickness and vector scaling is identical to those of

the previous corresponding plots.
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Figure 6-17: Run El. Joint shear displacements and rock dis-
placements induced by excavation.
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Figure 6-18: Run El. Joint separations after excavation of the
tunnel.

From Fig 6-17 it is appears that the pore pressure

had some effect on joint shear displacements and rock

displacements. The maximum joint shear displacement

is about 18% larger than the corresponding value ob-

tained in run Al and the maximum rock displacement

about 6% larger. The maximum joint separation is

about 27 percent larger (Fig. 6-18).

6.2.3 Effects of internal tunnel pressures

Pressurization of the tunnel interior and subsequent

pressure release was simulated in two runs.

- Run A2. The equilibrium state arrived at in run Al

was used as starting point for this run.

Run B2. The equilibrium state arrived at in run Bl

was used as starting point for this run, i.e. seg-

ments of the fracture that intersects the lower
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right corner of the tunnel were glued.

The pressure in the tunnel was allowed to act only

mechanically on the tunnel surface, i.e. no fracture

flow was simulated. The pressure in the tunnel was

raised to 3 MPa and finally reset to zero. The pres-

sure changes were performed in steps with mechanical

calculations in between.

Fig 6-19 shows rock displacements and joint shear

displacements calculated in run A2. The plot shows

displacements induced by the 3 MPa pressurization,

not the accumulated values. Note that line thickness

and vector scalings are different from previous

plots. Shear displacements smaller than 0.02 u are

not shown.

Fig. 6-20 shows the total, i.e. accumulated, joint

separations after the 3 MPa pressurization, calcula-

ted in run A2. The line thickness scaling is identi-

cal to that of previous corresponding plots.

Fig 6-21 shows rock displacements and joint shear

displacement induced by the reduction of the internal

tunnel pressure from 3 MPa to zero. Scalings are

identical to those of Fig. 6-19.

Fig. 6-22 shows total joint separations after the

pressure reduction.

Figures 6-23 and 6-24 show displacements and joint

separations, respectively, calculated in the pres-

surization stage of run B2, i.e. when the joint that

intersects the lower right corner of the tunnel was

glued. Figures 6-25 and 6-26 show displacements and

joint separations calculated in the pressure reduc-

tion stage. Joint shear and rock displacements are

induced by pressurization and pressure reduction,

respectively, whereas joint separations are total.
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Figure 6-20: Run A2. Joint separations after pressurization.
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tunnel pressure.
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From Fig 6-19 it appears that the 3 MPa pressuriza-

tion induces rock displaceoents in the vicinity of

the tunnel which are a little less than 20 percent of

those induced by the excavation. The maximum dis-

placement takes place in the block in the upper right

tunnel corner and amounts to 0.88 mm which should be

compared to 4.73 mm, which is the corresponding value

for the excavation stage. Joint shear displacements

are on the average about 20 percent of those induced

by the excavation.

Joint separations are generally reduced as a result

of the outward block displacements. In the region of

the largest block displacements, i.e. to the right of

the tunnel wall, joint separations are between 30 and

40 percent smaller than before pressurization. From

Fig 6-20 it appears that the largest joint separa-

tion, i.e. below the tunnel floor, is reduced by

about 14 percent. For joints that were previously

closed by the excavation of the tunnel, i.e. the

small joint segments just below and above the tunnel

and which are almost normal to the tunnel surface,

the closure is reduced by less than 1 micron.

From Fig 6-21 it appears that the pressure reduction

in the tunnel induces displacements that are larger

than those induced by the pressurization. In the re-

gion to the right of the tunnel wall and below the

tunnel floor, the displacements induced by the pres-

sure reduction exceeds those induced by the pressuri-

zation by about 17 percent, which at maximum corre-

sponds to about 0.15 mm. In the region to the left of

the tunnel the corresponding figures are 6 percent

and 0.02 mm, respectively.

From Fig 6-22 it appears that the pressure cycle did

affect joint separations. After pressure reduction,

joint separations in the regions below and to the

right of the tunnel are about seven percent larger
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than before pressurization. In the region to the left

of the tunnel, the most expanded joint is about 2

percent more separated than before pressurization.

As seen from Fig. 6-23, also in the case where the

parts of the joint that intersects the lower right

tunnel comer were glued, the displacements that re-

sult f r >m -the 3 MPa pressurization of the tunnel are

a little less than 20 percent of those induced by the

excavation.

Joint separations are reduced significantly only for

some specific joints to the right of the tunnel. For

one joint segment, the reduction in mechanical aper-

ture is almost 60 percent, which for that segment

corresponds to 0.17 mm. In general, separations are

reduced by about 5 percent in this region. Below,

above and to the left of the tunnel separations are

reduced by about 1 percent for the most expanded

joints (Fig 6-24).

From Fig. 6-25 it appears that the pressure reduc-

tion, also under the conditions assumed in run B2,

induces displacements that are somewhat larger than

those induced by the pressurization. The displace-

ments are however only 3 percent larger at the tunnel

surface. The additional inward displacements of the

tunnel surface, caused by the pressure cycle, are

0.011 mm and 0.008 mm at the right and left walls,

respectively.

As seen from Fig. 6-26, the pattern of expanded

joints is almost identical to that of Fig. 6-6, i.e.

before pressurization. Below and above the tunnel the

separations of the most expanded joints are not

changed at all, while the most expanded joint to the

left of the tunnel is 1 percent more separated. To

the right of the tunnel some joints are lesser sepa-

rated than before pressurization, whereas others are

correspondingly more separated. On the average the
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joint separations are increased by about 1 percent in

this region.

6.2.4 Effects of thermal loads

The effect of heat production below the tunnel floor

was investigated in two runs:

- Run A3. The equilibrium state arrived at in run Al

was used as starting point.

- Run B3. The equilibrium state arrived at in run Bl

was used as starting point.

In both runs a O . 4 m x l . 5 m heat source of 1500 W

was placed vertically with the center 1.5 m below the

tunnel floor. The initial temperature was set to O'C
2

throughout the model. Convection at a rate of 3 W/m K

to a O'C medium was assumed for the tunnel surface,

whereas the outer boundaries were assumed to be adia-

batic. The heat source was in operation for 32 days.

The two-dimensional calculations will produce a tem-

perature field that corresponds to an infinitely long

heat source with a rectangular cross section and with

the specified power per every meter of length. Since

this implicit assumption is not met, effects of the

heat generation will be overestimated.

Thermal and mechanical calculation were interlaced,

i.e. mechanical calculations were performed whenever

the temperature change since the last series of me-

chanical calculations exceeded 1*C at some location

in the model.

6.2.4.1 Heating

Fig. 6-27 shows the temperature field at the end of

the heating stage.



51

Fig. 6-28 shows the temperature development at dif-

ferent distances from the heat source and at the le-

vel of the heat source center. The temperature de-

velopment during the cooling phase is included.

Fig. 6-29 shows the thermally induced rock and joint

shear displacements calculated in run A3.

Fig. 6-30 shows the accumulated joint separations

calculated in run A3.

Fig 6-31 and 6-32 show the corresponding displace-

ments and joint separations calculated in run B3.
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Figure 6-27: Run A3 and run B3. The temperature field at the
end of the heating period. The contour interval is
10 'C. The outermost line corresponds to 10 °C.



52

iaa t i l l , snu.* I M SAW

UC£C (Version i 63

legend

tVH/tno itoi
erclt «90O0
tlwr-Ml t l M 3 230QC**

! * • « «m 2> l.
-3 >n-<a » i n 3> i.
-3 HE-lt <MIt O 3.

0 OOC-00 < M « 7> 1 31CH»
l t t t> 1.0S<«

Clay Tcelmoloev
Lund

10 19 2.0

Figure 6-28: Temperature development at 0.6, 1.1. 2, 3, 5, 10
and 15 m distance horizontally from the heat source
center. Axes are in "C (y) and seconds (x).

]*D M t l * . STHI0A:

LKXC (Version 1 62)

lcgena

nrot/ina u s
trtit JTDM
tntrM) tlM 2 0OO

PUt
•Mar dltplactwnt* on )olnt«
Mi tncar tflae - I.2S1E-03
•Kh line cmck • 2.000C-O*
dl«pl«c«wnt vtetofa

« < ! « • • J.M6E-03

- . - - . - - « ooo

U M

Figure 6-29: Run A3. Rock displacements and joint shear dis-
placements, induced by the heat generation below the
tunnel floor.



53

1 )«. ttti» sr.!»* i n u ,

UOeC (Version f.62J

legend

» /Ot / IMD 11 47
eyeIt 27000
tntrMi t ia t 2 «oooc+oe

tmunotry o lot
joint ooenmg
mm* Jnt ap#Mftq - 1 43EE-03
e«n nne tnm • zoaot-m

City TtchoolOfly &8

-s'ooo

i
y^

• ^

/

- 1 0O0

<

1 000

fJ*

1 000

' * *

_ 4 aoa

i_ 2 OOC

000

r - a ooo

_-« 000

. '0 000

9 000

Figvire 6-30: Run A3. Accumulated joint separations after
heating.

UO£C (Version 1.62/

leg«nd

it/H/IKD I I S
Cvelf 27000
liKriii t i n 1 aooofx»

fioundary Blot
•Mtr dltolKiatnti on |oint«
••< tn.«- mip • i.o«c-O3
t«n HIM truck • 3.000C-M

•aim» - 3 1071-03 ̂ t^T

Cllr racrmuofv

-s ooo -1 ooo 1 000 3 000

Figure 6-31: Run B3. Rock displacements *nd joint shear dis-
placements, induced by the heat generation below the
tunnel floor.



54

IM t i t t . ST*l*fc Wl SAV

ucec iversion / öcy

legeno

tnna i tia* 2 •MDOtt

tomt oocninq
Ma Jnt aoMtlnq - «.S33C-ft<
na nne uun > 2.oooc-«a

C l » rtcnralon «•

\

-3.Q00 -3.000

-

-1 000 t aoo

*

- 4 aoo

_ 000

_-2 000

_-4 000

_-a 000

3 000 9 aoo

Figure 6-32: Run B3. Accumulated joint separations after
heating.

From Fig. 6-29 it appears that the upward displace-

ment of the tunnel floor is 3.05 mm at maximum, which

is about the same value that was obtained for the

tunnel floor in run Al, i.e. as a result of excava-

tion. The shear displacement along the joint that

intersects the lower right corner of the tunnel is

however considerably smaller, probably since this

joint is almost parallel to the temperature gradient.

The joint separations shown in Fig. 6-30 are in-

fluenced considerably in the neighborhood of the hea-

ted region. For the joint that was most expanded be-

fore heating, i.e. the almost horizontal joint below

the tunnel, the reduction in separation is 1.08 mm

for the the portion that intersects the heat source

region.

For joints that are oriented nearly parallel to the

temperature gradient, separations are increased for

segments located in areas with large temperature gra-
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dients or in areas close to such areas. The most ex-

panded joint in the area to the right of the tunnel

is separated by 0.29 nun in excess of the separation

before heating.

From Fig 6-31 it appears that the maximal upward dis-

placement of the tunnel floor calculated in run B3 is

3.11 mm, which is about three times the corresponding

value obtained in run Bl as a result of excavation.

The joint separations shown in Fig. 6-32 are, as in

run A3, significantly affected by the heat production

below the tunnel. For the nearly horizontal joint

below the tunnel and the most expanded joint to the

right of the tunnel, the separation increased by 0.34

mm and 0.17 mm respectively.

6.2.4.2 Cooling

The cooling of the previously heated region below the

tunnel floor was simulated in two runs:

- Run A4. The equilibrium state arrived at in run A3

was used as starting point.

- Run B4. The equilibrium state arrived at in run B3

was used as starting point.

The heat production specified in the previous stage

was turned off and cooling came about by convection

across the tunnel periphery.

Fig. 6-33 shows rock displacements and joint shear

displacements calculated in run A4 for the cooling

phase. Fig. 6-34 shows accumulated joint separations

after cooling.

Fig. 6-35 and Fig. 6-36 show displacements and joint

separations, respectively, calculated in run B4.
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The joint shear displacements shown in Fig. 6-33 are

reversed compared to those calculated for the heating

phase, but generally of lesser magnitude. The down-

ward displacement of the tunnel floor is about 75

percent of the upward displacement caused by heating.

The accumulated joint separations shown in Fig. 6-34

are generally considerably larger than before hea-

ting. The almost horizontal joint below the tunnel

has separated almost 50 percent or 0.79 mm as a re-

sult of the thermal cycle. In the region to the right

of the tunnel, the separations have increased by 40

to 45 percent for the most expanded joints. To the

left of the tunnel the increase is only about 3 per-

cent, which corresponds to less 0.005 mm for the most

expanded joint.

Also in the case where small segments of the joint

that intersects the lower right corner of the tunnel

were glued, the cooling induced joint shear- and rock

displacements that are smaller than those previously

induced by heating. The effect of the thermal cycle

was however less pronounced. From Fig. 6-35 it ap-

pears that the downward displacement of the tunnel

floor is 88 percent of that caused by the heating.

From Fig 6-36 it appears that the separation of the

almost horizontal joint below the tunnel is smaller

than after the heating phase, but still considerably

larger than before heating. The increase in separa-

tion caused by the thermal cycle is 310 percent,

which for this joint corresponds to 0.22 mm. For the

joints to the right of the tunnel the increase is

generally less than 15 percent, which for the most

expanded joint in this region corresponds to about

0.04 mm. To the left of the tunnel the increase in

separation caused by the thermal cycle is less than 3

percent.



59

6.2.4.3 Stresses

Figures 6-37, 6-38 and 6-39 show maximal principal

stress contours for runs Al, A3 and A4, respectively.
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Figure 6-37: Run Al. Maximal principal stresses before heating.
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Figure 6-38. Run A3. Maximum principal stresses after heating.
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Figure 6-39. Run A4. Maximal principal stresses after cooling.
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HORIZONTAL BOREHOLE SECTION

6.3.1 In-situ stresses and boundary conditions

The in-situ principal stresses are assumed to be:

<rx = 20 MPa

a = 10 MPa

The far field was modeled with boundary elements. The

same elastic properties was assumed as in the case of

the tunnel models.

6.3.2 Effects of excavation

The excavation was simulated in one run. Joint geo-

metry, rock properties and joint properties were set

according to chapters 2, 3 and 4, respectively. The

model was first allowed to arrive at a state of me-

chanical equilibrium, determined by the in-situ

stresses and the boundary conditions. The excavation

was simulated by instantaneous removal of all the

material within the borehole periphery.

Fig 6-40 shows the joint shear displacements, induced

by the excavation. Only displacements larger than

0.02 mm are shown.

Fig 6-41 shows joint shear displacements and rock

displacements in the vicinity of the borehole.

Fig 6-42 shows joint closures and separations after

excavation. Only closures and separations larger than

0.5 um are shown.

Fig 6-43 shows the stresses in the vicinity of the

borehole.
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Fig 6-40 indicates that at distances larger then

about 3 borehole diameters, all shear displacements

are smaller than 0.02 mm. The maximum joint shear

displacement that takes place as a result of the

borehole excavation is 0.147 mm, which means that,

according to the stress-strain relations presented in

chapter 4, all joints behave almost completely elas-

tically.

The maximal rock displacement, shown in Fig. 6-41

corresponds to 0.06 percent of the borehole radius

and is aligned with the largest in-situ principal

stress. At the average the borehole diameter has been

reduced by 0.04 percent as a result of the borehole

excavation.

Fig 6-42 indicates that the mechanical apertures are

hardly affected at all by the excavation. The maximum

joint closure is 0.003 mm while the maximum separa-

tion is 0.8 nm.

From Fig 6-43 it appears that the maximum principal

stress is about 57 MPa.

6.3.3 Effects of thermal loads

The effect of a 500 W heat source in the borehole was

simulated in one run. The initial temperature was

assumed to be 0°C throughout the model. The heat

source was in operation for 32 days with constant

power. The boundaries were assumed to be adiabatic.

For the cooling stage, a 3 W/(m K) convection to a

0°C medium was assumed for the borehole periphery.

At the end of the heating period, the heat production

was turned off and cooling came about by convection

across the borehole periphery.

Thermal and mechanical calculations were interlaced

in the way described in section 6.2.4.
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6.3.3.1 Heating stage

The following plots show the conditions when the mo-

del was in a state of mechanical equilibrium at the

end of the heating stage.

Fig. 6-44 shows the temperature field at the end of

the heating phase.

Fig. 6-45 shows the thermally induced joint shear

displacements.

Fig. 6-46 shows the thermally induced joint shear

displacements and rock displacements in the vicinity

of the borehole.

Fig. 6-47 shows the total joint closures and separa-

tions after heating.

Fig. 6-48 shows the stresses in the vicinity of the

borehole after heating.
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The joint shear displacements shown in Fig 6-46 are

all smaller than 0.18 mm, which means that all dis-

placements caused by the temperature increase are

practically purely elastic.

Fig. 6-46 shows that the rock displacements are al-

most completely aligned with the temperature gra-

dient. Only where joints intersect the periphery at

oblique angles are small inward displacements of the

periphery found. The order of magnitude is about 0.1

mm for all periphery displacements.

The maximum joint closure in Fig. 6-47 is 0.008 mm

which should be compared to 0.003 mm, which is the

corresponding value before heating. No joint separa-

tions larger than 0.5 um remain after heating.

From Fig. 6-48 it appears that the maximum stress has

increased from 56 MPa to 115 MPa as a result of the

temperature increase.
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6.3.3.2 Cooling stage

The following plots show the conditions when the mo-

del was in a state of mechanical equilibrium at the

end of the cooling stage.

Fig. 6-49 shows joint shear displacements induced

by the temperature decrease.

Fig. 6-50 shows rock displacements and joint shear

displacements in the vicinity of the borehole.

Fig. 6-51 shows joint closures and joint separations

after the cooling period.

Fig. 6-52 shows the stress field around the borehole

after the cooling period.
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The distribution of joint shear displacements shown

in Fig. 6-49 is almost identical to that obtained

during the heating stage. Shear directions are how-

ever reversed.

With exception for the small regions in which joints

intersect the borehole periphery at oblique angles,

the rock displacements shown in Fig. 6-50 are iden-

tical, except for direction, to those obtained during

the heating stage.

The joint closures and joint separations shown in

Fig. 6-51 are practically identical to those shown in

Fig. 6-42, i.e. after excavation.

Fig. 6-49 indicates that the thermal cycle only had a

small effect on the stress distribution around the

borehole. The maximal compressive stress is 97 per-

cent of the corresponding value before heating.

6.3 VERTICAL BOREHOLE SECTION

Only the excavation stage was simulated for this geo-

metry. The state of mechanical equilibrium arrived at

in run Bl was used as a starting point. The exca-

vation was simulated by instantaneous removal of all

the material within the borehole contours shown in

Fig. 2-2. The results regarding displacements and

joint separations are shown in Fig. 6-53 and 6-54

below.
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In the two dimensional model, the borehole walls must

be assumed to be parallel to the tunnel axis. The

real problem is however three-dimensional by nature

and the response to the borehole excavation shown in

Fig. 6-53 and Fig. 6-54 is largely overestimated. The

inward displacement of the borehole walls at borehole

mid-height is for instance about 2 mm, whereas the

corresponding displacement calculated for the hori-

zontal borehole section was 0.25 mm.
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DISCUSSION

Some results are discussed a little closer below.

For the joint model assumed here, all joint shear

displacements, irrespective of magnitude, have an

inelastic and an elastic component. For displacements

smaller than about 0.8 mm, the elastic portion domi-

nates. For displacements smaller than about 0.4 mm it

is 75 percent and approaches 100 percent for very

small displacements. When the terms 'elastic' and

'inelastic' are used in the comments below the

meaning is thus always relative.

1. The detailed joint structure in the vicinity of

regions affected by excavations, thermal loads and

pressurization of excavations is most important.

This is illustrated by the significant differences

between results obtained from the runs where two

small joint segments were glued and from the runs

where they were not.

2. The joint peak shear strength is, in systems like

that investigated in run Al, A2 etc. of limited

relative importance. When the peak shear strength

was assumed to be increased by almost 50 percent,

only results for a few important joints were sig-

nificantly affected. This is explained by the fact

that the largest relative block motions take place

along fractures with low or zero normal stress.

3. The joint structure at some distance from the re-

gion of interest has a limited influence on the

mechanical behavior. Large joint gaps in all glo-

bal joints at a distance of, at the average, one

and a half tunnel diameter from the tunnel surface

did reduce the largest joint separations by not
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more than about 7 percent. In cases where large

relative block motions in the vicinity of the re-

gion of interest are not possible, the relative

importance might, however, be greater. For frac-

ture flow calculations, the dependence of joint

persistence must be expected to be greater.

4. In regions where, kinematically, the joint struc-

ture allows for large relative block displace-

ments, pressure cycles and thermal cycles may re-

sult in residual increased joint separations. The

3 MPa pressure cycle did result in a 7 percent

increase of joint separations in the region of

movable blocks to the right of the tunnel, and in

a 2 percent increase to the left of the tunnel,

where large relative block motions are not easily

induced. The corresponding numbers for the thermal

cycle are about 45 percent and 3 percent, respec-

tively.

If large relative block motions are prevented,

such as in the cases where specific joint segments

were glued, the elastic portions of the displace-

ments are relatively larger, and pressure cycles

and thermal cycles do not have the same effect.

The joint separation increase, caused by the pres-

sure cycle was about l percent at maximum in the

"glued" case. For the thermal cycle, th-j corres-

ponding values were 15 and 3 percent for the re-

gions to the right and to the left of the tunnel,

respectively. Below the tunnel, however, the in-

elastic portion was considerable for some joints

displacements during heating, and the almost hori-

zontal joint in this region expanded 310 percent

as a result of the thermal cycle. In absolute num-

bers this is, however, less than one third of the

corresponding expansion obtained in the case were

no joint segments were glued.

5. For the borehole model, the thermal cycle did not
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affect the joint system at all. This is explained

by the small. and hence almost purely elastic dis-

placements, obtained in all borehole calculations.
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GROUTING AND SEALING

To improve the possibility of calculating the mecha-

nical effects of grout injection, the fluid flow lo-

gic in UDEC was extended to manage flow calculations

for non-Newtonian fluids that obey a power law. Also

the possibility of making grout penetration depths

predictions was considered. The code development was

made by Itasca Consulting Group, Inc.

The effect of fracture sealing is that flowpaths in

the modeled two-dimensional section are cut off,

while the true flow is redirected along lengthened,

out of plane, flowpaths. A method to calculate the

reduced joint permeabilities that should be specified

for sealed joint segments, and which accounts for the

lengthened flowpaths, was developed by Itasca

Geomekanik AB (7).

8.1 POWER LAW FLUID FLOW CALCULATIONS

For gels that are of interest for injection in frac-

tured rock, the flow through planar slots is given by

uie power law relation below, see Pusch et al. (5).

Q = B f - S*P_1 2 )

where

B =
1/n

with

(*•')
(1/n + 2)

dp/dx = pressure gradient (Pa/m)
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slot aperture (m)

exponent
m
n

and

m viscosity type of parameter (Pa)

normalized rate of shear (1/s)

The power law fluid flow logic was implemented in

UDEC by Itasca according to the expressions above and

was also tried and verified by Itasca in simple mo-

dels with linear stress-aperture relations. UDEC in-

put parameters are: the factor B, the gradient expo-

nent 1/n and the aperture exponent 1/n +2

The extended flow logic was tried also by Lars

Rosengren, Itasca GeomekaniJc AB, in the horizontal

borehole model presented in previous sections. In-

jection was simulated by pressurization of the bore-

hole domain. For the joints, the non-linear stress-

strain relations presented in chapter 4 were assumed.

At the time of these runs, however, stiffness bounds

were not included in the joint model. Three sets of

power law parameter values were tried for two diffe-

rent levels of injection pressure. The values for the

power law parameters and the corresponding values for

the UDEC input parameters are listed below:

Table 8-1. Power law parameter values

Set

1

2

3

m (Pa)

100 Pa

10

1

n

0.

0.

0.

05

1

5

B

2.

4.

5.

( 1/Pas )

37X10"48

80X10"15

21X10"2

1/n

20

10

2

1/n +2

22

12

4

The pressure levels were 1 HPa and 10 MPa.

For Set 1, the factor B is too small to be represen-

ted internally by the computer and no flew at could
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be initiated in the model.

For the other two sets, calculations could, initial-

ly, not be performed unless unreasonably small pres-

sure increments were taken. The use of exponential

expressions for both joint normal behavior and fluid

flow seems to make the calculations very sensitive

to pressure variations, and numerical instability is

likely to occur.

Some of the instability, however, was due to code

problems, which have been defined and remedied by

Itasca and it has eventually been possible to perform

runs with parameter set 3 for the 1 MPa injection

pressure level. Although the results of these runs

have not been studied in detail, there seems to be

good prospects of overcoming remaining stability

problems and continue this part of the project. A

clear picture, however, of the ranges of numerically

meaningful parameter values and the dependence of

these ranges on the injection pressure is necessary.

8.2 2-D MODELING OF FLOW PAST OBSTRUCTIONS

For fractures that pass through an impermeable de-

position hole, the flow in the region around the hole

is reduced as a result of the lengthened flowpaths.

The problem of determining permeability reduction

factors for the portion of the fracture that inter-

sects the deposition hole or the sealed region around

the deposition hole has been studied by Lars Rosen-

gren, Itasca Geomekanik AB (7). In a perpendicular

projection of the fracture plane, the deposition hole

may be represented by an ellipse or, if the fracture

plane is normal to the deposition hole axis, by a

circle. (Fig. 8-1)
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fracture plane
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section A-A

Figure 8-1: Projection of an inclined fracture through a depo-
sition hole. Rosengren (7).

The flow in the fracture plane was simulated in FLAC

models for different assumptions regarding the in-

clination angle a and the distance from deposition

hole center to hydraulic symmetry lines. (Fig. 8-2)

The permeability reduction factors were evaluated

from the resulting variation of the pore pressure

gradient along the flow direction. The reduction fac-

tors were applied to corresponding joint segments in

UDEC models and the resulting pore pressure varia-

tions were compared to those obtained from the FLAC

runs. The agreement was very good in all cases. Tho

results are presented below in Fig. 8-3 and Fig. 8-4.

Note that the distance to hydraulic symmetry lines is

expressed as D/C ratios, where D is the diameter of

the deposition hole and C is the distance between

regularly spaced deposition holes.
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Figure 8-2: FLAC model representation. The pressure was set to
zero at the left boundary and a constant inflow was
applied to the right boundary. Rosengren (7).
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Figure 8-3: Permeability reduction factor vs joint angle (a)
for different D/C ratios. Rosengren (7)
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CONCLUSIONS AND RECOMMENDATIONS

9.1 GENERAL

The main objective of this study was to evaluate the

possibility of using the distinct element code UDEC

to compute the effects of activities and processes,

related to nuclear waste deposition, on the near

field of a repository. Especially the possibility of

computing effects on fracture apertures should be

considered.

The results presented here indicate that the distri-

bution of expanded joints and the relative magnitude

of joint expansions are correctly calculated in most

cases if the problem has a two dimensional character.

This conclusion is supported by the fact that the

models respond in a logical way to variations in

joint persistence, joint shear strength and boundary

conditions. A first conclusion is thus that the code

now has a good potential of predicting the relative

importance of different processes that affect the

mechanical fracture apertures and hence the permeabi-

lity of the near field rock. It should be observed,

however, that this conclusion is based on the assump-

tion that the (unknown) 3-D conditions, regarding

joint orientations are met.

In the calculations involving thermal effects, the

implicit 3-D assumptions are not met, since the con-

sidered heat sources do not have a sufficient exten-

sion in the direction normal to the model plane.

Although these results are probably qualitatively

correct, the magnitudes of the thermally induced ef-

fects may be overestimated.
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GROUTING AND SEALING

9.2.1

For grouts obeying the power law, flow parameters

depend exponentially on the parameter values for the

grout properties, which makes flow calculations very

sensitive to variations in property parameter values.

In comiaination with non-linear joint constitutive

relations, this has led to various numerical prob-

lems. For some sets of grout parameter values, flow

parameters take on values that are too small to be

represented by the computer, in other cases numerical

instability occurs when domain pressures are incre-

mented .

The work done by Itasca so far to modify the code has

remedied some of the problems, but a systematic in-

vestigation should be made to find out the nature of

the remaining problems and to find out if they can be

solved by further code corrections or modifications

with reasonable amounts of effort.

If this is not possible, a clear picture of the per-

mitted ranges of grout parameter values and of the

dependence of those ranges on injection pressures

would be necessary to continue the modeling of grout

injection. Alternatively, a simpler non-Newtonian

fluid model, e.g. one based on a Bingham-type fluid

should be tried.

Suggested course

1. An investigation according to the lines above,

regarding parameter ranges, should be started as

soon as possible.

2. The possibility to make grout penetration depth

predictions should be examined by use of simple

models with few joints. Similarly, mechanical ef-

fects of injected grout at given penetration

depths should be studied with simple models.
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3. The modeling of grout injection should then con-

tinue with larger borehole and tunnel models.

9.3 RELEVANCE OF 2-D CALCULATIONS ON 3-D PROBLEMS

In all UDEC simulations, discontinuities must be as-

sumed to strike perpendicular to the model plane.

This means that rock blocks mr-~ and interact as in-

finitely long, parallel bar" f differently shaped

cross sections. If the or\ '-̂ ated joint displacements

are very small, this aprjoximation may be justified

also if the orienta* ns of discontinuities deviate

considerably fro» ie normal direction. If the dis-

placements are ~4&, the restrictions on the per-

mitted range orientations are probably harder. The

orders of magnitude of joint shear and normal dis-

placements, calculated in the simulations presented

here, are a few millimeters, which possibly might

imply conditions that are hardly ever met.

In order to closer investigate this, it is suggested

that 3-D calculations should be performed in the way

outlined below:

It should be verified that a section of a 3-D model

gives results that are similar to the results from

a corresponding 2-D model, provided that the dis-

continuities in the 3-D model strike perpendicular

to that section and that appropriate boundary con-

ditions are imposed.

The effect of variation of joint orientations rela-

tive to sections that were modeled in 2-D should be

examined in order to ensure that the 2-D results

are qualitatively correct also when the block geo-

metry deviates from the assembly of parallel bars

assumed in 2-D, and to find out how 2-D results

should be interpreted quantitatively.
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Problems that are three-dimensional by nature, i.e

problems involving both tunnel and borehole,

should be modeled in 3-0. Comparisons should be

made to results obtained from attempts to bracket

the real 3-D situation with 2-D models.

9.4 INVESTIGATION OF ROCK PERMEABILITY CHANGES

The results obtained in the 2-D simulations performed

so far for the tunnel geometry should be closer ana-

lyzed with respect to changes in rock permeability in

the direction parallel to the tunnel axis.

To improve the possibilities to draw general conclu-

sions, additional results should be derived from runs

with alternative joint geometries. The main features

of the joint geometry investigated in previous simu-

lations should still apply, but the location of the

tunnel relative to the fracture system should be va-

ried. In this way a qualitative picture of how condi-

tions may vary along the tunnel may be obtained.
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